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Preface
The Israel Conference on Mechanical Engineering is the largest gathering of its type in Israel, and serves as a major channel for communication between industrial and academic researchers and practioners
in the many areas of technology which draw on the mechanical sciences.
The conference program includes five plenary lectures, more than
250 technical lectures, 60 poster presentations and numerous technical exhibits. The plenary and regular lectures cover areas as diverse as power production, solids and structures, fluid mechanics and
heat transfer, biomechanics, tribology, robotics, control, dynamics
and vibrations, reliability, engineering education, commercialization
of technological innovations and the socio-political context of technology. In addition, there are keynote lectures on Innovations in
Industry and the State of the Art in continuum mechanics, micromechanics, management of innovation and intellectual property, futuristic manufacturing, and international cooperation.
We would like to express our sincere appreciation to our Executive
Assistant, Ms. Sharon Klarfeld, whose cheerfulness and competence
have been indispensible. Our thanks are also expressed to the members of the Organizing Committee. In addition, we are indebted
to those institutions and companies whose financial contributions
enabled support for invitation of speakers from abroad and for new
immigrant scientists and engineers. Finally, and most importantly,
the conference is made up of its speakers and session chairpersons,
from whose effort we all benefit.
Prof. A.L. Yarin
Prof. Y. Ben-Haim
May, 1998
Technion, Haifa

Conference Chairman
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DYNAMIC STABILITY UNDER SUDDEN LOADS
G.J.Simitses
Aerospace Engineering and Engineering Mechanics
University of Cincinnati, Cincinnati, OH 45221-0070
ABSTRACT
The concept of dynamic stability of elastic
structures subjected to sudden (step) loads is
discussed.
The various criteria and related
methodologies for estimating critical conditions are
presented with the emphasis on their similarities and
differences. These are demonstrated by employing a
simple mechanical model. Several structural
configurations are analyzed, for demonstration
purposes, with the intention of comparing critical
dynamic loads to critical static loads. These
configurations include shallow arches and shallow
spherical caps, two bar frames, and imperfect
cylindrical shells of metallic as well as laminated
composite construction. In the demonstration
examples, the effect of static preloading on the
dynamic critical load is presented.
INTRODUCTION
Dynamic stability or instability of elastic
structures has received considerable attention in the
past thirty years. The beginning of the subject can be
traced to the investigation of Koning et.al. [1], who
considered the response of an imperfect (half-sine
wave) simply supported column subjected to a sudden
axial load of specified duration. Since then, several
studies have been conducted by various investigators
on structural systems, which are either suddenly
loaded or subjected to time-dependent loads (periodic
or non-periodic) and several attempts have been made
to find common response features and to define
critical conditions for these systems. As a result of
this, the term "Dynamic Stability" encompasses
many classes of problems, and many different
physical phenomena. Therefore, it is not surprising
diat there exist several uses and interpretations of the
term.
A large class of structural problems, that has
received considerable attention and does qualify as a
category of dynamic stability, is that of impulsively
loaded configurations and configurations which are
suddenly loaded with loads of constant magnitude and
infinite duration. These configurations under static
loading, are subject to either limit-point instability or
bifurcational instability with unstable post-buckling
branch (violent buckling).
Solutions to such problems started appearing
in the literature in the early 1950's. Hoff et.al. [2]
considered the dynamic stability of a pinned half-sine
arch under a half-sine distributed load. Budiansky
et.al. [3] in studying the axisymmetric behavior of a

shallow spherical cap under suddenly applied loads
defined the load to be critical when the transient
response increases suddenly with very little increase
in the magnitude of the load. This concept was
adopted by numerous investigators [4] in the
subsequent years, because it is tractable to computer
solutions. Finally, the concept was generalized in a
subsequent paper by Budiansky [5] in attempting to
predict critical conditions for imperfection-sensitive
structures under time-dependent loads.
Conceptually, one of the best efforts in the
area of dynamic buckling, under suddenly applied
loads, is the work of Hsu and his collaborators [6,7].
In his studies, he defined sufficiency conditions for
stability and sufficiency conditions for instability,
thus finding upper and lower bounds for the critical
impulse or critical sudden load. Independently,
Simitses [8] in dealing with the dynamic buckling of
shallow arches and spherical caps termed the lower
bound as a minimum possible critical load (MPCL)
and the upper bound as a minimum guaranteed critical
(MGCL). Finally, Thompson [9] presented a
criterion for estimating critical conditions for
suddenly-loaded systems.
FUNDAMENTAL CONCEPTS
The totality of concepts and methodologies
used by the various investigators in estimating
critical conditions for suddenly loaded elastic systems
can be classified in the following three groups: (a)
The Equations of Motion Approach [3]. The
equations of motion are (numerically) solved for
various values of the load parameter (ideal impulse, or
sudden load), thus obtaining the system response.
The load parameter, at which there exists a large
(finite) change in the response, is called critical, (b)
The Total Energy - Phase Plane Approach [6,7].
Critical conditions are related to characteristics of the
system phase-plane, and the emphasis is on
establishing sufficient conditions for stability (lower
bounds) and instability (upper bounds), (c) The Total
Potential Energy Approach [2,8]. Critical conditions
are related to characteristics of the system total
potential. Through this approach also, lower and
upper bounds of critical conditions are established.
This last approach is applicable to conservative
systems only. The common concept in all three
approaches is that there exists dynamic stability, if
the motion resulting from the sudden application of
the loads is bounded. Of course, one must exercise
special care in establishing allowable bounds for the

resulting motion. These concepts and the related
methodologies will be discussed, during the
presentation, through a simple mechanical model.
The interested reader is referred to [4].
APPLICATIONS
In this section, results are presented for a few
structural elements and configurations. The sudden
loads are step loads of constant magnitude and finite
duration, including the extreme cases of ideal impulse
and constant load of infinite duration. The oral
presentation includes a half-sine sudden load, an
eccentrically loaded two bar frame and a shallow
spherical cap.' For all of these elements, the
construction material is a metal. For details, see [4].
In addition, results are presented for metallic
and laminated cylindrical shells, subjected to suddenly
applied uniform axial compression and bending
moment (individual application). Moreover, results
are presented for laminated cylindrical shells,
subjected to suddenly applied external pressure. The
motivation for these studies is the physical relevance
of dynamic loads during the service of aircraft, surface
ships, submarines and jet engine casings. The nature
and source of these loads could be attributed to gusts,
blasts, high sea waves and the loss of one or more
blades during the operation of a jet engine (blade out).
Metallic Cylinders
Consider a metallic cylinder, subjected to
either uniform axial compression or bending moment,
which are suddenly applied. The thin cylindrical shell
is imperfect and the material and geometric properties
are:
E = 72.4(10 9 ) Pa, p. = 0.3, R = L = 0.1016 m, t =
0.1016(10"3)m, and
o/ \
(
2nx
w (x,y)-at at - c o s
+ 0.1 sin—cosn#
V

where E is Young's modulus, (i is Poisson's ratio,
R, L and t are the radius, length and thickness,
respectively, and w° the initial geometric

w° (x, y) = at sin In — - —

cos 40. Fig. 2 depicts

dynamic critical loads versus duration time, T and a =
0.5. For more details see [10].
Finally, results are presented herein for
laminated, imperfect, composite shells subjected to
"step" external pressure with and without static
preloading. Because of space limitations, limited
results are shown on this paper. The lecture will
provide greater detail. The construction material for
these cylindrical shells is Graphite/Epoxy and
material and geometric properties are: p = 1.6 (10^)
Kg/m 3 ; E n = 136.9 GPa; E22 = E33 = 9.86 GPa;
G12 = G13 = 5.65 GPa; G23 = 2.69 GPa; \in = H13
= 0.293; H23 = 0.45; R = 17.78cm; h p i y =
0.1778mm; L/R = 2,3,5; ( 9 0 ° / o ° ) , i=2,3,4&5;
and
(

«

:

/

»

;

)

,

•

= 0.01,0.05 and 0.10
= 0.08763mm, 0.43815mm and 0.8763mm)
A finite element code for thick shells was
employed (in ABAQUS) and both implicit and
explicit time integration methods were used. Results
were generated by employing all three methods
discussed earlier. Details of the employed solution
methodology can be found in [11].
Fig. 3 depict critical pressures in psi versus
duration time in microseconds for (90 5 / 0 3 ) , and
L/R = 2,3,5. Note that as the cylinder length
increases the difference between the static critical
pressure and the dynamic critical pressure (for infinite
duration) decreases. Fig. 4 depicts the effect of static
preloading for the same configurations as in Fig. 3.
The oral presentation will contain more results.

imperfection. Note that a = w m a x /f. Fig. 1 depicts
dynamic compression critical loads versus duration
time for two imperfection amplitudes. For more
results and details, see [10].
Laminated Cylinders
The next application is a laminated
cylindrical shell made out of Boron/Epoxy under the
same loads with the following properties: E\\ =
206.9 (10 9 )Pa; E22 = E33 = 18.62 (10 9 ) Pa; G12 =
G13 = 4.48 (10 9 ) Pa; E23 = 2.556 (109> Pa; \xn =
H13 = 0.21; H13 = 0.45; R = L= 0.1905m; h p i y =
1 . 3 4 6 ( 1 0 - 3 ) m;

(45%45°)

and

1.0

1.5
TIIO'SBC!

Fig. 1. Dynamic Critical Load for a Metallic Cylinder
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Abstract
In this work, flutter of large span wings is analyzed. The
flutter phenomenon, in this case, is a result of the coupling
between the bending vibrations of the wings and the pitch
oscillations of the body due to the aerodynamic forces. A
simple mathematical model of the system is constructed.
The model includes a central rigid body and two symmetric
rigid wings which have an angular degree of freedom to
model their bending. Aerodynamic forces and moments are
applied to the body and the wings. Torque proportional to
the bending angle is applied between the body and each of
the wings. The equations of motion of the system are
developed with the aid of the Autolev software. Simulation
carried out with these equations enables diagnosis of the
conditions for flutter. It is found that this flutter
phenomenon depends on the geometric relations, flight
velocity and wings rigidity. Linearization of the equations
of motion demonstrates that flutter of wings is an
instability which is characterized by the positive real value
of one of the eigenvalues of the system. Adding control
forces which are produced by the automatic pilot and are
applied by control surfaces deflection eliminates the flutter
phenomenon in all practical cases.

The Model
Figure I describes a model of a body wing aircraft type
system. The model includes the following elements: central
rigid body (A) and two symmetric rigid wings, (B) and
(C). The body (A) has two DOF; a linear DOF Z in the
vertical direction and an angular DOF a for the pitch. For
simplicity it is assumed that the main body has a planar
motion with constant velocity V in the horizontal direction

The wings (B) and (C), which are connected to the
central body by angular flexible joints, have an angular
DOF, qh and qc respectively, to model the wings bending.
The bending flexibility of wings B and C with respect to
the body A is modeled by torsion springs connecting B and
CtoA.
AoK.G.I 1 Z

Introduction
This work deals with flutter properties of an aircraft
having four degrees of freedom (DOF); vertical up-down
movement, pitch and two wings bending. The flutter
analysis is done for uncontrolled and for pitch - controlled
aircraft. The analysis method combines an aeroelastic
model with a control model for time-domain simulations.
This work can be compared to the classic case of flutter
of wings having two DOF which was analyzed by
Hancock [1]. Hancock deals with flutter as a result of
coupling between bending and torsion of the wings. In the
present work the flutter due to coupling between the pitch
of the aircraft and the bending of its wings is addressed,
while the wings are assumed to be rigid in torsion.
The case of a missile controlled by pneumatically
activated fins was analyzed by Yehezkely and Karpel [2]
.In [2] only an open-loop control was analyzed while in the
present work a closed-loop auto-pilot control is considered.
The present work combines both simulation of the
nonlinear equations of motion together with analysis of the
eigenvalues of the system after linearization. In the first
part, the system without the auto-pilot control forces is
analyzed. The dependence between the system parameters
and the flutter phenomenon is investigated and presented.
In the second part of the work, the influence of control
forces which are produced by the automatic pilot is
analyzed. These forces are applied by control surfaces
deflection at the rear part of the body. Addition of these
control forces changes the aerodynamic behavior of the
body and the flutter properties of the aircraft.

Fig.l: System configuration
Equations of Motion
To deal with the current flutter problem, the following
frames are defined. ah bb ct and n-, (i = 1,2,3) are sets of
three dextral, mutually perpendicular unit vectors, fixed in
A, B, C, and N (Newtonian reference frame) respectively,
directed as described in figure 1. Two DOF are imposed on
the body A, according to the above mentioned assumptions,
one linear DOF in the vertical n^ direction and an angular
DOF a (pitch) about 713 . Two other DOF represent the
bending of the wings B and C about A with angles qB and
qc . Four generalized speeds are required to describe the
motion of the system in N. The first two may be defined as:

U2AN(HA a3 = d
N A

where

(2)

V " is the velocity of the mass center Ao of A
A
inN, CO is the angular velocity of A in N, a is the
pitch angle and d its time derivative. In addition, the
N

other two generalized speeds of the system may be defined
as:
A

U3A-

A

B
CO

u3A+A(oB

1.2 Normal force on the main body, due to the vertical
velocity z, at A1:

-o.3-q.B

(3)

a3 =qc

(14)
1.3 Pitch damping torque on (A):

where A(bB and ''(fl
are respectively, the angular
velocities of B and C relative to A, and qB and qc are the
bending angles of B and C.
The generalized inertia forces may be formulated after
expressing the terms for

(13)

CO

and
N

B

N

c

(o , the angular
N

TA = QdSrCr{Cr

/2V)Cmqda3

(15)

2
where Qd = 0.5 pK , p is the air density, Sr and Cr are the
reference area and length, C,oc^

and Cmq are the body lift

slope and the pitch torque damping coefficients.

C

velocities of B and C in N and
\ » and \ «, the
velocities of Bo and Co , the mass centers of B and C, in
N. Now from equations ( 2) and (3):
(4)

2. On the wings (B) and (C) the following forces and ••
torque are applied:
2.1 Normal force due to the pitch angle a, acting at the
control points B2 and C2 of wings B and C,
respectively:

(5)
Next, by defining the following position vectors from Ao to
Bo and Co (see fig. 1):

2.2 Damping force due to the pitch rate (X at B2 and C2:

pA"/AB

F2B2=QdSrC^[{sl-s5)d/V]b2

P

=
"

-slal+s2a3

(6)

-— STD-L
1331/3

,AJAC _
" =

„.

(7)

F2C2 = QdSrC™ns[(s\ -s5)d I V]c2

(8)

2.3 Normal damping force due to the vertical velocity of
the body i :

(9)

" ^ 3

then with Eq. (1 )

(18)
(10)
2.4 Normal damping force due to the bending rate qg on
the point Bl of wing B and qQ on point Cl of wing C:

JAB

(11)
(19)
(12)

Using equations (10),(l 1) and (12) and defining the
direction cosines between W/,#/ and t>;- and between
ni,di and Cj (7=1,2,3), leads to the required expressions
for the evaluation of the inertia forces, partial angular
velocities and partial velocities. Kane's formulation [3] can
now be adapted to derive expressions for generalized
inertia forces.
The active forces and torque are as follows:
1. The following aerodynamic forces and torque are
assumed:
1.1 Normal force on the main body (A), at the point Al,
due to the pitch angle a:

where Q '

is the lift slope coefficient for each wing

while (s3 + s4) and ( s i — £ 5 ) are geometric distances
from point AB to Bl, from AC to Cl and from Ao to B2
and C2, as illustrated in Fig. 1.
3. The torque due to the bending angles qg and qc, of the
B and C respectively can be expressed as:
wbHB 1

(2Q)

AIC

T

=-Kwqccx

where Kw is a spring constant which represents the bending
elasticity of the wings.
4. The influence of a control force Fz, which is produced
by the automatic pilot, is applied by a control surface
deflection and acts at point A2 (Fig. 1). This force may
be expressed as:

(21)
where 8 is a function of the pitch angle and pitch rate a and

d:
(22)
and C/5 ,Cr\ and Cfi are constants parameters of the
auto-pilot.
When the velocity in N of Al, A2, B1,B2,C1, and C2 is
derived, contribution of the active forces in Eqs. (14-23) to
the generalized active forces can be obtained. Substitution
of these generalized active forces and the generalized
inertia forces in Kane's equations [3], leads to the equations
of motion of the system. In the present work, these
equations were derived and coded with the aid of Autolev 3
software [4].
Analysis and Results
Simulation of the equations of motion was performed
for an aircraft with the following parameters: Masses:
mA=50, mB=mc= 1.5kg. Inertia: IA2=10, IBi=IS2= 0.1,
Icl=IC2=0.1kgm2. Lengths: SI =0.14, S2=0.1, S3=0.6,
S4=0.3, S5=0.05, S6=0.1 and S7=0.75 m. Ku. = 2000N/rad

Qd/V2 = 0.6 kg/m\
rbody

_

tends to become lower. On the other hand, when S1 is
increased the pitch stability of the body (Fig. 1) is also
increased and the damping on the wings (Eqs. 17) becomes
larger. The total influence of SI on the critical velocity Vf
was found after linearization of the equations of motion
was performed (also with the Autolev 3 software). By
examining the eigenvalues of the system, the critical flutter
velocity can easily be determined. The results of this
analysis are described in Fig 3 for the above mentioned set
of parameters.

\
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Fig 3: Influence of (1) SI axial distance from body
e.g. to wings e.g. (Fig. 1) and (2) Kw - wings
bending constant on critical flutter speed Vf

and Cmq = 5

In Fig 2, results are given for an initial pitch
disturbance of 0.01 radian for a case where the auto-pilot
control is not applied. Results are given for three velocities:
1. For V = Vf =96.3m/sec which is the critical flutter
velocity for this set of parameters. 2. For V = 85 m/sec
which is below the critical flutter velocity - thus the initial
coupled vibrations decay. 3. For V= 105 m/sec which is
above the critical speed - thus the coupled vibration
amplitudes diverge. The increase of the frequency with the
velocity can also be observed.

y

\

C, = 0.3 m

Sr =

A tr
Sin
Vfn==96.3 m/ se
Kw 1=20 DO i/m

\

The influence of the bending spring constant Kw on Vf
is also represented in Fig. 3. In this case the increase of the
critical flutter velocity is proportional to yJKw / Km,
where Kwn is the nominal bending spring constant.
Fig. 4 shows the frequencies of the three modes as a
function of the velocity V. At V equals zero (i.e. zero
airspeed) the system oscillates in its two natural
frequencies. One is the uncoupled bending mode of the
wings of 9.1 Hz, while the second is the a body elevation
mode coupled with wings flapping of 8.9 Hz. At V=0, the
frequency of the coupled pitch/bending flutter mode is
zero. It is seen that the frequencies of the first two modes
decrease markedly with increase of V until they vanish at
about V/Vf=0.6, while the flutter mode frequency increases
with V.
Vt=9S 3 nVst c

\

r 6
\
0.5
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TIME[sec|

2.5

Fig. 2: Influence of velocity on the bending
amplitude, for (1) - V=Vf=96.3,
(2) - V=85 and (3) V= 105 m/sec
It can be clearly observed that the coupling between the
pitch of the body and the bending of the wings depends
directly on the distances SI (see Fig. 1). As the distance SI
becomes larger, the coupling becomes stronger and thus Vf
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The behavior of the system changes dramatically when
the control force of the auto-pilot is added. The influence
of the auto-pilot control force is to increase the rigidity of
the body to pitch dynamics and to increase its damping.
This influence is described in Fig. 5 for the following set of
the auto-pilot parameters (Eqs. 21 and 22 and Fig 1):
57=0.75 m, F=105m/sec
.2

= 0.5, Cyi =2000—y^4 and Cf2 =350 sec

T
m
m
In this case without the auto-pilot the oscillation amplitudes
diverge. Adding of the control force causes the amplitudes
to decay.
Q.OS

-0.06
0.6

D.8
TIME[sec|

1

Fig. 5: Bending amplitudes (1) without control force
and (2) with control force, at V=105m/sec
The resulting effect of the auto-pilot control force is to
eliminate the unstable zone of the system. This
phenomenon can be observed in Fig. 6 in which the real
part of the flutter mode eigenvalue is described for the
system with and without the control force (assuming that
there is no change in the aerodynamic coefficients for the
given velocity rang). It is clearly demonstrated that while
for the uncontrolled conditions the system is unstable for V
> 96.3 m/sec, (positive real part of the eigenvalue), the
controlled system remains stable throughout the entire
velocity range.
1
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Fig. 6: Real part of flutter mode eigenvalue as a
function of velocity, with and without the
control force

Summary
A flutter phenomenon due to coupling between aircraft
pitch and the bending of its wings was demonstrated. The
influence of various parameters of the system on the critical
flutter velocity was analyzed. It was shown that adding
control forces of the auto-pilot might eliminate the
instability zone of this flutter mode at the given set of the
system parameters.
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ABSTRACT.
This paper describes the method, the
procedure and data results of engine vibration
test which is carried out on engines for use on
unmanned air vehicles.
The paper focuses on the testing of rotating
propulsion systems powered by an internal
combustion engine which is composed of main
rotating components such as the alternator,
gearbox, propeller, dampers & couplings.
Three measurement methods for measuring
torsional and lateral vibrations are presented:
a. Gear tooth pulse signal.
b. Shaft Strain Gage.
c. Laser Displacement Sensors
The paper also presents data from tests which
were performed using each method and
discusses the applications, the advantages and
disadvantages of each method.

INTRODUCTION.
According to Federal Airworthiness
Regulations (FAR 33), each engine must
undergo a vibration survey to establish the
torsional and bending vibration characteristics
of its crankshaft and drive shafts. The torsional
and bending vibration stresses of the rotating
shafts should not exceed the endurance limit
stress of the material from which they are
made. If the maximum stress cannot be proved
to be lower than the endurance limit, the
engine must be run at the peak amplitude, for
instance: 10 million stress reversals without
fatigue failure for steel shafts.
This type of vibration test is common to
unmanned air vehicle engines.
The tested engines are divided into the
following three categories:
a. New design model of Aviation engines.
b. Modified model of existing Aviation engines
c. Originally Non aviation engines, usually from
the automotive industry, which were modified
for use as Aviation engines.

Of all the above engine categories the internal
combustion engine type is the most common.
The engine vibration test is divided in two
stages:
The first stage includes a sweep of the engine
for critical speeds of the rotating system.
During this test engine's speed varies from idle
to the maximum and the torsional and bending
vibrations are measured continuously.
The second stage includes an endurance test
in which the engine is stabilized and operated
for 10 million fatigue cycles at the critical speed
which was defined in stage one.
In order to perform this test a unique
measuring system which integrates several
measuring methods was developed. The
system enables the evaluation of critical
speeds of the engine's rotating system for
engines in working range speed of up to 10000
rpm.
The following topics will be discussed:
a. Description of measuring methods.
b. Presentation of a typical vibration test
including description of the tested engine, the
test set up, the test procedure and the results.
c. Comparison between the measuring
methods.

TORSIONAL AND BENDING
VIBRATIONS MEASURING
METHODS.
a. Gear Tooth Pulse SignalWhen using this method the angular
twist and the angular fluctuation of the rotating
shafts & the couplings are measured. The
method is based on magnetic sensors which
are attached rigidly to the engine housing.
Each sensor is facing the cylindrical surface of
the tooth gears which are fixed to the rotating
shafts.The passing of each tooth near the
magnetic pole of a sensor induces a voltage
pulse providing an output of sine wave form
with frequency correlated to the number of
teeth on the gear and the shaft speed.

The momentary angular fluctuation of the
rotating shaft cp°(t) is calculated by measuring
the phase shift of the actual pulses compared
to the calculated average pulses and using the
formula
cp°(t)= 360° x (ZAT^t) - SAT1ave(t).) / T
where:
<.p°(t)- Angular fluctuation of the shaft.
T- Period of shaft revolution.
AT.|(t)- Time between two sequential
pulses.
AT1ave(t)- Average time between pulses
ZAT^t)- Total actual pulses
£AT1ave(t)-Total theoretical average
pulses
t - Time
The angular twist of the shaft is calculated by
measuring the phase shift of the pulses at each
end of the shaft and using the formula
e°(t)=360°x(5T 1 (t)-5T 2 (t))/T
where:
9°(t)- Angular twist of the shaft.
T- Period of shaft revolution.
ST^ty-Total phase shift at one end of shaft.
5T2(t)-Total phase shift at reverse end of shaft
t - Time
b. Shaft Strain GageThis method involves the bonding of
strain gauges on the rotating shafts and
transmitting the data by telemetry.
Fatigue stresses on rotating shafts are
developed by the simultaneous action of
alternating bending and torsion forces. The
shear & the normal stresses which are
developed as a result of those forces are the
basis for definition of the critical speeds.
c. Laser Displacement SensorsThis method involves measuring of
shafts displacement in X-Y directions using
non-contact sensors. The laser type sensors
enable the placement of the sensor at a
distance of up to 80 mm from the shaft with
measuring resolution of 0.005 mm.

blade propeller via a reduction gearbox, and
from the other output to a 2 kW alternator.
Couplings are connecting the engine's
crankshaft to the gear and the alternator
shafts.

Fig 1:Two stroke, four cylinders engine

Engine type 2: A two stroke, vertical two
cylinder engine. The engine power is delivered,
from one output to a two blade propeller and
from the other output to a 2 kW alternator via.
rubber coupling.
INSTRUMENTATION AND DATA
PROCESSING
The following parameters were
measured:
a. Propeller shaft torsional & bending stresses.
b. Propeller shaft displacements.
c. Reduction gearbox coupling twist angle.
d. Crankshaft twist angle.
e. Alternator coupling twist angle.
f. Alternator shaft torsional stresses.
Propeller shaft torsional & bending
stresses
Stresses were measured by strain
gauge bridges bonded to the free shaft
area between the propeller and the
engine housing.
Propeller shaft displacements
Propeller shaft lateral and vertical
displacements were measured using
laser sensors pointing to the free end of
the propeller shaft.

For each of these methods the data is
presented On Line using a PC based data
acquisition and processing system.

PRESENTATION OF TYPICAL
ENGINE VIBRATION TEST
The presentation describes the
instrumentation and data results of tests which
were performed on two types of engines:
TEST SPECIMENS
Engine type 1: A two stroke, horizontally
opposed, four cylinders engine. The engine
power is delivered, from one output to a three

laser sensor

telemetry equip.

Fig 2: Propeller shaft instrumentation

Alternator shaft torsional stresses
The Alternator was instrumented to
measure the torque on its shaft by
bonding a torsion type strain gauge
bridge on the shaft, wiring it from the s/g
to the shaft end through an inner shaft
hole and installation of the transmitting
antennas on the alternator fan.

Reduction gearbox coupling twist angle
Twist angles were measured using the
Gear Tooth Pulse Signal method. Two
magnetic sensors were attached rigidly
to the gearbox housing facing the
cylindrical surface of the tooth gears.

S/G bridge

coupling
flange

Fig 5". Alternator inner shaft instrumentation
Fig 3: Gear box instrumentation

TEST PROCEDURE
The engine ground vibration test
included the following stages:
Stage I -Vibration Survey - during which the
critical speeds of the engine were defined. The
search for the critical speeds was performed in
two steps: one by varying the engine speed
continuously from idle to maximum speed and
back to idle for cycle duration of about 1
minute. The second step was performed by
running the engine from idle to maximum
speed in steps of about 100 rpm. At each step,
after RPM stabilization, signals were recorded
and were analyzed in the time and the
frequency domains. Based on this data the
critical speeds were defined.
Stage II - which included running the engine for
10 million stress cycles at the critical speed
which was defined in stage I.

Crankshaft & Alternator Coupling twist
angles
Crankshaft & alternator twist angles
were measured using the Gear Tooth
Pulse Signal method. For this purpose
two tooth gears were installed on both
sides of the alternator coupling flanges:
one at the free end of the crankshaft and
one on the alternator side.

TEST RESULTS
The test results are made up of data taken
from the tests which were performed on both
engines focusing on the critical speeds which
were found for different running configurations
of the engines. The main purpose of the
presentation is to show how the critical speeds
are demonstrated using the different measuring
methods. The results do not describe in detail
the different configurations and do not analyze
the results of the data.

magnetic sensors
Fig 4: Alternator Coupling instrumentation
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Propeller Shaft Measurements:
Torque & bending using S/G method,
critical speed at 4000 rpm

)

10

Alternator Shaft
Torque measurement using S/G Method
Critical speed at 4150 rpm
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Fig 6: Time Domain Test Results

Fig 8: Time & Frequency Domains Test Results

Alternator Coupling
Twist Angle measurement using the Tooth
Gear Method
Critical speed at 3950 rpm
NATOR, CRA>JK

COMPARISON BETWEEN MEASURING
SYSTEMS
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TOPIC
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Metal Shafts

Main
Application

Direct
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of stresses
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analysis
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Analyzing
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GEAR
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Couplings
Direct
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of twist
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for critical
speed
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ON STABILITY OF VISCOELASTIC ELEMENTS OF THIN-SHELLED
CONSTRUCTIONS UNDER AEROHYDRODYNAMIC ACTION
P.A. Velmisov, A.V. Ankilov
Ulyanovsk State Technical University, Russia
Abstract
It is investigated dynamic stability of viscoelastic elements of thin-shelled constructions subject to aging,
compressed by the longitudinal efforts and is supported
by aging viscoelastic basiaes, in. view of interaction with
ideal fluid or gas. The definition of viscoelastic body's
stability corresponds to Liapunov's concept of dynamical system's stability.

x € (b2k-i>b2k),k = 1 -j- m,

(2)

<p+0, 0,i) = Vf+(x), x 6 [0,c] \
V~(x> 0, t) — w£t(x, t) + Vu>1x

Introduction
Dynamic stability of viscoelastic plates and shells
which are the elements of thin-shelled constructions
at without detachment or jet flow around by fluid or
gas flow is studied. It is considered linear subsonic
regimes. For the deduction of the viscoelastic plates
oscillating equations the model of aging viscoelastic
body is used. According to this model connection between tensions and deformations described by the linear
Volterra-Feucht integro-differential equation. Aerodynamic load is determined from asymptotic aerohydromechanics equations by complex analysis methods for the
Laplace equation.
Statements and investigation methods offered for
dynamical damping viscoelastic bodies, being in contact with fluid or gas, lead to the study of linked initial boundary problems to systems of partial integrodifferential equations. Having been based on the construction of positively defined functionals, corresponding to these equation, and with a negative derivative
with respect to time, solutions' stability conditions are
obtained for some aerohydro dynamical problems, in particular for dynamics of elements of a plane channel,
through which fluid flows; of a wing profile; of a thinshelled construction, representing model of wing with
facilatated weight. All problems were investigated for
any number of elements. Similar problems were studies
in [1-5].

<p-(xt0tt)

= Vf_(x),

, t) + Vf_(x\

ar6[0(ci\

<pf(x, 0, t) = wt(x, t) + Vwx(x, t), x e (c, d),
I V ^l^o = is>l + Vy + Vt2)oo = 0

(4)
(5)

Uy>t) = F* - Po + /o(^ + + Vtpt), x e (6ai-i, &2i), (7)
L{w^ ) = JJQ — j?,— p(i£^*4- V^ipj)) -^ € (fl2A—i) o-2k)i (8)

1"

x, t)w "(x, t)\ + M(xt t)w(x, t) + (N(x, t)ui'(x, t))+
+0i(x, t)w(x, t) + j30 (w(x, t) - jR2(x, (, t)w(x,Qdn.
o
Here <p(x, y, t) is the potential of fluid velocity;
w(x}t) the plate deflections function; a?, y are Cartesian
coordinates, t is the time variable; /±(x) are given functions determining the form of the profile; V is unperturbed homogeneous flow velocity; p is the density of
fluid; D and M are the bending rigidity and the specific
mass of the plate; /?o is stiffness coefficient of the base;
/?i is the rotational inertia coefficient, /?2 is damping
coefficient of the plate material; -Ri(r, t), RI(T, t) is the
relaxation kernel accounting the aging of the materials
of plate and base; c is the length of profile chord; point
over letters denotes time derivative, prime is used for the
derivative with respect to x or r, subindices x,y,t designate partial derivatives with respect to corresponding
variables.
Using methods of the theory of functions complex
variable, the decision of a problem can be put to reseach
of a system of equations

Dynamic Stability of Viscoeiastic Elements of
the Wing Profile
We consider the planar problem about dynamic stability of viscoelastic elements of the wing at without
detachment flow around of thin profile by unbounded
subsonic fluid stream. In the linear statement corresponding to small perturbations of homogeneous fluid
stream directed along x - axis and to small deviation of
the plates this problem is formulated by the following

L(w) —

way

d

d

/ WtK(r, x)dr

/ wKx(T,x)dT—

c

(1)

c

ttK(r>x)dT--£Y.

, 0, t) = w+(x, t) + Vwfox, t) + Vf'+(x)

* k=u
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J

«2i

where Ko = sup
K~k =

=

sup

sup

Jff (a?), /Ci (x) = 2j K(r, x)dr+

(9)
tK(T,x)dr - —

/

4

m

"

= K(r,x)dr+Y,
*=U

a

l

K±(r}x)dT+'£

D* = inf[D(x, t)(l + Qi (a?, 0, oo))], JV* = sup Nfa *),
*»*

*,t

a? 6 [c, 4 1 € [0,00),
» 6 (624-1,624)forw^;

a;6 ( a 2 i - i , a 2 i )

j

^ ( ) ,

x(l + Qft(ar, 0,00))] , JV*%= sup JVf(», t), * € [0,00),
« G (621-1,62*)for'+', x G (a2t-i,«ak)for'-',

where fljf (r, <) = ifl&r, <) + V a ^ r , i), taj(r, t) =

Ai,A*t are the minimal eigenvalues of the boundary
value problem yIV(x) = —Xy"(x) with boundary conditions to which the functions w(x, t), w^ are subordinated. The conditions impose restrictions on a measures
of relaxation, speed of a homogeneous flow V and other
parameters of a mechanical system.

wjJi(T,t) + 7ii) t - f (r,i), ®(T,t) = VH(T, t) + Vwr(r,t),

Dynamic Stability of Viscoelastic Elements of
the Channel Walls
We consider the planar problem about dynamic stability of viscoelastic elements of the walls infinitely long
channel, on which proceeds ideal noncompressed fluid.
In the linear statement corresponding to small perturbations of homogeneous fluid stream directed along x axis and to small deviation of the plates this problem is
formulated by the following way

Dynamic stability of solutions of the linear integrodifferential equations system (9), (10) is investigated under the supposition that on every end of the plate the
one of the following boundary conditions is fulfilled:
l)tii = wx = 0; 2)w = wxx = 0. Recording for equations
system (9),(10) the functional Liapunov's type, we will
obtain the foEowing conditions of stability of the plates
oscillations w(x, t), w£(x, t)(k = 1 -J-TO),wj~(x, t)(k =
1-i-n) under the relation to changes of initial values
w(x, 0), w(x, 0), w"(x, 0), wjf (x, 0), v)£(xt 0), wf\xt 0)
(k = 1 -f- ro), Wk(x, 0), uJ^(a;, 0), u£" (a:, 0) (fc = 1 -j- 71):
dO;

A<p = 0, (x,y) € R2 : \x\ < oo,y 6 [0,yol;

a?, r,<) = - ^ - ( » , r,t), Qi(», i, t) = 0, - ^ - ( * , 0,t) < 0,

a?€(63jfc_i,&2*),A= 1-s-rn,

-(xy r, *) > 0, | ^ ( * . r, t) < 0, 1 + Qi (*, 0,00) > 0,

*» ^ *) = -jf(X>

(12)

(x,yo,t) = 0, a?
\i=i

T 6 [0,4 * = 1,2; /?<(«,*)> 0(i = 0,1,2), &(*,*)< 0,

>. - EZsL.,»

(11)

(xy 2/0, *) = «/£(«, *) + Vw£x(x, t),

dO:

iv(*. <) < 0, M > — , JV* <

Df= inf [JDf (*, *) x

V3y(x, 0, t) = ui^(», t)

€ (C) d)-t

*•<).

(13)

« € («2A-1)«2*),

T

> *)• ««(*» *> *) = °»

(x,0>t) = 0> xe R\ (
V.Jb=i

t(x, 0, t) < 0, ^ ( a r , r, t) > 0, ^ - ( * , r, t) < 0,

(<pl + Vl)x=:koa=

1 + Q,* (a?, 0,00) > 0, r 6 [0, <], t = 1,2;

/J,

0. (V*)x=-od= 0, y € (0,3/0);
v

<P*)v=vo> * 6 (624-1,62*),

»(». *) > 0 (* = °> li 2 ) , ^ ( * . *) < 0, Nf(xt t) < 0,

(14)
(15)

C*)
( + ^«)v=o» a; 6 (a^k-i, a2*)»
(16)
Here w^(x, t), w^"(a;, t) the deflections functions of
the plates on bottom and top walls of a channel accordingly-
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Using methods of the theory of functions complex
variable, the decision, of a problem can be put to research of a system of equations for determination of
wjjf'O, t), wk~(x, t). Dynamic stability of solutions of
this equations system is investigated under the supposition that on every end of the plate the one of
the following boundary conditions is fulfilled: l)w =
wx = 0; 2)us = wxx — 0. Recording the functional Liapunov's type, we will obtain the following conditions
of stability of the plates oscillations v>£{x, t)(k — 1 -rm), wk(x, t) (k = 1 ~ n) under the relation to changes
of initial values w£(x, 0),
) w£(x, O),wjf (ar, 0) (k = 1 -f
(r

0\

i'n~(v ft\ in ^~ (Yr

lilt(x, T, t) = - S T ~ ( ^ i r>

Ar = 1 -5- re,
V*(*>O,t) = V / * (ar), x € ( a 2 i , a 2 j t + i ) , k = 1 -r re - 1,
==

I V vl

(v

"^~ V "t" Vt )oo

Lr^wit)= p IVt ~ ^ t " ) + P ^ (^1

^j) >y

^ r, <), Q,-

=

x 6 (6 3 ik-i, 621k) for'

where
=

sup

=

, a? 6

sup

K~(x),

-x)r
- r)x -

k=l.

-TT

e

Trar
3/0

x (1 + Qf^ar, 0,00))] , Nf=

sup N±(x, 1), t 6 [0,00),

A^ are the minimal eigenvalues of the boundary value
problem yIV(x) = —\y"(x) with boundary conditions
to which the functions w^ are subordinated. The conditions impose restrictions on a measures of relaxation,
speed of a homogeneous flow V and other parameters of
a mechanical system.
Dynamic Stability of Viscoelastic Elements of
Wing with Faciiatated Weight
We consider the planar problem about dynamic stability of viscoelastic elements of the wing with faciiatated
weight at without detachment flow around of thin profile by unbounded subsonic fluid stream. In the linear
statement corresponding to small perturbations of homogeneous fluid stream directed along x - axis and to
small deviation of the plates this problem is formulated
by the following way
A<p = ipxx+ipyy = 0, 0,1,) 6 R2\[aua2n]

-ar r

Dk*= 'mi[Dk(x,t)(l + Qi*O) 0,OO))], A^*= sup Nk(x,t),

J

*,*

r, r , <) < 0,

,<) > 0 (» = 0,1, 2)J0k(x, t) < 0, NiO, t) < 0,

In-

e"To~

(19)

, t, t) = 0,

(ar, r, t) > 0,

, Nk

J

0)

l+QijfcO,0,oo) > 0, r € [0,t], i = 1,2;

= 0,1,2),i8* fc (a?,t) < 0, JV k *(:M) < 0.

k=l.

=

= 0,

(*, 0, t) < 0,

l^

(18)

Here / ^ are given functions determining the form of
undeformable parts of a wing.
Investigating this problem cases similarly previous,
we will obtain the following conditions of stability of the
plates oscillations Wk(x,t) (k = l-i-re) under the relation
to changes of initial values w^O, 0), Wk(x, 0), w'k'(x, 0):

O , 0 , o o ) > 0, r € [ 0 , t ] , i = l , 2 ;

sup

0

2T € (<J 2 4_i, a2jb), fe = 1 -f- re,

a?i r, t)

where K$k =

==

t e [0,co), a; e (a,2k-i,ci2k}>k = l + » ,
Ait axe the minimal eigenvalues of the boundary value
problem yiv(x) = -Xy"(x) with boundary conditions
to which the functions Wk are subordinated. The conditions impose restrictions on a measures of relaxation,
speed of a homogeneous flow V and other parameters of
a mechanical system.
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JET DEFLECTION ANGLES IN MILITARY, CIVIL AND RPV
THRUST VECTORING AIRCRAFT
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thrust component values
engine parameters.

ABSTRACT
The Technion has contributed much to pioneer the
introduction of stall/spin-free Thrust Vectoring Flight
Control (TVFC). Within these efforts the fundamental
and most critical issue in designing advanced aircraft
with the new methods and means TVFC, and poststall in-flight testing of dynamically scaled prototypes,
is the correct evaluation of the difference between
geometrical and effective jet-engine-nozzle deflection
angles during high-alpha maneuvers. This difference,
and some other important in—flight differences
discussed in this paper, include the change in thrust
levels due to TVFC, speed and altitude.
This paper shows that in-flight thrust deflection
angles and thrust component values may differ by a
factor of 1.4 - 2.4 from only by using static values.
The results are highly useful for TVFC computer
simulations and for actual flight emulations via TVFC
RPVs.

EVALUATION
When exit nozzle pressure equals the ambient
pressure, and vehicle's angle of attack and sideslip
angles a and p are relatively high, the thrust
components should be written as a vectorial difference
between exit and inlet momentum (Fig. 1), viz.,
T= m9 V9 - m V,

where

T x = m9 V9X - m V x =
m9 V9 cos 8Ys cos 8Zs S - m V cos a cos P;
TY

=

Txz -

HI9

(1)

T Y = T cos 8Z sin 5 Y S;

(2)

T z = T sin Sz cos 8Y S,

(3)

where 8Y , 5Z are effective yaw and pitch thrust
vectoring angles, and
(4)

(6)

V9Z - m V z =

m9 V9 sin 8zs cos 8Ys S - m V sin a cos p.

T x = T cos 6 Y cos 5Z S;

(5)

m9 V9Y - m VY =

m9 V9 sin 8Ys cos 8Zs S - m V sin P;

INTRODUCTION
Thrust components during TVFC are

S = (cos 2 8 Y + sin 2 6 Y cos2 S z )- |/2 .

on flight conditions and

(7)

Here we first assume that the angles of jet exit
deflection under static test and under flight conditions
are equal and that the axes of engine and aircraft
coincide.
The values m V sin a and m V sin a cos p
are taken in consideration separately in the aircraft
motion equations as discussed by references [1] and
[2].
The dependence of exit momentum on speed and
altitude, T f = f(M, H), for a = p = 0 is

The aim of this work is to establish a design
procedure for evaluation of effective deflection angles
of thrust and thrust values by using TVFC under
flight conditions and to analyse the dependence of

(m 9 V 9 X ) f =m f V + T f .
For static conditions (V = 0), T s = (m9V9)s.

15

(8)

For an installed engine, with a thrust vectoring
nozzle, the exit momentum is expressed as

These values are higher
deflection angles.

than

the

effective

(m9V9)s = C v T f ,
where Cv represents the nozzle losses coefficient due
to TVFC and is assumed here to be the same under
static and flight conditions. To evaluate exit jet
momentum components m9V9x, m9V9Y, m9V9Z under
flight conditions, the deflection angles 8 Ys , 5Zs and
the air mass flow rate must also be known. Analysis
of experimental results of F-15 and F-16 inlet tests
show, that the pressure recovery in the inlet is almost
constant for angles of attack in the range -10 to + 30
degrees and for sideslip angles in the range + - 10
degrees, when M < 0.9 [Fig. 2]. Therefore, air flow
rate m in this range is the same as for a = P = 0.
This means, that engine work conditions are the same
as for a = 3 = 0, i. e. m9 V9 = Cv (m9fV9f) . Using
thrust and air flow rate data from flight performances,
the exit momentum components are then expressed as:
m9 V9X = Cv (Tf + mf V ) cos §Z(J cos 8Ys S ;

(9)

m<, V9V =-j Cv (Tf + mf V ) cos 8 ^ sin 8Ys S ;

(10)

m0 V9Z = Cv (Tf + mf V )sin 8Zcr cos 8YsS .

(1!)

(8) - (11) and (5) - (7) then lead to
T x = Cv (T r + mf V ) cos 8Z(I cos 8Ys S;
- m f V cos a cos 3 ;

(12)

TY = Cv (Tf + mf V ) cos 8Zo sin §YsS ;

(13)

T z = Cv (Tf + mf V )sin SZn cos 8YsS .

(14)

Thrust dependence on flight velocity and PAL for
F-16 RPV thrust vectoring model was experimentally
evaluated by the authors and is partially depicted in
Fig. 3. This data have been further used for the
evaluation procedure demonstration, as explain below.
The values of actual thrust deflection angles under
flight conditions may then be calculated as
tan 8 Y = TY /T x ,

(24)

tan 8 z

(25)

= T z /T x .

DEMONSTRATION
For F-16 with F100 - PW - 200 engine operating
at 100% PLA with a 2D-thrust vector nozzle at
H = 10 000 feet and M =0.6 the net thrust Tf is taken
here as equal to 44 500 N and the total airflow as
equal to 90.6 kg/s . When
a = (3 = 0, 8 Ys = 8 Zs
= 20°, Cv = 0.94 , we obtain
T x = 34 000 N, TY = 18 700 N, T z = 18 700 N,
T = 43 100 N, TXr = 0.912, T Yr = 1.4,T Zr = 1.4
and 8 v = 29°, 8 z = 29°.
For a JT-9D engine with by-pass-only exit jet
deflection during TVFC at M =0.6, the net thrust is
99 000 N and the total airflow as 598 kg/s , when
a = P = 0 , , 5 YS = 5 zs = 20°, Cv = 0.98, the
core partial thrust Tcore is 28 200 N and the fan
partial thrust Tfan = 70 800 N. Then the vector thrust
components become: T x = 77 300 N, TY = 53 400 N,
T z =53 400 N, T = 108 100 N.
Thrust increase, as compared with an unvectored
engine, unlike its military counterparts, then becomes
around Tr = 1.09. This demonstrates the fact that in
civil aircraft the thrust increases during TV. The
relative thrust component values then become TXr =
0.860, TYr = 2.38, TZr = 2.38 and 5Y = 47° ,8 z = 47°.
Since 1986, the Gas Turbine and Jet-Engine
Laboratory of the Israel Institute of Technology uses
some unique, low-cost RPVs for dynamic scaling
emulations of TVFC. Some of these are flying F-15, F16 and F-22 dynamically-scaled prototypes as well as
a Boeing 727-100 subscale prototype. A similar
methodology has been later adopted by NASA.
For V = 30 m/s, airflow rate 0.73 kg/s,
T=
25.1 N, a = p = 0,
8 Ys = 8 Zs = 20° and C v =
0.94 , the vector thrust components become T x =
17.3N, T Y = 14.3 N , T Z = 14.3 N, T = 26.6 N ,
TXr = 0.780, TYr = 1.87 , TZr = 1.87 and 8 Y = 39.5°,
8 z = 39.5°.

CONCLUDING REMARKS
It has been demonstrated that TVFC components
increase during flight as compared with static tests,
due in part, to exit momentum deflection . It is shown
that the higher the flight-to-exit jet engine velocity
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Fig. 1. Static and effective thrust deflection angles due to TVFC.
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ABSTRACT

age, mileage accumulation, rates and maintenance level,
type and quality of the fuel, driving velocity and pattern,
road and weather conditions, etc. Other traffic parameters,
such as acceleration, deceleration and proportion of standstill time also affect the exhaust emission" composition.
Some of these were studied in the research work described
below.
Statistical data and analysis. The first stage of this work
included analysis of statistical data related to the Israeli
vehicles fleet, like vehicle age, engines displacement and
production year. These data were grouped in accordance
with each period of the same EEC pollution limitation
regulations, such that it was possible to determine the
vehicle fleet sample, to measure emissions and to obtain
the mean emission factors.
Idling tests. The idling tests were performed on 362
vehicles, a representative sample of Israeli vehicles fleet.
The tests were performed after warm-up of the vehicle
engine and the three way catalyst (TWC). Concentration
of CO, HC and CO2 in the exhaust gases were measured
in this series of tests using a standard NDIR four-gases
analyzer.
City realistic driving conditions and fuel economy. To
simulate the Israeli city driving conditions, a route of 5.5
km was chosen in the city center of Haifa, [4]. In ref. [4]
it was mentioned that the Israeli driving cycle found in
1980 was very similar to the European driving cycle and
this selected route was recognized as representative. About
60 tests were performed during working days from 7:00
AM until 7:00 PM in order to update this parameter. Ten
different cars with engine displacement from 770 cc. up to
2000 cc. participated in these tests representing the
composition of the car fleet in Israel. The fuel
consumption was measured by gravimetric method, using
equipment which was installed on-board. Fuel economy
measurements were performed with and without air
conditioning (AC), after the warm-up of the engine.
Constant speed tests. On board of each car during the
constant speed test were installed the following test
facilities: gravimetric system for the fuel consumption
measurement, gas analyzer, devices for the car speed and
engine speed measurement, and exhaust sampling system
for the NO X concentration determination in the laboratory.
For each test the cars were driven in opposite directions to
minimize wind and grade effects. These tests were
performed at two different vehicle speeds, 50 and 90
km/h.

The paper presents the results of a research project
aimed at estimating emission coefficients from passenger
cars in Israel. The results were obtained by measurements
of pollutants concentration in three driving modes: at idle,
while driving in city center and at constant vehicle speeds
typical of inter-urban and suburban driving. The
measurements were carried out by conventional methods
using gas-analyzers and chemical procedures and also by
employing remote sensing equipment. Based on these
results, an initial estimate has been made of emission
coefficients representative of the three driving modes. A
combined emission coefficient is suggested and has been
compiled describing general pattern of emissions from a
vehicle per distance traveled.
INTRODUCTION
The motorization rate growth in Israel is one of the
highest in the world. The number of vehicles in the
country has risen about 22 times from I960, [1]. This
growth brings about an enormous increase of air pollution.
The concentration in the air of CO and the other pollutants
frequently exceeds the allowed maximum, as a result of
topographic and climatologic conditions such as stagnant
areas in "great urban canyons" between sky scrapers. One
of the main causes of high CO levels is congested traffic
with jams and "stop and go" situations in city centers.
Therefore the issue of emissions control and limitation is
very important.
The establishment of emission standards and the
estimate of emission coefficients are strongly related to
accurate evaluation of zonal pollution or of total pollutants
inventories. The results of such evaluations can serve, in
addition, to air quality predictions, also for the design of
new urban transportation systems and of ventilation
systems for closed parking areas, tunnels etc.
Different methods were used to determine vehicle
emission factors and to evaluate emission inventories.
Such methods are based on vehicle emissions measured on
chassis dynamometer, fleet tests on controlled track test,
constant speed tests characteristic for interurban road
traffic and idling tests. All these methods are based on fuel
consumption and emissions measurement. A recent
advance in the field of emission measurement from
vehicles is the introduction of remote sensing, [2, 3].

METHODOLOGY
Several factors determine the amount of pollutants
emitted from vehicle engine: engine and vehicle design,

Remote sensing (RS\ In order to obtain real-time data of
many on-road vehicles emission, a series of tests was
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performed with a remote sensing system developed by
Remote Sensing Technologies Inc. (RSTI). The hardware
consists of three basic units: a source, a detector and a
computer. Infra-red and ultra- violet light absorption in the
medium between the source and the detector (the exhaust
gases plume) is used to determine the level of pollutants
emissions. Using a video camera during the data collection
allows the registration of a license plate of each vehicle
tested, and as result its model and production year may be
ascertained.
The tests were performed together with the RSTI
specialists, on a flat road in Haifa, in a single lane traffic
flow, where the average speed of vehicles was 40 to 50
km/h. The system gives tailpipe the concentrations of CO,
HC, CO2 for every car, and in addition the instantaneous
speed of the car. Over 700 vehicles were tested this way.

80

| 40

1

under
3 years

4-9 years

over
10 years

Figure 1. Percentage of vehicles
which passed the idling test.
City Center Driving Cycle. It was found that the average
speed of today's city center cycle is 15,3 km/h, a
substantial decrease about 30% compared to 21.8 km/h
which was estimated in 1980, [4]. Also the fuel
consumption increased by 34 - 38%, when the average
speed dropped from 19 km/h (morning average speed) to
10.5 km/h (noon average speed). This means 15%
increased fuel consumption for 30% reduction of average
speed. The use of AC is accompanied by fuel consumption
increase by an average of 20%, [5].
Constant speed tests. The tests performed under the
above mentioned conditions show that the CO average
emission for cars made in the '80s is ten times higher than
that for the '90 car with TWC. The same trend is observed
with the HC emissions, which are twenty times higher for
'80s cars compared with '90s cars with TWC. As for NOX
emissions, the new cars with TWC pollute thirty times less
than the '80s cars or '90s car without TWC. The results
clearly show the importance of TWC for the reduction of
the emission.
Remote sensing (RSV Figure 2 presents the results
obtained for car engine displacement between 1400 and
1600 cc, which represent 42% of fleet sample.
Rather a large number of tests which can be performed
by using RS enables to detect and identify vehicles that are
"big polluters". It was found that about 10% of the cars
tested contribute about 50% of the total amount of
pollutants.

R E S U L T S AND DISCUSSION
Statistical data and analysis. The Israeli gasoline vehicle
fleet consisted of about 1.2 million vehicles with about
one third of them equipped with TWC. The age
composition is the following: under 4 years old - 39%,
between 5 - 9 years old - 31 %, between 10-19 years old
- 27%, more than 20 years old - 3%. The number of
uncontrolled emission cars (up to 1969) represents less
than 1%. By engine displacement the distribution is: up to
lOOOcc - 11%, 1001 - 1600cc - 78%, 1601 - 2000 cc - 8%
and more than 2001cc - 3%, [7]. It is necessary to
underline the similar composition of the fleet sample
tested with the RS (about 700 vehicles) and the statistical
data for Israeli vehicles fleet. The RS fleet sample
composition was the following:
By engine capacity
By year production
3.5% < 1000 cc
1.5% < 1980 included
32,8% 1000- 1400 cc
9.9% 1981-1985
42.2% 1400 - 1600 cc
21.5% 1986-1990
13,2% 1600-2000 cc
51.8% 1991 -1995
9,3% > 2000 cc
15.3% 1996-present
Idling tests. The results show that 67% of vehicles
tested meet the EEC 52/92 Directive requirements.
Figure 1 presents the percentage of vehicles which
passed the idling test depending on production year, for
engine capacities between 1000 and 1600 cc.
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Figure 2. Distribution of the tests results for CO and HC emissions as function of the production year.
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These results are well correlated with those obtained
by others, [6], and indicate clearly that the RS is one of
the effective ways to improve air quality.

n

CONCLUSIONS
The results of the study on emissions from passenger
car engine are very important for future studies or design
regarding urban areas, highways, covered parkings,
tunnels, vehicles, traffic optimization, health problems and
the policy regarding the development of new cleaner
energy sources for vehicle engines and transportation
systems.
The study shows that the composition of the fleet is
very important. A small percentage, 10 - 15% of fleet,
produces 50% or more of the total pollution. This part of
the fleet is mainly composed by old cars over ten years of
age.
The precise evaluation of the emission coefficients for
each pollutant substance is very important in the process
of establishment of the pollutants inventory. By knowing
these coefficients, it is possible to estimate, with high
precision, the fraction of emissions in the pollutant
emission quantity in a specific area or for the whole
country in a specific period of time or the contribution of
each vehicle age class.

EMISSION COEFFICIENTS
The main purpose of experimental testing performed in
this program was to evaluate emission coefficients for CO,
CO2, HC and NOX depending on the age of the vehicles
and engine displacement. These emission coefficients, in
g/km, multiplied by the estimated number of cars for a
specific period of time (or car ages), multiplied by the
annual average traveled distance, gives the annual total
emission.
The emission coefficients Ej of CO, HC, NOX and
CO2 for each vehicle age class was calculated by the
following:

En Ef -

class, [t/year].
- number of vehicle age classes.

0.45En + 0.28Ef + 0,27E(jc, [g/km] where(l)
emission coefficient for 90 km/h constant
speed typical of interurban or
emission coefficient for 50 km/h constant
speed typical of urban residential area
emission coefficient in heavy urban traffic
calculated from data of city center driving
cycle.
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The weight of each emission coefficient in the
algorithm (1) was established in conformity with statistical
data regarding the specific behavior of the Israeli fleet, [7].
The coefficients in eq. (1) correspond, respectively, to
45% interurban travel, 27% city center travel and 28%
typical urban residential routes (55% urban travel). In this
way, emission coefficients were established for every fleet
group by production and engine displacement. Averaged
emission coefficients only by production year were also
calculated. The example of these data are shown in Table
1. Detailed results of emission coefficients evaluation
together with the list of main assumptions may be found in
the report [1].
Table 1. Emission coefficients "Ei" for each vehicle
age class.
Ei [g/km]/Prod year C O , HC
NOX
co 2
- 1976
2.80
2.20
158
66
174
1977 - 1984
37
2.30 _2AQJ
2.50
172
1985 - 1988
28
2.00
21
2.65
1989 - 1992
1.90
175
19926.4
192
0.35
0.26
TWC available
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The total amount of CO, HC, NOX and CO 2 can be
obtained by adding the specific values found for every age
class, by the expression:
n

M TrI. = ;\ , Mj [t/year], where
i

My. - total mass for each pollutant i.
- total mass for each pollutant/vehicle age
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ABSTRACT
The paper presents a general concept of a hybrid
propulsion system, based on an SI internal combustion
engine fueled by methanol dissociation products (MDP).
The proposed hybrid propulsion scheme is a series hybrid,
which allows the engine to be operated in an on-off mode
at constant optimal regime. The engine is fed by gaseous
products of methanol dissociation (mainly hydrogen and
carbon monoxide) emerging from an on-board catalytic
reformer. The general scheme and base operation features
of the propulsion system are described. The benefits that
may be achieved by combining the well-known idea of
on-board methanol dissociation with the hybrid vehicle
concept are discussed. The proposed scheme is compared
with those of systems operating on gasoline, liquid
methanol, hydrogen and also with the multi-regime (not
hybrid) engine fed by MDP.

IL0006649

reducing engine exhaust emissions and considerations of
supply security. It is available in many regions and can be
efficiently and economically produced in large quantities
from a variety of feedstocks, including natural gas, coal
and biomass, [4].
Some of the main drawbacks of liquid methanol as
an automotive fuel are its relatively low heating value,
leading to high volumetric fuel consumption, poor engine
startability at low ambient temperatures, high corrosivity
and a rise in aldehydes emissions, [4].
Methanol dissociation is investigated today,
because it is a promising hydrogen source for propulsion
systems based on fuel cells, [5], and its products can
serve as an excellent hydrogen enriched gaseous fuel for
an ICE, [6-8].
Methanol dissociates in the presence of a catalyst
into hydrogen and carbon monoxide. The ideal reaction
can be written as:
CH3OH -> 2H2 + CO
(1)
The decomposition can be accomplished by passing
vaporized methanol over a catalyst at temperatures above
300°C, [6 - 8]. The heat which is needed to vaporize
methanol and to drive the endothermic dissociation
reaction, may be supplied by waste heat recovery of the
ICE exhaust gases. The schematic layout of a typical onboard methanol dissociation system which has been
studied in previous research works [6 - 8, etc.], is shown
in Figure 1. The lower heating value of the MDP is 23.97
MJ/kg, compared to 19.94 MJ/kg of liquid methanol and
21.02 MJ/kg of methanol vapor, [8]. In other words, the
MDP fuel has an about 20 and 14 percent higher heating
value than liquid methanol and vaporized methanol. If the
engine efficiency will be the same for all these fuels, a
corresponding improvement in fuel economy would be
expected for MDP compared to liquid methanol.

INTRODUCTION
One of the main features of today's progress in the
automotive industry is a transition from the concept of
emissions control to the concept of emissions prevention.
The most prominent example of this trend is the CARB
requirements for Zero Emission Vehicle (ZEV), [1].
However, some of the ZEV components (battery,
flywheel, super capacitor etc.), based on the present level
of scientific knowledge and technological development
have several significant shortcomings (such as low energy
and power density, safety problems, high cost, etc.). These
lead to low range, poor acceleration and high cost of the
vehicle, which make the ZEV a rather unattractive option
from the point of view of the consumers. Therefore,
hybrid vehicles are now under consideration, because of
trie possibility to achieve high performance together with
the "zero emission" option for city center driving, and low
emission in inter-urban roads, [2, 3].
There are two main types of a hybrid drive system
used today in vehicles: so called parallel and series
hybrid. In a series hybrid, the ICE is connected to a
generator and the vehicle wheels are driven only by
electric motor(s). In this case, there is no need for a
complex vehicle transmission and an energy storage
system may be used to average-out load variations,
allowing the engine to operate at a constant regime with
maximal possible efficiency. It is clear that the design of a
low emission and highly efficient system is much easier
under these conditions, [3].
Use of various alternative fuels (such as alcohols,
natural gas, LPG, etc.) for hybrid propulsion is widely
considered today as an additional possibility of emissions
reduction. Among them, methanol is well known as a
promising alternative fuel, mainly due to the potential of
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Figure 1. Scheme of on-board methanol dissociation
system (based on [8])
The results of published efforts to develop an on-board
methanol dissociation system for a conventional motor
vehicle, have shown a number of serious problems, mainly
caused by the multi-regime nature of an engine operation
(these problems will be discussed below), which lead to
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the gradual reduction of the automotive industries' interest
in this promising idea. Nevertheless, using the concept of
methanol dissociation for a low emission hybrid
propulsion system seems to be a very attractive option,
with a potential to renew the interest in on-board methanol
dissociation.

main advantages of using liquid methanol as an alternative
fuel are the possibility to improve engine efficiency, to
reduce emissions of some pollutants and, of course, to
contribute to the solution of the problem of supply
security. However use of methanol leads to rise in
NMOG (non-methane organic gases) and aldehyde
emissions (this is the reason for the + mark in the
appropriate cell of Table 1). Additional shortcomings of
the liquid methanol as a motor fuel which are reflected in
Table 1 are: low energy content compared to gasoline and
therefore higher volumetric fuel consumption; low vapor
pressure and high latent heat of vaporization, leading to
the poor cold starting and warm-up performance; high
corrosivity and washing-away of lubricant leading to
engine durability problems.
Hydrogen is considered as a very promising
alternative motor fuel in the long-term perspective. It
enables sharp reduction in pollutants emission and
meeting the CARB ULEV standards relatively easily, [4,
10]. Data and theoretical considerations show that
optimized hydrogen ICE are 15 - 25% more efficient than
gasoline engines, [10]. But, as can be seen from Table 1,
storage of hydrogen on-board a vehicle and cost of its
production remain a major technological challenge.
Using the MDP as an automotive fuel allows, as
mentioned above, consolidation of the benefits of liquid
methanol cost and on-board storage with engine feeding
by a gaseous non corrosive hydrogen enriched fuel. But
implementation of an MDP ICE in a conventional motor
vehicle leads to the need of a multi-regime engine with all
the requirements from the fuel and control systems
ensuing therefrom. A catalytic reformer is needed to
operate efficiently in a wide range of methanol flow rates
and exhaust gases temperatures. There is a requirement
and a serious problem to ensure engine cold start and
warm-up, because at low temperatures the catalytic
reformer will not operate efficiently (reformer lighting
off). The requirement to address any momentary change
in engine load leads to a serious complication of the fuel
and control systems. In order to enable satisfactory engine
operation in the whole range of working regimes, different
amounts of methanol are usually added to the MDP fuel.
This leads to problems which are typical for liquid
methanol: high aldehydes emissions, increased wear,
poor cold startability, etc.
The proposed system opens new possibilities to
achieve great advantages of the well-known idea of onboard methanol dissociation, by combining it with the
hybrid vehicle concept. The benefits follow from the
availability of an energy storage device and the operation
of the ICE at optimal steady-state regime, and may lead to
the elimination of current shortcomings of multi-regime
fuel systems with methanol dissociation. Among the
problems which may be eliminated, or at least minimized,
are: undesirable chemical reactions in the catalytic
reformer which usually lead to the reduction of hydrogen
yield, cold start and warm-up problems (the reformer may
be electrically preheated from an energy storage device),
problems which follow from the requirement to address
any momentary change of needed fuel amount, etc. As a

THE BASIC IDEA
The idea is to develop a hybrid propulsion system
based on an ICE fueled by methanol dissociation products.
The hybrid concept is a series scheme: a vehicle driven by
electric motors powered from a storage system of energy,
supplied by charging from an electricity network or/and
by an internal combustion engine through a generator. The
ICE runs in an on-off mode, at an optimal operation point,
fed by products of methanol dissociation, MDP, (mainly
hydrogen and carbon monoxide) emerging from the onboard catalytic reformer.
Using the MDP as a fuel for an internal combustion
engine make it possible to benefit from hydrogen-enriched
gaseous fuel, to eliminate the known problems of onboard hydrogen storage and to reduce substantially
expenses compared to the use of fuel cells. Using the
scheme of series hybrid (see Figure 2) allows the engine to
be operated in an on-off mode at constant, optimal regime.
Excess energy produced by the engine at lower load
driving conditions is accumulated by the energy storage
system of the hybrid. The engine is automatically
switched-off and only electric propulsion is used in the
case of a full-charge state of the energy storage system.

ICE
( MethanoM
Methanol [Dissociation]
I System J

Generator
Wheels

Battery -*•- Control
**•
unit

Motor

Figure 2. Scheme of the series hybrid propulsion system
with on-board methanol dissociation
High hydrogen content (above 60% vol.) of the
dissociated methanol allows much leaner combustion than
liquid methanol or gasoline, resulting in a sharp reduction
of exhaust emissions. Engine operation at the optimal
regime contributes to additional significant rise in
efficiency and reduction in pollutants emission.
COMPARATIVE ANALYSIS
Table 1 includes the results of a qualitative
comparison of the proposed hybrid concept and some
other fuel-vehicle systems. Performance parameters of a
hybrid vehicle with a gasoline engine are taken as a base
values for this comparison. As can be seen from Table 1,
and as known from the technical literature, e.g. [4, 9], the
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Table 1. Qualitative assessment of various fuel-vehicle systems.
Parameter
Tailpipe
emissions
Energy
consumpt.
Cold
startability
Engine
durability
On-board
fuel storage
Fuel
cost

Gasoline ICE
for hybrid
vehicle

Methanol
ICE for
hybrid vehicle
+

Hydrogen
ICE for
hybrid vehicle

+

++

MDP ICE
for
hybrid vehicle
++

+++

0
0

MDP ICE
for
motor vehicle
++
++

+++

0

+

0 +

0

0

0

0

0

0

0

0

0+

0+

0+

Kev:

0+

the best
signficantly better
better
close or slightly better

taken as a base value or
close to the base value
worse
significantly worse
the worst

result of these advantages, the fuel and control systems
can be made much simpler, effective and less expensive
and, of course, better fuel economy may be achieved.

2.
3.

SUMMARY
A hybrid propulsion system based on an ICE fueled
by methanol dissociation products is proposed. Using the
scheme of series hybrid allows the engine to be operated
in an on-off mode at constant optimal regime. Excess
energy produced by the engine at lower load driving
conditions is accumulated by the energy storage system of
the hybrid. The proposed system allows great advantages
of the on-board methanol dissociation to be achieved by
combining this idea with the hybrid vehicle concept. The
benefits of the proposed system follow from the
availability of an energy storage device and the operation
of the ICE at optimal constant regime.
Among the problems typical for MDP multiregime engine which may be eliminated, or at least
minimized, are: undesirable chemical reactions in the
catalytic reformer; cold start and warm-up problems; need
to address any momentary variation in engine load by the
appropriate change in the fuel supply.
By using the proposed system, it is possible to
overcome the main shortcomings of liquid methanol and
hydrogen fueled engines.
1.

4.

5.
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ABSTRACT

of NOX formation and additional decrease in CO2,
CO, and hydrocarbon emissions. Methanol
dissociation also leads to the reduction of paniculate
emission from diesel engines.
Using products of the on-board methanol
dissociation as a fuel for an internal combustion
engine makes it possible to benefit from
hydrogen-enriched gaseous fuel, to eliminate the
known problems of on-board hydrogen storage and
lo prevent very high expenses related to the use of
fuel cells [4].
The main goal of this research is to investigate
selectivity of melhanol dissociation on the cheap
and active catalyst CuCl-KCl/Al2O3 into different
gaseous products: hydrocarbons, ethers, aldehydes,
carbon oxides, and hydrogen. Understanding of
these processes allows optimization of a catalytic
reformer and possibility to adapt its operation
performance to different applications, e.g. internal
combustion engines (ICE) and fuel cells [5].
One of the practical aspects of this investigation
is a search of an appropriate temperature regime
and flow range relevant for the engine operation
regime. Laboratory experiments enable us to derive
guidelines for optimal design and performance 'of
full-size catalytic reactors (reformers) for methanol
dissociation.

Results of the methanol dissociation study on
copper/potassium catalyst with alumina support at
various temperatures are presented. The following
gaseous and liquid products of the catalytic
methanol dissociation are obtained: hydrogen,
carbon monoxide, carbon dioxide, methane, and
dimethyl ether. Formation rales of these pnxlucts
are discussed. Activation energies of corresponding
reactions are calculated.

BACKGROUND
Methanol is widely considered as a "clean"
alternative fuel for gasoline and diesel engines,
mainly due to the potential of reducing substantially
engine exhaust emissions and of improving fuel
economy. It is available in many regions and can be
efficiently and economically produced in large
quantities from a variety of feedstocks, including
natural gas, coal and biomass. Some disadvantages
of liquid methanol as fuel (heat of vaporization is
higher and heat of combustion is lower than those
of gasoline and diesel fuel) may be overcomed by
using heat of exhaust gases for previous mcthanol
evaporation and catalytic conversion to gaseous
products.
Methanol dissociation is investigated today,
because it is a promising hydrogen source for
propulsion systems. Melhanol dissociates in the
presence of a catalyst into hydrogen and carbon
monoxide. Several catalysts on base of palladium
[1], copper/chromium [2], or copper/potassium [3]
have been proposed for melhanol decomposition
into CO and H2.
Mcthanol dissociation products have a 20%
higher heating value than liquid melhanol since the
reaction is endothermic. It gives fuel economy
improvement and CO2 reduction because the energy
needed for the reaction is supplied by waste heat
recovery of exhaust gases. High hydrogen content
(above 30 vol.%) of the dissociated methanol allows
much leaner combustion than that of liquid
methanol or gasoline, resulting in a sharp reduction

EXPERIMENTAL
A laboratory unit for the investigation of
melhanol decomposition was designed and
assembled (Fig. I). The unit enables us to study the
process of dissociation using various temperatures,
methanol volume velocities and catalysts.
At the first stage of the investigation, a
copper-potassium catalyst was used. It was prepared
by impregnating alumina granules with an aqueous
solution ofCuCiandKCl.
CiC analysis of gaseous and liquid samples was
carried out on the gas chromatograph VARIAN
3600 with software VARIAN STAR on PC. Each
s;unple was injected 3 - 5 times under different
conditions; the difference between the values was
less than 3 %.
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RESULTS AND DISCUSSION
The results of the first series of the experiments
are presented in Table 1. One can see that the
applied catalyst allows to achieve a relatively high
degree of methanol dissociation (91%) at
temperatures >530°C.
The degree of the dissociation and the volume
velocity of the reaction increase rapidly with the
temperature. Hydrogen, carbon monoxide, carbon
dioxide, dimethyl ether (DME), water and methane
are present among the products of the methanol
dissociation. Other hydrocarbons and ethers,
aldehydes or alcohols are practically absent. The
reaction of methanol dehydration into DME
prevails under studied conditions.
The products obtained are formed according to
the following reactions:

3

CD

Figure 1. Laboratory unit for methnnol dissociation:
1- methanol vessel; 2- balance; 3 - peristaltic pump;
4 - tube oven; 5 - reactor with a catalyst; 6 - water
cooler; 7 - receiver; 8 - ice axiler; 9 - gas meter.

Analysis of the liquid products was performed
by using column DB-5 (1 = 60 in, d = 0.32 mm),
employing helium carrier gas with rate of 1 ml/min,
and an injector with a split ratio of 1:100. The
column temperature was constant at 30"C.
Calibration was made by using of internal
standard method with ethanol as a standard. The
calibration curve was built on the base of seven
chromatograms.
For more complete determination of the gas
components, four regimes of the GC work were
used. Calibration curves for some of the components
(hydrogen, methane, carbon monoxide and carbon
dioxide) were built by using external standards.
Response factors for others were taken from (he
paper [6].

CHjOH -» 1/2 (CH,)2O + 1/2 H2O

(1)

CHjOI-I -» II2 + 1/3 (CH,)2O + 1/3 CO2

(2)

CHjOH -» CO + 2 H2

(3)

CH.,OH

(4)

M2 + 1/2 CII4 + 1/2 CO2

A quantitative analysis of the methanol
dissociation products allowed to appreciate a
contribution of each of these stechiometric reactions
- routes of the methanol dissociation - to the process
(Table 2).
Both of the two first reactions produce DME.
The total contribution of the routes (1) and (2) is
reduced with increase of temperature, despite the
rise of the second route's contribution.
Three last reactions produce hydrogen. These
reactions are characterized by a high energy of
activation, therefore the volume of hydrogen
significantly grows at high temperatures.

Table 1.
Product Composition and Degree of Melhanol Dissociation at Various Temperatures
Experiment number
Catalyst temperature, °C
Volume rate of dissociation, h'1
Degree of melhanol dissociation, %
Product composition, mole %:
II,
CO

cm
(CII,) O
2

CI-I,OII
CO-.
M:O
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I
472
4024
36.3

II
504
5003
52.4

III
531
9306
91.2

4.2
1.8
0.1
16.2
61.4
0.7
15.6

22.3
6.6
0.4
16.0
38.1
2.8
13.6

33.9
11.1
0.8
23.7
6.1

3.8
20.7

Table 2.
Contribution of different routes at various
temperatures to the total methanol dissociation
process and their energies of activation
Contribution, %

Route
(1)
(2)
(3)
(4)

472 °C
89

5
5
1

504 UC
64
19
15
2

531 °C
65
16
17
2

E

values of the efficient reaction rate K.tT. were
calculated to compare values of activation energy
for different routes.

• i

a i i.,

D2

*3

1/T, K-l

KJ
0.W131

0.00127

DM 123

42.6
150.8
178.9
185.5

0.00135

«
•

-X -

—X

The contribution of the last route is minimum
under all studied conditions, but the rate of methane
formation grows at high temperatures (Table 3).

1(1 -

12 •

Figure 2. Reaction rate versus temperature.

Table 3.
Formation rates of the mcthanol dissociation
products at various temperatures.
Product

CO
CO,
CH4
H2
(CH3)3O

The obtained results show that methanol can be
a gixxJ source of various kind of chemicals and an
environment-safe fuel and that an effective,
non-expensive reactor for methanol dissociation can
be developed.

Formation rate, mole/emVin
472 °C
1.42 10"4
5.09 10"5
8.33 10'6
3.37 10"4
1.24 10"'

504 °C
5.28 10"4
2.26 H)"4
3.47 10 s
1.77 10*
1.27 10"'

531 "C
1.09 10"(
3.70 10"4
7.41 10 s
3.33 10"J
2.33 10"'

* "—

IE
'J.
c

K.T
173.7
170.1
185.8
195.9
51.0
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The formation rates were calculated on the
formula:
W = 1/V * dNA/dT ,
where V - volume of catalyst, dNA - change in the
number of moles of the product A during the
passing of the methanol vapor through V, dT - time
of the mcthanol contact with catalyst.
The formation rate of all products increases by
2-10 times with increase in temperature from 470 to
530"C. The formation rate of DME at 472"C is
significantly higher than that of: hydrogen (by 4
times), carbon monoxide (by 9 times), and of course
carbon dioxide and methane. That is why DME
prevails among the melhanol dissociation products
(Table 1). At high temperatures (500 - 53()UC) the
formation rate of hydrogen exceeds that of DME,
and the formation rate of carbon monoxide is of the
same order than that of DME. Therefore, gas
volume increases and a degree of the inethanol
dissociation through one pass over the catalyst bed
also significantly increases.
The effect of the temperature on the rate of the
reactions (1-4) is shown in Figure 2, where the
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ABSTRACT
The Human Foot Structure (HFS) is the final link in the
locomotor chain, providing support to the body by
transferring static or dynamic loads to the ground. Despite
the HFS critical role, its quantitative kinematic and dynamic
analysis during gait is still at its beginning. The aim of this
research is to integrate new state-of-the-art measurement
methods which will not only provide better understanding of
the foot behavior during gait but might also be applied for
clinical use. This approach is based on the integration of two
techniques - Digital Radiographic Fluoroscopy (DRF) and
Contact Pressure Display (CPD). The CPD method uses a
birefringent integrated optical sandwich for contact stress
analysis, e.g. plantar pressure distribution. The DRF method
displays and electronically records skeletal motion using Xray radiation, providing the exact bone and joint positions
during gait. Integrating the two techniques, contribution of
each segment to the HFS behavior may be studied by
applying image processing and analysis techniques. The
combined resulted data may be used not only to detect and
diagnose gait pathologies but also as a base for development
of advanced numerical models of the foot structure.

Nevertheless, there are no reports of an integrated
analysis that links the HFS motion during gait with the
development of dynamic plantar pressure.
Current clinical assessment of the foot and ankle include
physical examination, observations and radiographs as well
as plantar pressure diagrams. These procedures provide only
limited data regarding the efficiency of a specific treatment.
The present study thus suggests integrating two
measurement systems, which can simultaneously yield both
kinematics and dynamics of the HFS, including the FootGround Pressure Pattern (FGP) during gait. These parallel
measurements may be clinically applied not only to detect,
characterise and diagnose pathological conditions, but also
to quantitatively evaluate the effect of various possible
treatments of the HFS.
METHODS
Integrating the two measurement systems, Digital
Radiographic Fluoroscopy and foot-ground Contact Pressure
Display - a basic condition of simultaneous data recording
was implemented, setting up a large field of applications.
The Contact Pressure Display (CPD) - The CPD
method, an optical technique for quantitative FGP
measurements (Arcan and Brail [1], Arcan [2], Brosh and
Arcan [3], Gefen [6]), uses a birefringent integrated optical
sandwich for the analysis of contact pressure distribution.
Through this method, the total transferred load is discretized
into local contact points by a matrix of pins with spherical
tips. Concentric circles appear under every local contact
point and their maximal diameter is a function of the local
contact load. The contact pressure image was acquired using
a CCD camera (Mintron OS-45D). A digital video capture
device (Miro 20TD), installed in a PC, was used to store the
image for later processing with the MATLAB 4.2 software
package (Mathworks), in order to obtain a quantitative
diagram of the pressure distribution. The CPD method was
selected to be used in the present research for foot-ground
pressure measurements because of its simultaneous
instantaneous imaging process and also because its optical
multisensor device could be easily adapted for the proposed
HFS dynamic analysis system.

INTRODUCTION
The Human Foot Structure (HFS) is a complex unit,
composed of twenty-six bones that can bear the static and
dynamic body loads. Abnormal HFS may cause pain in
proximal body parts and lead to postural and gait disorders,
due to irregular loading. Despite the HFS critical role, its
quantitative kinematic and dynamic analysis during gait is
still in its infancy. The aim of this research is therefore to
integrate new state-of-the-art experimental and numerical
modelling tools which will not only provide better
understanding of the foot behavior during gait but would
also be applied for clinical use.
Past investigators used several experimental techniques
such as electrogoniometry, high-speed cinephotography and
video (e.g. the work of Kidder et al. [7]) to study the HFS
kinematic behavior (i.e. segment and joint angular
displacements). Cineradiography was also used by De
Clercq et al. [5] to specifically study the heel pad
deformation during running. Other researches measured the
dynamic distributed loads under the foot (i.e. the foot-ground
contact stresses) using resistive, capacitive or optical sensors
(e.g. see Cavanagh et al. [4] for a review).

Digital Radiographic Fluoroscopy (DRF) - The DRF
method is an X-ray based examination that displays and
electronically records skeletal and soft tissue motion.
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It also includes a remote control panel, a dual-wedge
filter in the X-ray tube's collimator for improved image
quality, and a DSI - Digital Spot imager (Philips) for
automatic on-line optimisation of images, during acquisition.
The C-arm's rotation, angulation and scanning movements
allow projections from various positions and angles.
A CPD gait platform was mounted on the MD3
examination table (Fig, 1). Subjects were dressed with a
special lead apron in order to minimize exposure to X-ray
radiation and limit it to the lower limbs. A computer-aided
digitising method of the HFS motion during the stance phase
of gait was developed, to investigate the relationship of
kinematic data to dynamic plantar pressure. The integrated
DRF/CPD measurements provided the detailed HFS skeletal
motion and joint behavior simultaneously with the evolution
of the plantar pressure pattern during the stance phase of gait
(Fig. 2). Representative data obtained from two healthy
female subjects with similar body characteristics are
discussed in the following section.
RESULTS AND DISCUSSION
Integration of the foot-ground contact stresses with the
HFS skeletal components position provides not only clinical
valuable data but also means for the development of
advanced numerical models of the foot structure, as
subsequently discussed. The DRF based kinematic analysis
resulted in a set of transient structural positions of the
skeletal components during stance, while dynamic FGP
processing provided their related contact stress distributions.
The total (left) foot load vs. time during stance is shown
in Fig. 3 for the two subjects. As the body weight of the two
subjects is similar, the obtained peak load values are nearly
the same. The heel loading rate of subject A is, however,
significantly higher than the loading rate of subject B,
although their stance phase duration is similar. Defining the
laboratory coordinate system so that the x axis aligns with
the gait platform direction and the z axis perpendicular to the
platform, the tibia rotation forward may also be studied. Fig.
4, which presents the tibia rotation, shows that the tibia of
both subjects rotates at a similar, nearly constant, angular
velocity.
The total foot load and tibial rotation parameters are
both available by current commercial systems, reviewed in
the introduction to this paper. A reliable characterisation of
gait patterns according to these general parameters is,
however, very difficult to achieve. In order to gain deeper
knowledge of the HFS function, additional data are needed.
This specific and detailed information, provided by the
DRF/CPD
integrated
measurements,
enables
fine
identification and classification of normal and pathologic
gait patterns, as well as better understanding of the
relationship of the foot structure to its dynamic function.
Hence, examination of the midfoot segment load obtained
using dynamic FGP image analysis (Fig. 5), reveals that
while subject A has a normal foot arch structure, the arch of
subject B tends to be flat; the peak midfoot load of subject B
is as much as 2.8 times higher than the peak midfoot load of
subject A. although the two subjects are of similar body
weight (and similar total foot load peak value).

The Philips Multi Diagnost 3 (MD3) DRF system,
located at the Diagnostic Imaging Dept. - Sheba Medical
Center (Te! Aviv), was used for the experiments. The MD3
is a manoeuvrable multi-functional, fully digital and highly
accessible X-ray system, usually used for vascular/nonvascular diagnostic
interventional
procedures and
radiographic fluoroscopy examinations. The MD3 offers an
immediate image display during acquisition, as well as
viewing, reviewing and image storage options.

Fig. 2: Representative DR17CPD data of a normal HFS
structure during various discrete stages of the stance phase.
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Fig. 8: Arch angle vs. time during stance.

As the midfoot of subject B carries an increased load, his
hindfoot carries a decreased load and the heel loading rate is
lowered (Fig. 3). In order to link the above dynamic FGP
measurement results to the HFS kinematic data obtained
using DRF, several geometrical magnitudes should be
defined. The characteristic hindfoot alignment is determined
according to the direction of a line which crosses the heel
sharpness (i.e. the plantar aspect of the calcaneus) and the
talus apex. Similarly, the forefoot alignment conforms the
direction of a line which crosses the medial metatarsal heads
and the talus apex. The typical foot arch angle is formed in
the plantar aspect between the hindfoot and forefoot lines.
The angle formed between the hindfoot line and the tibia is

plotted vs. time in Fig. 6. The hindfoot to tibia angle
demonstrates a similar behavior for both subjects. It
decreases from initial stance, on heel contact, until a minimal
value is reached, at the beginning of midstance (compare
with Fig. 5). From this point to the end of stance, the
hindfoot-tibia angle gradually increases. The forefoot to tibia
angle (Fig. 7) maintains an approximately constant value
until the midstance begins. Then, it gradually decreases until
the end of stance. Analysis of the typical arch angle of both
subjects during stance (Fig. 8), shows, as expected, that
subject B is characterised by a larger arch angle (and
therefore a lower arch) during the whole stance duration,
compared to subject A. Furthermore, a different behaviour is
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observed at the arch angle graphs of both subjects. At the
time of heel contact, a peak arch angle value appears at both
subjects, indicating that the arch is instantly flatten. In the
remained stance period, after heel strike is completed, the
(normal shaped) arch of subject A recovers immediately
back to its original form. Then, the arch angle gradually
increases until the end of the stance phase. In contrast, the
flatten arch of subject B shows nearly no recovery. It
remains flatten in an approximately constant angle until the
end of stance, probably due to a weaker ligamentous
structure.
The DRF/CPD data may be used not only for clinical gait
evaluation, as demonstrated above, but also as a basic
experimental tool for the design and validation of some
dynamic numerical foot models, for prediction of internal
structural stresses and displacements during stance. The
development of a series of dynamic HFS finite element (FE)
models for different characteristic positions, like heel strike,
toe off, etc., requires knowledge of skeletal geometry,
relative position of the joints, supports and ground reactions,
all provided simultaneously by the DRF/CPD integrated
measurements. Such models, validated by experimental data,
may be further applied for simulating different surgical and
non-surgical treatments of the foot, including orthotic
devices and footwear.
CONCLUSIONS
A complex newly developed measurement and analysis
approach for the investigation of the HFS dynamic behavior
was presented in this paper. The measurement method
integrates the CPD photoelastic technique into a digital
radiographic fluoroscopy (DRF) system, in order to
simultaneously obtain both kinematics and dynamics of the
HFS, including the FGP during the stance phase of gait.
A CPD gait platform was assembled and mounted on the
DRF (MD3) patient table to obtain the simultaneous
measurements. The use of the advanced, high-speed DRF
facility at Sheba provided detailed skeletal displacements
and joint behavior for each HFS segment during gait. Image
and video processing techniques were used to obtain
quantitative data, which included the kinematics of the
hindfoot and forefoot bony elements and the foot arch angle,
as well as reaction forces and contact pressure distributions
under the different HFS segments.
An analysis and comparison of data obtained from two
subjects with different foot arch structure types was
discussed, in order to demonstrate the effectiveness of the
integrated DRF/CPD measurements.
The proposed technique may serve in numerous clinical
and research oriented human gait studies, as it provides not
only the plantar pressure distribution, the ground reaction
forces and the skeletal components position, but also the
means for a reliable calculation of the internal forces and
moments within the HFS joints. The data provided by
DRF/CPD measurements are also necessary for the
development of realistic and accurate numerical FE models,
in order to make a better prediction of the required type of
treatment or the likelihood of success, compared to empirical
approaches.

Finally, the use of the instrumentation and methods
described in this paper, along with practice and review, can
make integrated dynamic/kinematic HFS competent analysis
a unique, powerful biomechanical tool in the hands of foot
investigators as well as clinical practitioners.
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THE CRITICAL BIOPHYSICAL SYNCHRONIZATION EFFECT
(CBSE) MODEL:
MODELING BODY-BRAIN-MIND EVENTS
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[1]. We will use general mathematical,
technological and computing principles in order
to replace medical assumptions with a Critical
Biophysical Synchronic Effect (CBSE) model
to monitor and predict
body-brain-mind's
harmony and disharmony. CBSE is based on
Claude Shannon's [2] Mathematical Theory of
Communication, K Reinsnider's [3] Critical
Element Model and
Korhonin, et al [4]
Multivariate autoregressive model, and Boldrini
et al's Chaos Theories [5]. In this paper, I
present the basic macrobiophysical principles
which form the basis for the body-brain-mind's
operations and enable measurements and
predictions of health and pathology. These
concepts leave "matters of soul and spirit" out
of the scientific competence for now.

Abstract
Our
body-brain-mind
theory
for
technological-analog design describes the
Body's Operational Regimen (BOR) during
nocturnal and diurnal stages. BOR arrangement
includes:
a) supplying minimal metabolic
bioenergy during nocturnal stages and adequate
bioenergy during diurnal stages, b) predicting
shifts from lower deactivated consciousness to
upper thresholds of activated consciousness.
Homeostasis is maintained with two separate
network-like webs.
Autonomous Neuronal Netwoks (ANN) wire
inner organs with automatic closed loops based
on biophysical positive and negative feedback
mechanisms.
Inner biosensonrs contain 8
saturation surface components which meet
nighttime and daytime requirements for
absorbing and processing biosignals that
produce BOR stages 1 to 4 (sleep) and BOR
stages 5 to 8 (levels of wakefulness).
Mental Neuronal Networks (MNN) wire
mental
structures with automatic and
non-automatic closed and open loops. Outer
biosensors are equipped with 4 surface
components that link with ANN on the fifth to
eighth stages of BOR to incorporate raw
bioinformation from
external inanimate
messages to compute parallel communication
systems. The latter generates mind, emotion,
cognition and memory macrobiophysical
operations.
Critical
Biophysical
Synchronization Effect (CBSE) modulates
coupled activation across ANN and MNN above
the conscious threshold at BOR stages 5 to 8. It
deactivates ANN and MNN below the
conscious threshold at BOR stages 1 to 4 similar
to the "shut off' process of computers.

The General Approach for CBSE in
Operation
In the current generic modus operandi the
author models the human structural and
functional body-brain-mind organization after a
communication system operating within the
framework of natural laws. Special emphasis is
given to the survival strategies that are
established and sustained by the homeostatic
arranged operations.
The basis for these
operations is the synchronization of inanimate
building blocks of fuel, oxygen and other outer
informative sources which provide the means of
survival. These sophisticated systems must be
organized in a multiple-constraint-satisfaction
manner in order to supervise the complex inner
activities.
These systems are constrained
between the lower and upper homeostatic
thresholds and have a steady capacity for
conjoint satisfactory operations. Two different
channels
of
cornmunicatiQn
for
the
body-brain-mind paradigm make this possible.
One channel collects messages from inner
informative sources, and the other collects
messages from outer informative sources. Both
transform theses inanimate messages into
bioinformation.
Bioinformation must be
encoded into a flow of electrical (ionic) signals
that are propagated across neuronal membrane
ion channels for parallel computations

Introduction
Current medical models are based on a dual
brain-mind approach and fail to show the
structural and functional continuum of the
body-brain-mind's integration and operation.
We present a unifying body-brain-mind theory
that explains the biophysical mechanisms to
sustain homeostasis through Autonomous
Neuronal Networks (ANN) and Mental
Neuronal Networks (MNN) types of modulation
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throughout
interconnected
wiring-analog
representations.
Both channels of communication must have
specialized outer biosensors to see, hear, smell,
taste and touch. Identical inner biosensors
monitor inner organs, and there is a united set of
biosensors called the "emotional brain".
Emotional neural units perform the following:
1) Receive separate signals from ongoing
operations from each separate closed or open
loops, and from each of the existing subsystems.
2) Integrate all of the arriving signals into a
unifying "sensed out" experience. 3) Notify the
self of influences that may change the structural
quality across subsystems that are based on
quantifying loading-dependent operations. 4)
Have positive sensations for homeostatic states
and negative sensations for homeostatic
derangement. In this respect there is a linear
correlation between the "sensed out" feeling of
the level of integration and the resulting
organismic operational effort that correspond
with events at any given unit of time. The
united set of biosensors provides continuous
automatic emotional monitoring.
These
biosensors are an integral part of the two
separate nettings that belong to the double
channels of communication. Autonomous
Neuronal Networks (ANN) wire inner organs by
using inner biosensors that supply two distinct
qualitative and quantitative patterns of
performance. They include 1 to 4 for nighttime
and 5 to 8 for the daytime stages of the body's
operational regimen (BOR), based on metabolic
bioenergy usage during life events at any given
unit of time according to Adams et al [6].
Mental Neuronal Networks (MNN) wire
mental
neural
units
for
mental
bioinformation-processing of the same given
life event in the same unit of time. As a result,
the combined BOR supplies metabolic
bioenergy to run fused or defused ANN and
MNN discrete operations. Circadian rhythms
prescribe two separate, nocturnal and diurnal
type-dependent BOR stages. In the nocturnal
state, decoupling from ANN should deactivate
MNN. This could theoretically be achieved
when the nighttime phase of the Circadian
rhythm influences CBSE to deactivate outer
biosensors of the MNN system by installing a
reduction trend for the metabolic bioenergy
supply to reach stages 1 to 4 of BOR. ANN
should be designed for 8 potential levels,
including four sleep stages and four awake
stages define by rest, minimal, moderate and
maximum exertions. It is natural to expect that
the MNN should be designed so that BOR stage
5 is always above the sleep stage levels. This

would provide a practical solution for ANN and
MNN coupling and decoupling. It is closely
related with nocturnal and diurnal demands on
the BOR.
Nighttime
channels
fo
communication require ongoing life sustenance
operations with minimal metabolic bioenergy
expenditure. As such, MNN structures must be
deactivated (e.g. the biophysical unconscious).
In contrast, the daytime channels of
communication primarily activate MNN
(biophysical
conscious
inclusion)
to
proportionall correlate with the activated ANN.
This phenomenon is technologically significant,
because it allows medical technological
monitoring of events that are either above or
below the threshold of consciousness.
Technologically, MNN may resemble
Shannon's (1997) remodeled schematic diagram
of general communication as displayed in
Diagram One. (See Diagram I).
Mental Neuronal Networks (MNN) must be
equipped with technological-analog devices that
allow reproduction at central specialized
deciphering neurons for external inanimate
messages that are automatically or non
automatically selected for absorption by
peripheral biosensors that transduce them into
an encoded ionic flow. Five basic sensory
absorbing biosensors have three requirements:
a) they hold finite numbers of surface
components for informative element saturation,
b) they carry out transmitter function within a
wire-analog system that develop signals that are
delivered to the receiver, c) they define the
strength of the absorbed and the propagated
signal to noise ratio to competing for parallel
computation.
Absorbed inanimate informative sources are
selected from an assortment of potential
messages. These messages either actively or
passively affect MNN biosensor specifications
based on a natural choice of one or more
simultaneously available messages for potential
absorption that meets basic technological
prerequisites. MNN can then be considered the
standard
of
an
evolutionary
multiple-constraint-satisfaction
organization.
This system must be designed in a manner that
continually reproduces its decoding and
technological equivalent effect. For example,
visual biosensors encode visual scenes as
electric (ionic) propagated signals which are
accurately reconstructed as the original scene
with a video-like scenario in the visual decoding
neurons. Similarly, a radio-like audio resonant
effect can be anticipated in the auditory
decoding neurons. MNN prepares the basis for
a multiple-constraint-satisfaction organization

that is capable of decoding olfactory, tactile and
taste as well, by designing a broad range of
identifying messages.
The present article deals with the general
clarification
and
presentation
of
the
body-brain-mind paradigms that are viewed
from
homeostatic-constraint-satisfaction
organization perspective and the CBSE
respectively. Homeostatic-constrain-satisfaction
organization is a term to define the
body-brain-mind
integral
structural
and
functional interconnective constraints of the
complex matter that composes the organismic
organization.
All microbiochemical and
microbiophysical units are placed into
satisfactory
qualitative
and
quantitative
correlation secured by lower consciousness or
upper threshold limits to ascertain life-long
CBSE maintenance. CBSE is a term to define
the macrobiophysical ordered coping regulation
which is generated by all positive and negative
feedback mechanisms, prescribing adequate
measuring of the corresponding level accuracy
recruited by exertion units to set up one out of 8
quantifying stages in the body's operational
regimen (BOR) for any given event at any unit
of time.

Axiom 4: ANN is responsible for installing 4
sleep phases that extend from the unconscious
to conscious threshold margins. The fixed sleep
stage that uses the least amount of metabolic
bioenergy
(BOR
stage
1)
activates
chronological biological genes that control
homeostatic mutation, Circadian cell growth
that optimizes the individual's survival. Rapid
eye movement (REM) sleep at the end of the 4th
sleep phase synchronizes Circadian sexual
function, which optimizes the individual's
capacity for procreation. (See Diagram III).
Axiom 5: MNN unites with ANN to initiate
BOR stages 5 to 8. MNN adapts to new life
events that are modulated by automatic and
non-automatic
bioinformation-processing.
Bioinformation is recorded in its original state
with identical BOR processing that enables the
development
of
compute-analog
bioprogramming. These original bioprograms
are actively assembled in the panorama of the
working memory. They are then encoded with
their original meanings and BOR and
deactivated for retrieval from short or long term
memory.
Axiom 6\ ANN inner biosensors have 8
components for saturation in relation to the
loading potential of the homeostatic boundaries,
from the lower to the upper thresholds of the 8
BOR stages. MNN outer biosensors join ANN
at BOR stages 5 to 8. ANN compositions have
only automatic modulation while MNN
derivatives have interval-dependent automatic
as well as non-automatic modulation. MNN can
be deactivated when BOR enters the sleep
stages.
Axiom 7.BOR enters the Biophysical
Illumination State (BIS) above the 4*1 BOR
stage. BIS is the state of wakefuiness, and
maintains function across BOR stages 5 to 8.
BOR stages 4 and 5 have a steady threshold
level called the consciousness threshold. When
this threshold is elevated it provides immediate
informative signals of life. Even in complete
darkness, retrieved bioprograms with original
bisual information may sustain the BIS effect.
Axiom 8: ANN provides non competitive
bioinformation-processing through automatic
closed loops.
Activated ANN engages in
automatic and non-automatic closed and open
loops that process life-events that provide signal
propagation in a given unit of time against an
ongoing competitive parallel processing across
background computation to produce the
following: a) background computation for
task-free mind operations b) background for
noise-dependent sources, c) dominant signal for

Ten Biophysical Axioms of CBSE
CBSE operates across the life-span in biological
and chronological order according to the
following axioms:
Axiom 1: The human machine has 8
successive loading-dependent stages in the
body's operational regimen. Stages 1 to 4 are
for nighttime (sleep), and stages 5 to 8 ar
daytime operations. Each successive BOR stage
demands progressively increased rates of
microbiolchemical substances, microbiophysical
and macrobiophysical conductive routes in
order to supply metabolic bioenergy usage, and
macrobiophysical open and closed loop
operations. (See Diagram II).
Axiom 2:Autonomous Neuronal Networks
(ANN) wire inner organs through positive and
negative biofeedback mechanisms.
Mental
Neuronal Networks (MNN) create an infinite
technological brain communication system to
wire mental structures that develop mental
(psyche) operations.
Axiom 3: ANN biosensors respond to inner
biosignals as opposed to the outer biosensors of
the MNN which absorb inanimate messages and
transduce them into raw bioinformation. This
materialized bioinformation is known as the
"psyche" or "mental operations". The two
channels of communication have corresponding
output.
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phenomena that is necessary to control
homeostatic mutation for individual and sexual
resynchronization for the survival of the species.
Powerful
biophysical
events
such
as
consciousness, mind emotion, logics, cognition
and memory are the basis of bioinformation
process.
Korhonin's (1996) mathematical
multivariate
autoregressive
model
may
effectively analyze the body-brain-mind's
integrated
performance
in health and
unbalanced performance in malady.

the
"focused
attention
span"
and
"concentration" phenomena.
Axiom 9: ANN and MNN are linked to
emotional neurons that are equipped with
devices that gather signals from biophysical
open and closed loops and reproduce positive
emotional sensations or feelings that stem from
homeostatic structural systems expressed by
underlying BOR stages and mental operations.
The higher the diurnal BOR stage under
homeostatic states, the more intense the positive
(pleasurable) emotional sensation.
Hence,
homeostatic derangement runs the opposite
course.
Axiom 10:
MNN initiate muliple
computer-analog communication systems with
non-automatic regulation.
These systems
transform external inanimate messages into raw
bioinformation that is processed in a
step-by-step pattern to produce sequential bits
of bioinformation. We call this type of
computation
Logics
of
Computerized
Arrangements (LOCA).
When delivered,
LOCA reproduces the original meanings of life
events that create biophysical foundations for:
a) awareness of the nature of ongoing events,
b) cognitive spectrum-dependent computations,
c) memory - recognition of previous messages
stored in bioprograms for re-activation, and
d) placement of deactivated biopragrams in
either short or long term memory storage where
they are imprinted with their original scences
under original BOR.
Mathematical analysis such as Korhonin's et
al (1996) multivariate autoregressive model may
be used to assess interactions between
BOR-mind's proportional variability of signal
monitoring
in
health
and
pathology.
Mathematical resolutions are beyond the scope
of this article. We have developed a structured
Instrumental Psychotherapy model to reinstate
homeostasis in unbalanced operations.
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Diagram I

Decodifying
Receiver

Outer inanimate
informative source

Conclusion
We have presented a novel theory of two
interconnected channels of communication
across
the
body-brain-mind
paradigm.
Autonomous Neuronal Networks wire inner
organs to supply metabolic bioenergy usage in 8
successive stages of the body's operational
regimen. Mental Neuronal Networks transduce
outer inanimate informative sources into raw
bioinfonnation for parallel computation. MNN
enables organization of the biophysical mental
(psyche) operations that are an integral part of
diurnal BOR stages 5 to 8. Nocturnal BOR
stages 1 to 4 separate activated ANN from
deactivated MNN to create the biophysical sleep
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Introduction

cryoneedle. Thermal insulation shell 4 is then inserted
along the cryoneedle, leaving the desired active surface
area near the tip of the cryoneedle. Finally, the cryoprobe
is connected to a pressurized cryofluid source, via feeding
tube 9, and the cryoprobe assembly is ready for
operation. The temperature of the cryoprobe active
surface is monitored via thermocouple 2. A portable
liquid nitrogen container feeds the cryoprobe, which is
pressurized by a portable air tank.
The application of the new cryoprobe for breast
tumors takes advantage of either stereotactic biopsy or
ultrasound guided needle localization techniques. The
cryoneedle is designed to be compatible with the standard
biopsy needle for the stereotactic localization. The
cryoneedle replaces the standard needle for the
ultrasound guided needle localization application.

Cryosurgery has been used successfully for more than
three decades and is well established in a variety of
treatments for benign and malignant neoplasms (Ablin,
1980; Rubinsky and Onik, 1991; Gage, 1992) . In situ
breast cryosurgery has been recently proved to be
feasible and efficacious in small and large animal studies
and has been successfully performed in one patient with
breast cancer (Staren et al., 1997). Compared with
conventional means of destroying tissues, such as
surgical excision, radiotherapy and chemotherapy,
visceral cryosurgery offers the following potential
advantages: substantial decrease in the risk of morbidity,
simplicity of the procedure, minimal bleeding, anesthetic
effect of low temperatures, shorter period of patient
recovery, lower cost, minimal scarring, and possible
stimulation of the body's immune system.
The current study arises from efforts to: (i)
miniaturize the cryoprobe and develop a compact
cryodevice for applications of minimally invasive
cryosurgery; (ii) establish a technique to evaluate the
extent of injury associated with cryotreatment, especially
in the case of breast tissues; and, (iii) examine the long
term effect of breast cryosurgery in vivo, in an animal
model.

Experimental Cryosurgery
The first phase of the research dealt with in vivo pilot
experiments in order to examine the freezing ability of
the new cryodevice and the extent of cryoinjury. This
phase included cryo-operations on the skeletal muscles of
pig hind thigh, in pig liver, in sheep liver, and in sheep
breast. Histological studies, performed immediately post
cryosurgery, show severe cryoinjury regardless of the
animal model (Rabin et al., 1997b). Histological studies
show that cryoinjury occurs also in the surroundings of
the cryotreated tissue, outside of the frozen/thawed
region.
In the case of sheep breast, experimental results
indicate that: the frozen region growth decreases with
increase in breast size; the frozen region growth is faster
in areas of fibrous breast tissue and slower in areas of
large duels and high fluid content. Results further indicate
that ultrasound measurements may under estimate the
cryoinjured area when compared to histological
measurements.
Experimental cryosurgery on a recently pregnant
sheep breast model, as a simulation of the human's

Experimental Apparatus
A schematic illustration of the miniaturized cryoprobe
of the new device is presented in Fig. 1. The cryoprobe
comprises of three main components: cryoneedle 1,
thermal insulation shell 4, and protection tube 6. The
cryoneedle has a U shape configuration and a sharp
pointed tip. The cryoprobe is assembled during and as a
part of the cryosurgical procedure. Both the insulation
shell and the protection tube are free to slide axially along
the cryoneedle. First the cryoneedle 1 is inserted to the
center of the tumor, utilizing a standard localization
technique. Then, a small skin incision is made in adjacent
to the cryoneedle penetration point, on both sides of the
4)
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breast, is the subject matter of the second phase of the
research. This ongoing phase of research is being
performed with emphases on short- and long-term
follow-up (several months), and on monitoring
techniques, were Doppler ultrasound, MRI and
Mammography images are being compared.

cryotreated area in a rate of 1 to 3 mm a day, starting a
week post cryosurgery.
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Evaluation of Breast Cryoinjury
Many factors affect the extent of the cryoinjury such
as the minimal temperature achieved, the cooling rate, the
thawing rate, and the chemical content of the tissue;
which result in non-uniform destruction in the cryotreated
areas. The determination of the extent of injury in
different areas of the cryotreated region is important in
order to evaluate more precisely the effectiveness of
cryosurgery. This is usually done based on histological
analysis from standard hematoxylin and eosin (H&E)
stains. A novel tissue perfusion technique of the vital dye
2,3,5-TriphenyItetrazolium chloride (TTC) is being
utilized rutinely in the current study. TTC stains tissue
red in the presence of a dehydrogenase indicating viable
cells (Isayama et a!., 1991).
In order to preserve the entire breast for both
macroscopic and microscopic examinations, the TTC is
applied as follows. The mammary arteries are canulated
and both breasts are perfused with about 300 ml of TTC,
in a rate of about 10 ml/min. Finally, the breasts are
perfused with at least 150 ml of 37% buffered
formaldehyde at a rate of 10 ml/min. The breasts are
excised from the animal, separated one from another, and
immersed in 10% buffered formaldehyde.
Macroscopic examination of the sectioned breasts
immediately post cryosurgery revealed uniform deep red
staining of the glandular tissue. In sharp contrast, there
were defined zones of unstained tissue corresponding to
the cryoprobe and frozen regions depicted by ultrasound
but larger in diameter. Microscopic examination of the
breast tissue immediately post cryotreatment shows only
interstitial edema and vascular congestion with red cells
in the frozen areas of tissue (Rabin et al., 1997c).
Long-term follow-up shows severe cryoinjured region
even 3 month post cryosurgery, but significantly smaller
in size than the original frozen region. Histological
examination show re-grow of the blood vessels into the
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Figure 1: Schematic illustration of the miniaturized
cryoprobe (Rabin et al., 1997a).
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ABSTRACT
It is well known that freezing biological tissues can
introduce severe damage. Sometimes this damage is
intentional and desired, as in cryosurgery. In other
situations, such as cryopreservation, this damage is an
undesired byproduct. Mechanical stresses that develop
during the freezing of biological solutions and tissues
have been identified as one cause of tissue damage
(Rabin et al., Cryobiology, [1996] 33:276-290; [1996]
33:472-482; [1997] 34:394-405; ASME J Applied
Mechanics, June 1998). In attempting to simulate
cryosurgery and cryopreservation, mechanical stress
development has been analyzed by a number of
researchers. While mechanical stress is one mechanism
of tissue destruction in cryobiology applications, there are
other destruction mechanisms related to crystal growth
and to mass transfer at the cellular level, which were
extensively studied in the past four decades.
Unfortunately, predictions of mechanical stresses are
inconsistent with one important observation of tissue
destruction: in cryopreservation applications, severe
fractures often form at the early stages of thawing and not
as commonly expected during freezing (Pegg,
Cryobiology,
[1996]
33:658-659).
Comparable
observations in the context of cryosurgical applications
will be discussed here. This inconsistency has prompted
us to re-examine the assumptions underlying the models
of freezing tissues presented to date. It is our belief, now,
that behavior at the freezing front has not been properly
modeled heretofore. Specifically, all stresses should be
zero at an expanding freezing front. Any (volume
preserving) straining that occurs while the material is still
in the liquid state cannot contribute to the stress.
Therefore, material which has just solidified of an
expanding freezing front, must start with zero stress. We
note that the zero stress condition at the freezing front has
been well appreciated by workers in the area of metal
solidification and casting.

To simulate an idealized cryopreservation procedure,
Rabin and Steif (ASME J Applied Mechanics, June
1998) have recently analyzed the stresses associated with
the inward freezing of a sphere. Their analysis included
the condition of zero stresses at the freezing front; that
condition, together with a proper accounting for the
hydrostatic pressure that develops in the contained liquid
region, resulted in dramatically different stress
distributions during freezing than had previously been
found. This has motivated the present study which
proposes a new thermal stress model for the outward
freezing problem simulative of cryosurgical procedures.
A closed-form solution for this model is derived. Results
reveal substantial increases in the thermal stresses during
thawing, especially near the freezing front.
A new model of the mechanical stress development
associated with an expanded freezing and subsequent
thawing is presented in this study. The new model
accounts for strains that contribute to the stress only,
namely only those that occur after solidification, and
hence its novelty. A closed-form solution of the model is
derived and results of a parametric study for typical
parameters and conditions of cryosurgery around a
spherical cryoprobe are presented. Results show that the
stress distributions during the thawing stage are very
different than those during freezing. Furthermore, it is
shown that significant stresses remain in the frozen
region during thawing, and even when the temperature
distribution decays to the phase transition temperatures.
The distributions are qualitatively consistent with limited
cracking at the cryoprobe surface during freezing and
large scale cracking during thawing, which were
observed during validation testing of cryoprobes in water
and gelatin solutions (Rabin et al., Biomed. Instr & Tech,
[1997] 31:251-258).
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ABSTRACT
The artificial activation of the human musculo
-skeletal system, as may be required in the locomotion of
paralyzed subjects, relies on the ability to control the forces
and torques produced by the paralyzed natural actuators
(muscles). This can be made by electronically stimulating
the muscles by signals provided from external sources, a
procedure called functional electrical stimulation (FES).
However, the absence of sensory feedback to detect muscle
fatigue becomes crucial if the force decay is to be
compensated by means of closed-loop controller. In this
study we present a model which enables us to evaluate the
temporal force generation capacity within the electrically
activated muscle during first stimulation fatigue, when the
muscle is activated from unfatigued initial conditions, and
during post-rest stimulation, after different given rest
durations. The force history of the muscle is determined by
its activation as derived from measured electromyographic
(EMG) data, and by a metabolic-based fatigue function
expressing the temporal changes of muscle metabolites
such as inorganic phosphorous (Pi, H 2 P(V) or intracellular
pH.
EMG data were of fundamental importance for
prediction of the ascending force during its post-tetanic
response.
On the other hand, prediction of the
decaying/recovery phases of the force were possible only by
means of the metabolite-based fatigue function.

during activation is essential if the muscle force is to be
used for feedback in closed-loop stimulation [4,6].
In the present work we established a musculo
-skeletal model that incorporates a fatigue-recovery
algorithm, for predicting the force dynamics within the
contractile element of a paralyzed muscle activated by FES.
The EMG M-wave signals were taken to indicate the level
of neural excitation (neural input) of the muscle. The
predicted decaying phase of the force and the estimated
recovery index of the muscle in post-rest stimulation were
established by substituting the temporal changes of the
levels of the muscle metabolites, including: inorganic
phosphorus (Pi or H2P(V)> or intracellular pH, into a
metabolic-based fatigue function. The model enables us to
predict the decaying force during continuous electrical
stimulation as well as the recovery capacities of the muscle
after different rest periods.

THEORETICAL ANALYSIS
The musculotendon Model: The phenomenological
musculotendon model consists of five elements [2j
including the tendon (T) and the muscle mass (m)
connected in series with three parallel elements (Fig. 1).
VE

h
T

INTRODUCTION
A common consequence in complete paralysis is
the loss of control and sensation of the body's extremities.
In many cases, however, the neurons below the lesion level,
as well as the muscles innervated by these nerves remain
intact. If these muscles are electrically stimulated, they can
be used as actuators to the paralyzed limb. In this case,
electrical stimulation provides the opportunity to restore
functioning of the stimulated muscles [4,6], A major issue
associated with electrical stimulation of a paralyzed muscle
is the decay with time of the muscle force as a result of
fatigue [6,7], During surface FES, the synchronous mode of
stimulation in which all the muscle fibers get activated
simultaneously, causes fatigue to occur more rapidly in the
activated paralyzed limb. A possible means to reduce
fatigue during FES is by using interrupted stimulation in
which fatigue and recovery occur in sequence [3]. Since
sensory feedback from the muscle to indicate fatigue and
prevent failure is missing, on-line monitoring of fatigue

FT

Figure 1. Muscolotendon model (Pis-parallel elastic element,
I'Ts-viscous elastic element, C7i-contractile element, T-tendon,
m-muscle mass, a - pennation angle).
Two of the parallel elements are passive, representing
elasticity (PE) and viscosity (VE) of the parallel-arranged
muscle fibers.
The third parallel component is the
contractile element (CE), that represents the activated
fibers in the muscle. The force FCB, in the activated
contractile element was represented as the product of the
following four terms: length-tension /L(IM), a ^d
velocity-tension fv(lj^) relationships, active state aft) and
fatigue functions/ft1 [2,3]. Thus,
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in the ascent phase of contraction, and remains unchanged
afterwards.
The active state of the muscle, aft), is governed by
[Ca]j, Let yoft) be the fraction of regulatory sites on
troponin without a Ca+2 bound, and letyi(t) be the fraction
of troponin sites with Ca+2 bound (note that y0 + yi = 1).
The reaction between calcium and troponin is modeled by
the following first order reaction [9]:

(1)

where Fo is the maximal isometric force, which is the
product of the muscle's specific tension and the
physiological cross-sectional area (PCSA) and lM
represents the average muscle-fiber length. Equation (1)
contains two general types of muscle properties: (i) specific
properties, which are dependent on each subject's
individual anthropometry (such as muscle mass, PCSA,
length), and (ii) non-specific properties which are
considered universal (such as the coefficients of the
length-tension and velocity-tension relations). Describing
the force balance equation for muscle mass m of the typical
muscle, yields:

IM

= m cos a [[ FT

~(FPE

dt

hence: FCE xy^,

where FT, FPE, and FPV are the forces in the tendon (T), the
parallel elastic (PE) and the parallel viscous elements,
respectively. Assuming that the length-tension and
velocity-tension effects remain unchanged during isometric
contraction, prediction of the force generation capacity is
reduced to the evaluation of the temporal states of
activation and fatigue within the contractile element.

[Ca]i

dt

[Ca]i +K

m

(3)

where u(t) is the muscle neural input; Ro is the maximal
rate of calcium efflux from the SR into the sarcoplasm;
fCaJs is the dimensionless peak of myoplasmic Ca+2
concentration at which the gradient driving calcium
injection from SR would disappear. Vm and Km express,
respectively, the maximum rate of calcium uptake, and the
dimensionless intracellular calcium concentration in which
half-maximal pump rate occurs. The neural input itself
depends on the normalized EMG envelope and the firing
r a t e / It can be shown that

\VmG

(4)

0

(5)

and aft)=y i(u(t))n with n = 2.

Computation Formulation: The musculotendon model
(Eq. 1 and 2) and the excitation -contraction model (Eqs. 3
and 5) were combined together to form the global model
governing the force dynamics of the activated muscle, and
was resolved by using Runge-Kutta numerical integration
methods. Rest conditions and values for the non-specific
muscle parameters were taken from previous works [2,3].
Rate constants and physiological parameters for the
excitation-contraction mechanism were taken from a given
experimental data on calcium kinetics in skeletal muscle
[1,9].

kT<t <kT+At

u(t)={

dtc

Fatigue-Recovery Model. The fatigue function, denoted by
fuft), is determined by the history of the muscle metabolites
and by force-metabolites relations (Figure 2). During
interrupted stimulation, fatigue and recovery occur
alternately. The histories of the above-mentioned
metabolites must therefore be expressed in terms of two
time-dependent metabolic functions one for fatigue and one
for rest. In the first stimulation (FS), i.e. when the muscle
is activated from a previously unfatigued condition, the
level x(t) of the metabolite X, varies according to the
fatigue function XFft). When stimulation is stopped (post
stimulation rest - PSR), the level x(t) of the metabolite X
begins its recovery period and varies according to the
function X^ft.xp). Recovery of the metabolite starts from
the latest value reached during stimulation, denoted by xF
- XF(tjrs), where t^ expresses the duration of first
stimulation. Likewise, during the post-rest stimulation
(PRS) the level xft) of the metabolite X varies according to
the function XFft,xE). In the PRS xft) will start its fatigue
phase from the latest value, xR = XRftR,xF), that was
reached during the post-stimulation rest period tR. Force
metabolite relations, fx were obtained by curve-fitting the
force output with the simultaneously measured
posphometabolites during FES [2,3].
A normalized
metabolic fatigue function fM was obtained, by
incorporating the metabolic history of the muscle during
first stimulation fatigue and post-rest stimulation fatigue.

Excitation-Contraction Coupling and Muscle Activation:
The activation, aft) of the muscle fibers defines the relative
amount of calcium (Ca + 2 ) bound to troponin. We use a
dimensionless first order differential equation to express
the calcium kinetics within the myoplasms, as presented by
Equation (3).

d[Ca]i

h -^-yi
L

The rate constants Tatc and T^tc expresse respectively, the
forward and backward Ca +2 -troponin kinetics [1]. It was
shown that force production is proportional to the number
of Ca+2 ions (n) bound to each troponin molecule [9],

(2)

+FPV

T,act

kT<t <(k+\)T

where T ( = / " ' ) is the time interval between two stimuli, k
is the number of stimuli, and At is the duration of the
action-potential that is generated by each stimulus. We
assume that the normalized amplitude of the neural input
function, VEMG, follows that of the M-wave peak-to-peak
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METABOLIC HISTORY
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FATIGUE FUNCTION
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=

fx<x(l))/fX(xo)

Figure 2. Fatigue function f^t) as obtained by substituting the
metabolic state x(t). The functions XF and XR express,
respectively, the variation of the metabolite X (= pH, or Pi or
H2PO4") from its rest value x0.

Experimental procedure and Data Acquisition: The
experiments
included
supra-maximal
sustained
transcutaneous FES of the quadriceps muscle of two
paraplegic subjects. Each test included two contractions,
one of 180 sec and one of 100 sec, separated by different
rest periods (1 to 18 min). The knee joint torque (A/it) and
the surface EMG (M-wave signal) of the quadriceps
muscles were recorded simultaneously [8]. The metabolic
input of the model including the time dependent metabolic
shift of pH, and inorganic phosphorus (Pi and H2PO4") were
taken from existing data acquired by non-invasive, in-vivo,
31p magnetic resonance (MR) spectroscopy [5]. The
procedure of concatenating fatigue and recovery curves was
fully described elsewhere [2,3]
RESULTS AND DISCUSSION
Typical fatigue curves of the quadriceps force as
predicted from our model, together with the experimentally
measured force are shown in Figure 3 for first stimulation.
The sum of the squared errors (SSE) between the predicted
and the measured force profiles was used to compare to
goodness of fit between these profiles. Figure 4 depicts the
predicted (bolded) and measured (solid) curves of the
quadriceps force, as obtained for post-rest sessions,
following rest durations of 1, 6 and 15 min. Both predicted
and measured force histories that were obtained during the
post-rest sessions were normalized to their respective
maxima which were obtained in the first stimulation
sessions.
The model presents different roles for EMG and
metabolites in predicting the force profiles of the
electrically stimulated paralyzed muscle.
EMG data
provide reliable prediction for the ascending phase of the
force during the post-tetanic response of the muscle. On the
other hand, prediction of the decaying phase of force is
possible only by means of a metabolite-based fatigue
function. The predicted force obtained from the model in
first stimulation fatigue fits well with the experimentally
measured. In post-rest stimulation fatigue, the model
presents different prediction capacities of force in
accordance with the selected metabolic input.

Incorporating the history of Pi into our model
provides a reliable prediction for the force capacity during
post-rest stimulation fatigue following a rest duration of 1
min. Pi, however, fails to predict the mechanical output
when the rest duration exceeds 3 min. The history of
H2PO4" extends the prediction capacity in our model to up
to 6 min. Incorporating the pH history provides a reliable
prediction of force capacity for rest durations longer than
12 min, but fails to do so for short periods of rest. The
results thus presented, indicate that the force/ recovery
kinetics may involve at least two time scales, each governed
by a different metabolic process.
It is believed that learning the dynamic model of
the muscle will enable to design a strategy for reducing the
muscle fatigue during FES. Additionally, the task of the
feedback controller becomes simplified, since the feedback
errors can be reduced and the stability of the system can be
increased.
Normalized Force
1.0 ^
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H,PO,-
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Figure 3. First stimulation fatigue: predicted (bolded) and
measured (solid) force profiles obtained when the EMG
together with metabolic history of pH (left), Pi (middle) and
H2PCV (right) served as input of the model.

1.0-,-

Figure 4. Post-rest stimulation fatigue: predicted (bolded)
and measured (solid) force profiles as obtained for post-rest
session following rest durations of 1 mim (left), 6 min (middle)
and 15 min (right).
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ABSTRACT
The architecture of any robot was, in fact, inspired of
the human body configuration. All the joints of the robot
are realised as simplified articulations of the human body
and all the links are modelling the shapes and functions of
the human skeleton's bones. Based on these observations,
the model of the locomotory apparatus was conceived using
the robot's kinematics modelling.
In the paper a model having 6 degrees of freedom is
adopted for the locomotory apparatus. The lengths of the
human bones were measured to bring the model in unison
with the reality.
The kinematics model was conceived using the
Denavit-Hartenberg's convention. It is used to compute the
law of leg's motion with respect to reference frame
attached at the acetabulum of the pelvis (frame xoOy0Zo in
the Figure 1). The position of the origin of the tarsal
joint's reference frame can be represented during the
locomotion, based on the consideration of different
locomotion stages {Figure 2).
In order to obtain the dynamical model, a complex
study of the musculature acting at the inferior member's
skeleton is necessary. The position of each muscle
insertion was determined by experimental measurements
and the direction of the correspondent developed force, too.
In addition, using the anatomic knowledge, the values of
these forces and, as a result, the active torque in each joint
were estimated for different stages of the motion. In this
paper, the dynamical study was reduced oneself to the
analyse of the variation of the active moments during the
considered stages of locomotion.
KINEMATICS MODELLING
The kinematics modelling of the human locomotory
apparatus is presented in the Figure 1.
All joints are revolute, the hip joint being conceived as
a superposition of three revolute joints C t , C2, C3 having
orthogonal axes. The transfer matrices, obtained according
to the Denavit-Hartenberg's convention [3], were realised
using the kinematics parameters presented in the Table 1.
Joint
1
2
3
4
5
6

q.

e2
e3
e4
o5

0

90°
90°
0°
0°
0°

0

f
t

P
d

In this table the values of the lengths a, are considered
as average values for a middling human height. So: ffemur length: 45 cm, t-tibia length: 35 cm, ptarsal+metatarsal length: 14,5 cm, d-falanges length: 5 cm.
The parametric equations describing the motion of the
point C6 (origin of the reference frame attached to the
foot's sole) with respect to the reference frame
are:
Px =
Py =(siC 2 C 3 +C 1 S 3 )[dc 456 + p c 4 5 +tC 4 +f] +

ai

90°

Fig. 1. Kinematic scheme of the
human locomotory apparatus

0
0
0
0
0
0

Table 1. Kinematic parameters of the inferior member

+s 1 s 2 [ds 456 +ps 45 +ts 4 ]

(1)

Pz = S2S3[dC456 +PC45 + t c 4 + f ] ~

-c 2 [ds 456 +ps 4 5 +ts 4 ]
where Si=sin9,, Cj=cos6;, Sij=sin(6i+6j),
sljk=sin(01+0J-K)k),Cijk=cos(ei+0J+ek)-

Cij=cos(9[+9j),

constant (15 cm) and equal to the half length of ilium bone
(b/2 in Figure 1). The maximum values of the
displacement p< along the vertical direction (axis xo00) are
symmetrically placed during the locomotion stages 1, 2
and 3. The displacement Py along the horizontal direction,
in the sense of the motion, has approximately a sinusoidal
shape. It reflects the motion towards-backwards of the leg
during the locomotion.

Let be considered the cyclically constituted locomotion
[I]- [2], [41. Every cycle is divided into 10 stages, as
functions of the angles between the foot's bones (figure 2).
Introducing the values of these angles into the relations (1)
the cun'es described by the foot's sole during one cycle of
locomotion, are obtained (figure 3).
It is seen in Figure 3 that the co-ordinate pz of the
origin of the reference frame attached to the sole remains

VI

vn

vm

DC

Fig.2. Stages of the locomotion cycle
100

~

CO

.

50 —

Q

-100

_

Locomotion

Fig.3. Cun'es described by the foot's sole during one cycle of locomotion
DYNAMICAL MODELLING
The analyse of the action of different motor muscles
fixed on theirs insertion points at the bones, were made.
Each force developed by a muscle was computed with
respect to the attached reference frame of the bone
supporting the action of the respective muscle. For each
stage of the motion the forces have different values and

different directions. So, this situation imposed laborious
calculus of all forces, including the weight of bones and
muscles, and theirs torques with respect to the reference
frame placed on the joint's axes proceeding from
kinematics modellisation. As a result of this reduction
operation, the active torque in each joint was obtained.
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Because all joints are revolute a great interest presents
the study of the second element of the torque, the active
moment. So, in the Figure 4 the computed active resultant
moments in joints are represented.
In order to imagine and realise a prosthetic self-moving
apparatus, the projections of the active moments on the
joints axes are more important to choice the appropriate
actuators. So, in the Figure 5 only the projection of even'
moment on the joint's axis is represented.

M

Each curve was processed using orthogonal polynoms
representation and as a result a good enough coincidence
with computed values was obtained. The best concordance
(95.56%) was established for the hip joint's projection
represented as a 7th order orthogonal polynom and the
worse (63,68%), for the tarsal joint's projection
represented as a 5th order orthogonal polynom. The
differences between the computed values and the
correspondent orthogonal polynoms representation are
visible in the last figure.

30OO

Fig.4. Computed active resultant moments in joints
Rcgr.5

Rear?

aoooo —.

, ,

1O0OO —

Fig. 5. Projection of every moment on the joint axis
CONCLUSIONS
These studies intend to offer a model applicable to
locomotory apparatus of the human body. It will create the
possibility to realise some prosthetic apparatus to replace
or to correct the inferior member. In the same time, the
realised model is available for the mobile robots. It can be
considered both in order to imagine new models of walking
robots and to develop new methods of motion planning.
The considerations about the real anatomy of the
locomotory apparatus, the accurate calculus of forces and
theirs insertion's points at different locomotion stages, the
precision of the reduction operation of all forces with
respect to the corresponding attached reference frames are
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able to justify the confidence in the obtained results. Those
will be used to conceived some prosthetic self-moving
apparatus.
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ABSTRACT
This paper discusses an approach for converting
variational geometry constraints into parametric geometry,
by means of creating auxiliary constraints and finding a
sequential construction. The solution strategy is based on
creation of new constraint chains yielding new paths in the
constraint graph. Use of auxiliary constraints can thus
decompose strongly connected components in the original
constraint graph, and assist traditional constraint solution
techniques.

PROBLEM STATEMENT
When solving geometrical constraints, the solver must
provide an instance of the given topology which satisfies
the given constraints exactly. Figure l(a) shows a simple
two-dimensional
geometrical
constraint
problem,
consisting of a triangle specified by two lengths and an
apex angle. The problem consist of three components: (a)
the triangle sketch denoting the concept of the design or
the topology of the corresponding mathematical problem,
(b) the dimensions (two lengths and an angle) which are
the dimensioning scheme, (c) and the dimension
parameters, 3, 4 and 60°. Geometric constraint problems
can be categorized depending on whether these components
are given or unknown, and whether they are fixed or
variable. In the most simple case, all four components are
given, and all but the parameters are fixed. This case has
been categorized as the parametric geometry case, and is
supported by most commercial CAD system. Parametric
geometry frees the user from having to commit to any
specific values of the parameters, and offers a stable and
controllable solution method. However, in many cases, the
user cannot commit to a particular dimensioning scheme in
advance.
Variational geometry refers to the case of constructing
geometry from scratch, rather than just varying existing
geometry according to a fixed dimensioning scheme. A
typical variational geometry solver therefore confronts
problems of deriving a solution sequence, of handling large
sets of non-linear simultaneous equations, of managing
multiple solutions and of determining the most plausible
solution as the one intended by the user. Hence it is
generally considered a difficult task, especially as it is
required to function reliably on complex structures in
interactive near-real-time environments.
This paper proposes an approach for solving variational
geometry problems based on determining a sequential
construction sequence using auxiliary constraints. Once a
construction sequence is obtained, the problem can be
considered parametric, and resolved for different
parameters by re-executing the construction sequence.

INTRODUCTION
Constraint based geometric design refers to
specification of shape by means of geometrical constraints
relating shape features to shape parameters. Constraint
specification is a basic computer aided design tool. It
permits both flexibility in the geometric specification and
in the conveyance of design intent. The constraints are
typically specified on a basis of a predefined topological
arrangement of the features, which provides a context for
the problem. In a typical 'simplified' conceptual design
process, the designer starts with a sketched concept, then
constrains the concept according to engineering
specification. The computer then combines the concept and
the constraints to form an accurate instance of the
geometry, suitable for detailed design and production.
There is an extensive amount of literature on constraint
solution approaches and applications from various fields of
interest, such as geometry, kinematics, engineering
constraints, theorem proving, and programming languages.
An extensive survey of general constraint solution
approaches can be found in [1] and [2]. Although there are
various types of engineering constraints, many higher-level
engineering constraints such as manufacturability,
functionality and even aesthetic constraints, can often be
reduced to geometric constraints. Geometric constraints are
therefore & fundamental form of constraint; learning how to
reason and solve geometric constraint sets is hence of
elementary importance. Reviews of constraint solution
methods in the geometric context can be found in [3-6]. We
focus this paper on a new insight into relationships among
geometric constraints.

§ Excerpts from H. Lipson. F. Kimura, M. Shpitulni, 1998, "Converting Variational Geometry to Parametric Geometry by Auxiliary
Constructions", submitted to the Journal of Computer Aided Design
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symbolic algebra methods. Constructive constraint solvers
satisfy constraints using a sequence of elementary
constructive steps, similar to building a shape by means of
a compass and protractor. For example, the transcript of the
automated solution sequence for the problem shown in
Figure l(a) is provided in Figure l(b). The constructive
method is based on the logic inference approach of
artificial intelligence. See, for example, the systems
described in [8-10]. A third class of solvers incorporates
non-deterministic techniques, such as stochastic reasoning,
genetic algorithms and simulated annealing. A qualitative
comparison of some prevailing factors of the two main
approaches is provided in Table 1.

Giv9n:
C0:P0.X=6.0
C3:D(P2,(PO;P1))=-3.00
C1:P0.Y=8.0
C4:D(P0,P1)=4.00
C2:P1.X=6.0
C5:A(P1,P2,P0)=60°
Solving:
Using ground-x constraint CO:
Locus POLO: Point PO is on line 1.00x+0.00y+-6.00=0
Using ground-y constraint C1:
Locus P0L1: Point PO is on line 0.00x+1.00y+-8.00=0
Combining locus POLO and POL 1, point POisat 6.00:8.00
Using ground-x constraint C2:
Locus P1L0: Point P1 is on line 1.00x+0.00y+-6.00=0
Using point-point distance constraint C4 and point PO:
Locus P1L1: Point P1 is on circle at 6.00,8.00 with R=4.00
Combining locus P1L0 and P1L1, point P1 is at 6.00;12.00 or 6.00,4.00
(Selected 1st)
Using angle constraint C5 andpointsPI, PO:
Locus P2L0: Point P2 is on circle at 7.15;10.00 with R=2.31
Using point-line distance constraint C3 and points PO, P1:

Factor
Stability and convergence of the solution process
Generality of supported constraint types
Independence of initial guess (sketch)
Traceability of solution sequence
Explorabilrty for multiple solutions
Unnecessary to determine a solution strategy
Provision of Information upon failure/conflict
Well established techniques in the literature
Ability to use physical domain information

SOLVING GEOMETRIC CONSTRAINTS
There are several approaches to solving geometric
constraints, as illustrated in Fig 3. In general, solution
techniques can be categorized into algebraic solvers,
constructive solvers and non-deterministic solvers. In
practice, most solvers are hybrid. A review of these
techniques can be found in [7]. We describe them here
briefly.
Hard geometric
constrain! solvers

Non-De'erministic

Gradienr
optimization

Stochastic
methods

Simulated Genetic
Annealing Algorithms

Algebraic

Numeric

Newton
Raphson

Symlxilic

Constructive

Graph
Symbolic
Auxiliary
Propagation Reasoning Construction

Homotopy

Fig 2. A taxonomy of geometric constraint solvers.
According to the algebraic approach, the geometrical
constraints are translated into algebraic expressions, which
must be solved simultaneously to yield the solution. The set
of equations can be solved using iterative numeric methods,
such as Newton-Raphson or Homotopy,
as well as

+
+
+
-

+
+
+
+
+
+

Table I. A qualitative comparison of the algebraic and
constructive methods by some differentiating positive
qualities

Locus P2L1: Point P2 is on line 1\00x+0.00y+-9.00=0

Combining locus P2L0 and P2L1, point P2 is at 9.00;11.39 or
9.00;8.61 (Selected 1st)
(b)
Fig 1. (a) Simple constructive variational geometry
problem and solution, (b) Transcript of automated solution
process.

Algebraic Constructive

AUXILIARY CONSTRUCTIONS
The method of auxiliary constructions is a constraint
rewriting rule. Constructive constraint solvers use
constraint rewriting rules for generating new constraints
based on the given constraints, in order to facilitate finding
a construction sequence in the constraint graph. For
example, two common rewriting rules are (a) trigonometric
rules such as the Law of cosines and the Law of Sines, used
to derive new constraints based on known angles, distances
or relationships among them within
triangles;
Alternatively, (b) accumulation rules derive new
constraints by simple arithmetic on existing constraints.
The generation of auxiliary constructions is based on
generation of new geometry as well as new constraints,
both based on existing constraints and geometry. The new
geometry and new constraints are generated by duplicating
and applying a transformation on the existing geometry (or
part of it) and on the relative constraints in the
corresponding part of the constraint graph. Additional
constraints are then added into the constraint graph
depending on the kind of transformation applied, linking
the new (transformed) part to the old part. In this paper we
discuss
the
reflection
transformation.
Other
transformations such as translation or rotation can also be
used with the same procedures.
Given an arbitrary geometrical construction of
dimension d, a sequence of d reflections about
perpendicular axes, as shown in Figure 3, has the following
properties:
1. Relative constraints within the original geometry hold
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problem, which can be solved using only one reflection.
The example consists of a trapezoid constrained by four
side lengths, a, b, c and d. Starting from point A its is easy
to determine point B. But in order to determine either point
C or D, more than one constraint must be applied
simultaneously. Hence a solution sequence propagates to
the state highlighted in Figure 5(b), when a further
sequential (or parametric) construction cannot be obtained.
However, reflecting on axis A-C to create an auxiliary
construction as shown in Figure 5(c). This has created a
new path in the constraint graph, Figure 5(d), permitting a
sequential solution.

among the corresponding entities of the reflected
geometry as well, because the transformation is linear
and non scaling/skewing.
2. Absolute angles and lengths are maintained, i.e.
corresponding entities are parallel and equally sized,
because the transformation is linear and non-orienting.
3. If the reflection axes pass through some points of the
original geometry (Figure 3b), the new and old
geometry will be linked at these points, and therefore
the constraint graph will be linked too.
'

r

(a)

(b)

I

(c)

Fig 3 (a) The original geometry, (b) two perpendicular
reflection axes and two link points, and (c) the reflected
geometry, linked to the original geometry. Note that in 2D
this transformation is equivalent to a rotation of 180°.
Due to the properties listed above, performing a
reflection on the complete geometry or on part of it will
create new constraints and paths in the constraint graph.
To demonstrate how this reflection is used as a 'building
block' to create an entirely sequential constructive solution,
examine the following problem. An arbitrary set of n points
well defined by distances and angles among arbitrary pairs
of points is given, such as the set shown in Figure 4(a). In
this geometry, consider any set of three constraints. If the
three constraints pertain to three common points, (e.g. the
set {c, b, y}), then a trigonometric rule can be used to
resolve required information to construct that local
geometry. If the set does not pertain to three common
points (e.g. set {a, d, a}), we chose a reflection that, makes
two constraints adjacent, and thus reduces the total number
of common points in the set (e.g. the reflection along the
dashed line in Figure 4b). Such a reflection always passes
through two points in the original set. The newly created
geometry is now one step closer top being solvable by, say,
a trigonometric or accumulation rule. In the example, the
newly created set {a, d\ a'} can be solved to yield g and A,
and now there is one additional usable constraint for point
C.

(c)

(d)

Fig 5 (a) A variational problem which cannot be solved
using a sequential procedure, (b) the associated constraint
graph, with the solution propagated (bright arrows) to a
stagnation state, (c) two constraints (lengths d and a)
swapped to create an auxiliary construction with new
vertex E, and (d) the new graph now permits a sequential
solution (dark arrows).
More complex conditions can be manipulated by
reflecting about axes which do not pass only through two
points. For example, Figure 6(a) shows a variational
problem requiring the construction of a triangle given
lengths of two sides and the length of a median. The key
dimension sought is that of the base, labeled x. By
reflecting the geometry twice about the base, as shown in
Figure 6(b), dimension x is directly attainable.

(a)
(b)
(c)
Fig 6 (a) The original geometry, (b) two perpendicular
reflection axes (c) the reflected geometry

Fig 4. (a) The original geometry, (b) new point and
constraints generated by reflection.
To see the effect of such steps on the constraint graph,
consider the example shown in Figure 5. This is a simple

48

CONCLUSIONS AND FURTHER RESEARCH
This paper discussed an approach for converting
variational geometry constraints into parametric geometry,
by means of creating auxiliary constraints and finding a
purely sequential construction. The solution strategy was
based on decomposing the problem into a sequential
process consisting of known elementary-cases, and on
construction of auxiliary geometry by constraint
transformation, resulting in creation of new constraint
chains in the constraint graph. Further research is required
towards determining when constraint reflection can and
should be applied in search for a sequential construction,
and which part of the geometry must be reflected.
Similarly, it is necessary to determine where to place
ground constraints, when none have been specified by the
user. Both of these issues are resolvable by performing
searches on the constraint graph, locating where additional
paths and starting points are required for solution
propagation.

We also note that constraint transformation can be
executed multiple times on a series or set of constraints,
thereby effectively operating on complete features.
Simiarly, Figure 7 shows a two-dimensional problem
exhibiting triple symmetry, which requires application of
two consecutive constraint transformations to reach an
entirely sequential solution.

(a)
(b)
Fig 7 (a) A constraint problem with triple synvnetry, (b)
The solution requiring two consecutive constraint
transformations.
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The same process can be applied in three dimensions.
Figure 8(a) shows a sketch of a constrained pyramid. The
sequence of solution is shown in the following images. The
same principles used in solving two-dimensional problems
has been applied here, with the following modifications (a)
since the problem is three dimensional, the system now
intersects planes and spheres instead of lines and circles,
and (b) a reflection about three axes (rather than two) is
performed. Note that the reflection can be performed on the
sketched geometry as is, even before it is accurate and even
while it is still two dimensional.
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(o)
(d)
Fig 8 (a) The original sketch with specification, (b) the
actual solver proceeds to solve the 3D geometry using
planes and spheres, then, (c) performs a reflection, and
obtains the final geometry, (d) The isolated solution •
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ABSTRACT
For layered manufacturing, a 3D CAD model has to be
converted from a solid representation to a 2D layered
cross-section. The process usually involves face
triangulation or meshing of a sculptured object and then
extraction of cross-sections from the meshed models. In
current systems, the resulting model suffers from
topological problems such as degenerate facets, undesired
holes or flipped normals, resulting in incomplete
cross-sections that cannot be manufactured as layers.
Therefore, time consuming processes for facet repair were
added to these CAD systems.
This paper proposes a new method for extracting the
cross-sections and overcoming the topological problems. In
this method, a mesh is reconstructed from the 3D model
and represented in multi-level hierarchical structure. The
proposed method utilizes the hierarchical model by
extracting the cross-sections in real time based on the
incremental Marching Cube algorithm. Moreover, during
construction, the method checks the topology and creates a
complete cross-section that can be manufactured in layers.
The method is applied to multi-level models so that a
layered part can be constructed at any desired Level Of
Detail (LOD), with rough or fine layers according to the
application requirements. Several examples for layered
manufacturing of multi-level models will be demonstrated.

guarantee valid layers from a topological point of view. In
this paper, the multi-level structured will be utilized for the
process for layer extraction.
This paper proposes a new method for extracting the
layers while overcoming topological problems. Using this
method, a mesh is reconstructed from the 3D model and
represented in multi-level hierarchical structure. The
proposed method utilizes the hierarchical model by
extracting the cross-sections in real time based on the
incremental Marching Cube algorithm. The algorithm can
handle the case of neighboring nodes that belong to
different levels.
During construction, the proposed method checks the
topology of the layer and creates a complete cross-section
that can be manufactured as a layer. The method is applied
to multi-level models so that a layered part can be
constructed at any desired Level Of Detail (LOD): rough
or fine layers according to application requirements.
Moreover, a mixed LOD structure can be constructed by
integrating areas from different LODs. In the proposed
system, a selected area can be marked as a high resolution
area and, as a result, a refined adaptive mesh can be
constructed. The resulting object can be manufactured in
rough or fine details according to this area selection. This
mixed LOD process makes it possible to produce only
interesting areas with fine details, while all the rest can be
in the form of a general draft. Several examples of layered
manufacturing for multi-level models will be demonstrated.

INTRODUCTION
Layered manufacturing is the prevailing technology in
rapid prototyping applications. In layered manufacturing, a
3D CAD model has to be converted from a solid
representation to a 2D layered cross-section. The layer
should be well defined with closed boundaries that
determine the material areas of the layer. The process
usually involves face triangulation or meshing of a
sculptured object and then extraction of cross-sections from
the meshed models (STL format). In current systems, the
resulting model suffers from topological problems such as
degenerate facets, undesired holes or flipped normals
leading to uncompleted cross-sections that cannot be
manufactured as layers. Therefore, time consuming
processes for facet repair were added to these CAD
systems. Moreover, algorithms that extract iso-curves are
implemented in which the resulting curves are used as a
boundary of the layers. Therefore, the iso-curves must be
processed and converted to closed boundaries in order to

THE LOD METHOD
Representing an object with hierarchical multi-levels of
detail (LOD) structure is essential for design, modeling and
analysis. The LOD method consists of two main stages:
(1) constructing a hierarchical LOD structure and
(2) designing, analyzing and displaying the 3D model at
different levels of details. With the new LOD approach, the
multi-level model is constructed a priori; then, any level of
detail can be accessed directly in real time, according to
application requirements. Moreover, transition between the
levels can be achieved in real time. In addition, the LOD
construction satisfies the condition that the geometric and
topological behavior lie preserved at each level. That is,
even at lower resolution levels, critical details are
preserved. For all of these reasons, the multi-level
structure, which represents the object at different level of
abstraction, is superior to conventional models for
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mesh nodes.
(c) In the display stage, the approximated mesh can be
displayed at several levels of resolution according to
the LOD error criteria.

CAD/CAM applications.
The two most common multi-level structures are the
multiresolution wavelet technique [1,3] used for continuous
representation, and the LOD technique used for discrete
representation [4,6]. The multiresolution technique is
usually used for objects represented by sculptured surfaces
that are naturally designated by a high degree polynomial,
while the discrete representation is used for mesh
representation. This paper focuses on 3D mesh
representation for both discrete and continuous
representations. BR is represented directly as a mesh, while
a freeform surface is represented by its control polygon
mesh. The proposed system for displaying meshes using
LOD technique is described as follows (Fig. 1):

RAPID PROTOTYPING:
EXTRACTION OF MANUFACTURED LAYERS
For the rapid prototyping application, layers are
extracted from the 3D mesh that represents a surface
model. In the first stage, iso-parametric curves are
extracted. The iso-parameter is according to the z-value.
Then, in the second stage, a layer is constructed in which
the iso-curves are used as a boundary of the layers. An
algorithm for iso-parametric curves based on the Marching
Cube method [7] was developed and implemented. The
algorithm works in real time and can handle the case of
neighboring nodes that belong to different levels.
The layers are extracted from the LOD and represented
in BR as follows:
1. The iso-curves are extracted from the 3D LOD mesh
(Fig. 2a).
2. The orientation of the segmented curves is determined
sequentially and in one direction.
3. Closed contours (boundaries) are created. Segmented
curves are closed in places where discontinuities are
revealed (Fig. 2b).
4. For each layer, the material side of the contour is
determined. To determine the material side of each
layer, inner points should be checked. Since all the
contours are oriented consistently, it is relatively easy
to find the inner side of the contour.
Fig. 2a demonstrates a 3D surface represented by a 3D
mesh where the pseudo color represents the z value. The
iso parameter curves are displayed on the mesh. Fig. 2b
demonstrates die extracted layers with the oriented
normals.

Extraction Algorithm
Extracting one level of detail
from the multilevel structure

Level of Detail Construction Algorithm
Constructing hierarchical levels of detail
according to error norm

Mapping to
adaptive mesh

Structured mesh

Unstructured mesh

Geometrical Environment

GENERALIZING THE LOD TECHNIQUE
TO 3D CLOSED VOLUMETRIC OBJECTS

Fig. 1: The LOD approach scheme.

So far, the construction and display algorithms have
been applied to 3D meshes which represent a surface
model. For such objects the z-values were represented in a
pseudo-color solution and the (x,y) values were described
on planar geometry. For 3D meshes of 3D closed
volumetric objects, the proposed process is based on the
concept of texture mapping. The 3D complex closed
geometry is represented as a parametric surface X(u,v),
Y(u,v), Z(u,v). The z values are texture mapped on the 3D
geometry. Mesh reconstruction is based on two stages:
(1) construction of a 3D pure geometric mesh for the 3D
object according to curvature criteria; and (2) mapping a
z-texture on the 3D mesh and refining the mesh according
to theses values. These stages use the same algorithm as
that for the 3D surface model.

(a) The geometrical representation in the proposed system
can be a uniform mesh or an unstructured mesh. The
system can also handle analytic surfaces which have
been made discrete through uniform or adaptive
hierarchical or unstructured meshes.
(b) In the system, the uniform meshes are represented in
hierarchical Quadtree data structure. This structure is
constructed according to error criteria explained in
Section 3. The construction is implemented in a TD
strategy. Then, the resulting nodes represent a square
region whose vertices are points on the mesh with (x,y)
geometric value (position) and z value represented as
pseudo color.
For the unstructured mesh case, a pre-process is
applied to distribute the nodes in an adaptive
hierarchical structure according to the density of the
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(a)
(b)
Fig. 2: (a) A 3D surface represented by a 3D mesh where the pseudo color represents the z value;
(b) The extracted layers with the oriented normals.
For a case where the geometry mesh is changed
according to resolution requirements, only the geometry
mesh should be reconstructed. For a case where the layer
resolution is changed and the geometry is fixed, only the
texture mapping is reconstructed.

[3]

SUMMARY AND CONCLUSIONS
This paper proposes a new method in the area of rapid
prototyping for extracting the manufactured layers from
LOD structure. The method overcomes conventional
topological problems such as degenerate facets, undesired
holes or flipped normals leading to uncompleted cross
sections that cannot be manufactured as layers. In this
method, a mesh is reconstructed from the 3D surface model
and represented in multi-level hierarchical structure.
Currently the system is extended to 3D closed volumetric
objects.
The proposed method utilizes the hierarchical LOD
model by extracting the layers in real time based on the
incremental Marching Cube algorithm. Moreover, during
construction, the method checks the topology and material,
creating a complete layer that can be manufactured. The
method is applied to multi-level models so that a layered
part can be constructed at any desired Level Of Detail
(LOD), with rough or fine layers according to the
application requirements. In addition, a mixed LOD
structure can be constructed by integrating areas from
different LODs.

[4]

[5]
[6]

[7]

[8]
[9]
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ABSTRACT
Topology optimization has evolved into a very efficient
and practical concept design tool and has been incorporated
into design engineering processes in many industrial
sectors. The proposed approach was developed and tested
on the design of automotive components. It involves
structural validation of the concept design before CAD data
is developed. Structural validation involves the
development of a finite element model, analysis and post
processing of results. This step is automated with the use of
software tools. The development of a finite element model
at the concept stage is not only valuable in evaluating the
concept design, but also useful in comparing competitive
designs. It is shown that with the help of currently available
software tools, repeated development and modification of
expensive CAD data can be eliminated. This saves time,
valuable resources and shortens the design cycle. One
automotive design example is presented in this paper.

and post processors used with the topology optimization
solver. Whereas the pre processing needed to initiate
topology optimization is quite minimal, post processing
requires highly specialized functionality for efficient
interpretation and product conceptualization.
Results from topology optimization using the
homogenization theory tend to be exhaustive. Most of the
results comprise of data needed to compute the normalized
element density and optimal material directions. These data
sets are output at each iteration of the optimization process.
The design engineer's objective during the post processing
phase is to progress from numerical results to concept
design in the least amount of time. This has to be
accomplished without losing critical topological features
that emerge from the topology optimization solver.

INTRODUCTION
Topology Optimization is quickly evolving into a very
effective tool for generating conceptual design of structures
and many industries are incorporating this rapidly maturing
technology into the design engineering process. Research
[1-5] in this area over the last twenty years has developed
the technology to a level where it can be used successfully
in product development and design. Bendsoe and Kikuchi
[6] extended the theory of homogenization to characterize
the microstructure of materials in the optimization of
material layout problems. This approach uses a cellular
composite microstructure for materials used in the
optimization. Yang and Chuang [7] formulated the density
approach and developed an optimization method to
generate optimal topologies. The
density
and
homogenization approaches [8, 9] have been widely used to
solve layout optimization problems. Commercially
available topology optimization software based on the
homogenization method [10] has the capability of
minimizing structural compliance under linear static loads
and maximizing natural frequencies. Both design criteria
can be combined in a single analysis if required.
Topology optimization is a finite element based concept
design tool. Its effectiveness in a production setting
indisputably depends on the efficiency of finite element pre

Step 1. Interactive Preview
The shape of the structure at any iteration is obtained by
first computing isodensity surfaces at a certain density
threshold prescribed by the user. The corresponding
concept design is then visualized by retaining that portion
of the package space where the finite elements have density
values above the given threshold. The threshold can be
interactively changed to preview the shape and topology of
the concept. The use of graphical animation to the above
technique adds a powerful dimension to the concept of post
processing topology results [12]. This aids the engineer in
effectively processing the recommendations and results into
a product concept. With the use of these interpretive
graphical visualization methods, engineers are able to
assimilate and understand topological features without
compromising on detail and reliability. The result of this
interactive post processing session is the determination of
the best threshold value to be used in step 2 of the concept
design process.

' Altair Computing Inc.
Troy, Michigan 48084, U.S.A.

THE TOPOLOGY OPTIMIZATION PROCESS
The procedure presented in Fig. 1 involves three steps.

Step 2. Concept Design Validation
In this step, the threshold determined in Step 1 is used
to translate the data to obtain an enclosed 3-D surface
geometry of the concept design or a shell model as

appropriate. This surface geometry is output in the form of
a triangulated mesh which is then automatically meshed
using tetrahedral elements of high enough order and
analyzed for validation of the design concept. This model is
referred to as the concept validation model. If the concept
validation model does not meet the structural performance
requirements, the user has an opportunity to take corrective
action prior to generating a detailed CAD design.

windows were provided. The finite element model is shown
in Fig. 2.
The finite element model consists of approximately
23242 solid elements and 31604 nodes. The finer details
are not captured in the FE model due to the conceptual
nature of this study.

Step 3. Design generation
In this step, the enclosed 3-D surface geometry of Step
2 is output in the form of triangulated surfaces (IGES) and
is imported to a CAD system. This geometry is then used
as a guideline for generating the detailed CAD design.

Topology
Optimization

Figure 2. Design space for a minivan concept
Load Cases
The static loads applied to this model simulated the two
most important deformation modes of the vehicle, global
bending and torsion. The loads applied to simulate these
conditions are shown in Fig. 3.

Step 1: Interactive
Preview
Step 2: Preliminary
Design Validation
No

Does Design
Meet Structural
Targets?

Yes

Step 3: Design
Generation

No

Figure 3. Loads and boundary conditions for the minivan
Results
The results in the form of isodensity surfaces, inclusive
of all material densities above the threshold limit, is shown
in Fig. 4.

Does Design
Meet Structural
Targets?

DENSITY - ITER 21
Density

Figure 1. The Design Process

Figure 4. Isodensity surfaces for Minivan
Concept Validation
The concept validation model developed for the
minivan is a shell model simulating the closed thin wall
sections that are characteristic of unibody construction. The
concept validation model analysis results for the torsional
loadcase is shown in Fig. 5. The estimated torsional rigidity

EXAMPLE : MINIVAN CONCEPT DESIGN
Design Space
A finite element model representing the design space
was developed for a concept minivan body. Appropriate
closure for forward and rear windshields, side doors and
54

under this loadcase was 8726 Nm/Deg. The stress
distribution under bending loads is shown in Fig. 6. The
maximum estimated Von Mises stress developed under
bending was: 272 Mpa.

Conference, Vol. 1, ASME, pp. 131-136.
3. Spillers, W. 1985 : Shape optimization of
structures, Design Optimization (J. Gero, ed.) Academic
Press, Orlando, Florida, pp. 41-70.
4. Rozvany, G. and Ong, T. 1987: Minimum-weight
plate design
via
Prager's
layout
Theory,
Computer-Aided Optimal Design: Structural and
Mechanical Systems
(C. Mota Soares, ed.),
Springer-Verlag, Berlin, pp. 165-179.
5. Rodriguez, J. and Seireg, A. 1988 : A geometric
rule-based methodology for shape synthesis : 2D
cases, Proceedings of the 1988 Computers in
Engineering Conference, ASME, pp. 35-41.
6. Bendsoe, M. and Kikuchi, N. 1988 : Generating
Optimal topologies in structural design using a
homogenization method, Computational Methods in
Applied Mechanics and Engineering, 71, pp 197-224.

Figure 5. Resulting displacements under torsional loading
conditions.

7. Yang, R. J. and Chuang, C. H. 1994 : Optimal
Topology Design using Linear Programming,
Computers and Structures, Vol. 52, No. 2, pp. 265-275.
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Applications of Topology Optimization, Structural
Optimization Journal, Vol. 9, pp. 245-249.
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Figure 6. Maximum Von Mises stress developed under
bending loads.

10. OptiStruct ®, Topology Optimization Software, ©
copyright Altair Computing, Inc. 1993 - 1998.
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integrated environment for structural configuration
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CONCLUSION
The developments of concept validation models are
extremely helpful in reducing the effort involved in the
interpretation of topology optimization results. Graphical
post processing is an indispensable part of the
interpretation and concept validation model development
process. Concept validation models make it easier to
evaluate the structural performance of the concept and
evaluate competitive designs at the concept development
stage. The process described in this paper facilitates the
development of CAD data after preliminary validation is
completed. It also eliminates the repeated development
and modification of CAD data saving time and resources.
The graphical, interactive and user friendly nature of the
software tools described in this paper makes them easy to
use in production environments.

12. HyperMesh ®, Finite Element Pre and Post
Processing Software, © copyright Altair Computing, Inc.
1990- 1998.
13. Thanedar et al P. 1998 A New Post Processing
capability for topology optimization and concept
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ABSTRACT
Kernel regression is a nonparametric method for
modeling data. In this paper a fast algorithm for
performing kernel regression is described. The
algorithm is applicable to multi-dimensional models
and is based upon a full binary tree representation of
the learning data. The software developed as part of
this study was applied to very noisy non-linear test
problems and the results demonstrate the power of this
modeling technique.

1) Not all possible spaces should be examined.
2) A rapid method of examining a space is
required.
This paper addresses the second issue:
development of a rapid method for examining a space.
KERNEL REGRESSION
The basic concept of kernel regression is to use
two sets of data: learning and test data. Using the
learning data, a predicted value of Y (i.e., YPRED)
is made for each point in the test data set. There are
many criteria available for evaluating a space. In this
study, variance reduction (VR) is used:

INTRODUCTION
There are many problems in engineering and
science in which all that is required is to predict an
output based upon input variables. Often one has no
idea as to the functional form of the connection
between the input vector X and the output Y:
Y = f(X)

NTST

(Yj - YPREDj)
VR = 100 *

(1)

(2)

NTST

(Yj - YAVG)

where f is some unknown function. To further
complicate the problem X might be a vector with
many elements and the analyst has no idea which
elements of X affect Y and which are irrelevant. For
such problems, nonparametric methods of analysis are
typically used and the two most well known
methodologies are neural nets and kernel regression.
The neural net approach uses the entire vector X
as input to a network. The network has internal
connections and weights are assigned to the various
nodes. If a particular input element is irrelevant,
theoretically the weights assigned to nodes using this
element will be close to zero. If the number of
elements becomes large (say greater than 10 or 20),
then this approach becomes cumbersome. A vast
amount of learning data is required to determine the
weights assigned to the many nodes of the model.
The kernel regression approach developed in
this study examines subsets of the learning data. The
strategy is to examine the data first using ID (one
dimensional) models, then 2D, 3D etc. until increasing
the dimensionality no longer significantly improves the
model or until the data becomes so sparse that it
makes no sense to proceed any further. Since many
spaces are examined the need for a very rapid
algorithm becomes crucially important. To illustrate
the problem consider an X vector with 100 elements,
the number of ID spaces is 100, the number of 2D
spaces (from XI and X2 up to X99 and X100) is
100 * 99/2 = 4950. the number of 3D spaces is 100 *
99 * 98/6 = 161,700. We see that the number of spaces
to be examined increases dramatically with the
dimensionality of the model. It thus becomes clear that:

where NTST is the number of test points. YAVG is
the average value of Y for all the test points. If the
predicted values of all points are perfect (i.e. Yj =
YPREDj) then VR is 100. If the space has no
predictive power, then we would expect a value of VR
close to zero.
The kernel regression paradigm assigns a weight
to each learning point for each test point. There are
many weighting schemes available [1,2]. One of the
simplest and most well known schemes is exponential
weighting:
-SD?
(3)
where Wy- is the weight of the i* learning point for the
j * test point, S is the smoothing parameter and Dis a normalized distance squared between the two
points. For S approaching zero, all points are
approximately equally weighted and for
S
approaching infinity, the nearest point gets the greatest
weight and the predicted value of Y is the value of Y
for the nearest neighbor. Once weights have been
assigned, the value of YPREDj can be computed in
several ways. The zeroth order prediction is to just use
the weighted average of the learning data as the
prediction:
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NLRN

I
YPRED

J ~

NLRN

RESULTS
The method was tested using the following
procedure:
1) Using a random number generator, 25000
data points were created. Each point consisted of 3
elements (Xj ,X2 and X3). The values of X\ ranged
from -1 to 1, the values of X2 ranged from -1000 to
1000 and the values of X3 ranged from -0.001 to
0.001. The values of Y were created from a signal
and a noise component:

(4)

I Wy
We can improve the prediction by using the weights to
fit a hyperplane to the learning points. This is
computationally more expensive but the improved
accuracy is often worth the extra time.
The main critique of this simple scheme is that
the value of D - must be computed for every

Y

combination of learning and test points. As a result, the
calculational time increases as O(NLRN*NTST).

(7)

The YSIGNAL terms were created using a
complicated non-linear function of X\,X2 and X3:

THE PROPOSED ALGORITHM
The algorithm proposed in this study is based
upon representation of the learning data in a full binary
tree of height H. The number of leaves in the tree is
2 H and the number of learning points per leaf is
approximately N L R N / 2 H . The zeroth order
implementation of this algorithm can be extremely fast.
The leaf in which each test point resides is determined
by a traversal of the tree (i.e., H-l IF statements).
For order 0, Equation 4 is replaced by:

Y

SIGNALj

=f x

( li'X2i'X3i)

(8)

The YJVJOISE terms were created using the random
number generator. The amplitude of the noise terms
was chosen so that the signal to noise ratio was 1/3. In
other word, 75% of Y was due to noise and only 25%
was due to the non-linear signal. Thus the maximum
expected VR is 25%.
2) The data was separated into 20480 learning
points and 4520 test points.
3) Variance reduction was computed for the 3D
space (XI, X2, X3) for a variety of combinations of
parameters. Results for Tree Heights of 9 are included
in Table 1. For this height there are 512 leaves on the
learning data tree and therefore 40 data points per leaf.
For each test point, the 40 points in the test point leaf
were used to compute YPREDj.

NUMNN

I

(5)

NUMNN
where NUMNN (number of nearest neighbors) is a
parameter. For order 1, the NUMNN learning points
are used to create a hyperplane and YPREDj is a point
on this plane. For order 0 if NUMNN is just the
number of points in the leaf and if S = 0, the process is
extremely rapid: YPREDj is the average value of Y ;
in the leaf. The software developed also includes order
2: a second order mulu'-nomial is fit to the NUMNN
points.
The search for the NUMNN nearest points does
not have to be limited to the current leaf. One or more
adjacent leaves can also be included in the search (by
specifying the parameter NUMCELLS). For time
series data the learning data set can be made to "grow"
by adding used test points. A "moving window" option
is also included which keeps NLRN constant by adding
used test points and discarding old learning points.
For all cases, the total computational time
consist of two components
TIME total = TIME p r e p + TIME run

i = Y SIGNAL; + Y NOISEi

VALUES OF PARAMETER K
order
0
1
2

1
10.81
18.56
10.97

2
11.81
19.29
-1.57

4
12.59
19.64
-40.55

8
13.24
19.69
-73.97

16
13.81
19.53
-45.21

32
149.32
19.21
-70.00

64
14.78
18.76
-92.73

128
15.19
18.19
-108.5

Table 1 - Values of VR for combinations of ORDER
and K. K is a parameter used to compute S for each
test point. S is the smoothing parameters used in
Equation 3.
The values of K are defined such that Sj for the
furthest learning point from test point j has a weight
W;J = 1/K. From equation 3,

(6)

(9)
From Table 1 we see that the ORDER 0 results are
best for large values of K and capture over 60% of
the maximum expected variance. The ORDER 1
results are not very sensitive to K and for all K's 75%
of the maximum expected VR is captured. The
ORDER 2 results show that using higher order

where TIME pre p is the preparation time which is
O(NLRN). The running time TIME r u n is O(NTST).
For all three cases (order zero, order one and order
two) TIMEprep is the same. However, the TIMEmri
Component is greater for the higher order calculations.
For large data sets TIMEp rep is usually negligible.
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polynomial fits is not a good modeling strategy for
noisy non-linear problems.
4) In Table 2, results are shown for ORDER 1
for a variety of combinations of H, NUMNN and
NUMCELLS. Note that NUMCELLS is the maximum
number of cells which are to be searched for the
NUMNN nearest learning points. If for example
NUMCELLS is 2, then for each test point the current
leaf and the closest adjacent leaf are searched. If
NUMCELLS is large (e.g., 100) then the current leaf
and all adjacent leaves are searched. If NUMCELLS >
1 then an adjacency matrix must be created which
increases TIMEprep.
Tree
Height
11
10

9
8
7
8
8
8
8

Points
perLeaf
10
20
40
80
160
80
80
80
80

NUMNN

10
20
40
80
160
40
40
40
40

NUM
CELLS VR
1
-20.97
1
10.48
1
18.56
1
18.92
1
17.31
1
20.50
21.73
2
3
22.95
100
23.67

Time
3
3
4
6
12
4

5
8
17

Table 2 - VR and TIME (in seconds) for combinations
of TreeHeight H, NUMNN and NUMCELLS. All
results are for order 1.
From this table it is seen that if all points in the single
leaf are used, a Tree Height H = 8 yields the highest
VR. Using the best 40 points in the leaf, the VR
improves to over 20% (i.e, over 80% of the expected
maximum VR). By searching in all adjacent cells, the
best VR obtained is 23.67 which is close to 95% of the
maximum expected VR.
5) The timing results in Table 2 show that the
time required for the computation increases with
increasing NUMNN and NUMCELLS. However, the
results are more than an order of magnitude faster than
using all learning points. To prove this point,
calculations for H = 1 (i.e. all learning points in a
single leaf) showed that times for ORDER of 0, 1 and
2 were all about 250 seconds. The time to compute the
weights is the dominant term for H = 1. If order 0
and S = 0 is used the time sayings is several orders of
magnitude!
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ABSTRACT

incorporated in an algorithm. For this reason, in the
present work, to demonstrate the interactive design process
of a modular fixture configuration, only two factors will be
considered: the shape and the size of the workpiece and the
machining operation. These parameters constitute, in fact,
the most important criteria in developing rules for
fixturing and on which depends in a great measure the
design of fixtures.
Thus, it passing to a superior stage concerning the
whole fixture configuration for a certain family of
workpieces (prismatic shapes - as shown in Fig. 1) and
machining operation classes (face nulling operations),
using a collection of modules (specific to German Bluco
Technik kit) represented as 3D models and some artificial
intelligence specific technics of programming using
AutoLISP language.

This paper reports a program for computer-aided
assembly of modular fixtures for machining operations
using a CAD environment. The program allows insertion
of modules from a component database (extracted from the
Bluco Technik Catalogue) and place them around the
workpiece limited to quadrangular shapes. Selection of
fixture elements used for fixtures configurations is
previously establish by the designer. Input to the program
consists of parameters describing the workpiece to be
fixtured. The output consists in fixture assembly vizualized
(in 3D) on CAD display and a list of necessary fixture
components written out on an external text file.
The program is written in AutoLISP language and use
the AutoCAD R12 graphic editor for execution.

INTRODUCTION
In the most CAD systems, the highest level of the
design process is left to the user. Development of AI
(Artificial Intelligence) researches, through conception of
computer programs capable to solve problems in a way that
would be considered intelligent if done by a human (expert
systems), had opened new posibilities for solving problems
from different domains of activity. Among these, fixture
design seems to be an appropriate subject for investigation
using the above approach.
The accuracy formulation of this problem does not
exclude the possibility of solving it by a direct method
which imitates an expert in fixture design which, every
time he has to configure a new fixture, starts again from
the beginning by inspecting the elements from a specific
kit. Because of the great number of combinations of the
elements and the complex relations of the constraints it
turned out to be difficult to follow this way [2].
On the other hand, it is obvious that, between
workpieces / machining and their corresponding fixtures it
is a similarity. These two factors lead in the separation of
the problem in two parts:
• first it have to establish a collection of elements
appropriate for the given family of workpieces;
• the configuration of specific fixtures is made by
using these elements only.
At the same time, the design of a fixture is governed by
a large number of factors, established from the study of
product specification, some of which may be determined
logically (e.g. the magnitude of clamping forces), while
other factors may be completely intuitive (e.g. chip
removal). It is difficult to interlink completely all this
factors the last, for e.g. can be a delicate area to

Fig.l: Sample parts of a family

PRINCIPLES OF LOCATING AND CLAMPING
FOR PRISMATIC WORKPIECES
The major functions of a fixture are to restrict the
movement of workpieces and to maintain accurate
positional and orientational relationship with the machine
and cutting tool.
Any rigid body (workpiece) can be in statical establish
stability, relatively to a 3D coordinate system if are
restricted six degrees of freedom. The six degrees of
freedom are restricted with help of six locating points of
workpiece in fixture thus selected, to restrict possible
movements of workpiece againts any of the three forces
(Fig. 2). The size of this coordinates have to determine,
with demanded precision, the rigid body position relatively
to a coordinate system.
Consequently, for determination of workpiece position
considered a rigid body, relatively to a coordinate system,
are sufficient and necessary six points of locating placed in
three orthogonal planes, as follows:
- three points on XOY plane, determine the primary
locating surface which will restricte three degree of
freedom;
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- two points on YOZ plane, represent the secondary
locating surface which will restricte two degrees of
freedom;
- one point on XOZ plane, represent the tertiary
locating surface which will restricte one degree of freedom.

.:on;cry

• construction of the third locating plane depends on
the location of the two points in the second plane in
that, this last point should be positioned at the same
level of height;
• clamping is done against the two points in the
second plane and the single point in third plane.
The six points of support and three of clamping; for
face milling operation of a quadrangular workpiece with
various dimensions of L, I and h has been determined
based on the model shown in Fig. 3. Fixturing points are
determined using the assumption that it has to be milled to
a known depth of cut t.

jo'

Fig. 2: Locating and clamping scheme
based on 3:2:1 method
The workpiece position in space, thus defined, is
known as six points rule (or 3:2:1 method). In accordance
with this principle to establishing the workpiece position in
fixture, is needed and sufficient to have six rigid support
points: 3 on the first plane, 2 on the second plane and 1 on
the third plane of reference.

Fig.3: Fixturing sites for a quadrangular prism
Implemented the fixturing sites in terms of cartesian
coordinates determined using the above guidelines, as rules
for fixturing it was achievemented in AutoLISP.

ANALYTICAL DETERMINATION OF
FIXTURING SITES FOR FACE-MACHINING
OF QUADRANGULAR-TYPE WORKPIECES
Determination of the locating and clamping sites for a
given machining operation is basically on issue to be
resolved through geometric reasoning. The mathematical
formulation of the 3:2:1 principle is based on the geometric
information of the workpiece (shape and dimensions) and
machining operation. Thus, the following fixturing
strategies can be applied to regular polygonal prisms
undergoing a face milling operation:
• construction of the first locating plane using three
points is most satisfactory when the area of supported
region is maximized;
• construction of the second locating plane using two
points is most satisfactory when these points are as for
apart as possible. The choice of the two points is related
to the location of the three points in the first plane in
that, the coordinate along the X-axis for these points,
should be the same as the X-coordinate of the two
rectilinear points in the first plane. Also, these points
should be selected in a such way that do not
interference with tool path;

ASDEM-PROGRAM STRUCTURE
Based on the above presented strategy, it was developed
a program in AutoLISP language. The program is found in
• Layer B

-"AV.ISVb. -t'Jh.UTfi

H.DCKS
>Itt:
)ISPWV
IRAU
SUIT
INQUIRY
LAYER...
WDEI.
IJTEU
'LOT...
iENDER
SETTINGS
SURFACES
JCS:
niLITY
iRUE:

Fig.4: The workpiece description dialog interface
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Fig. 5: An intermediate view of a fixture configuration
This assembly order is more natural and allows
obtaining the fixture from less operations and with less
elements.
Finally, based on non-geometric informations attached
to elements and existence of a template file (which contain
the database structure), the program allows extraction in
an external text file, the list of fixture components
necessary to make the fixture set up, with the
corresponding positioning coordinates relatively to base
plate.

ASDEM.lsp file and can be used under AutoCAD graphic
editor.
The program consists of following sections:
Data section In this section, information required for
processing is acquired from the user, and consist in
parameters that describe the workpiece. This informations
are input through an user interface defined by a Dialog
Control Language (DCL) (Fig.4). The restricted input of
workpiece dimensions are limited by value of the largest
rectangular mounting plate of dimensions 520x360(mm).
Next, based on this parameters, is generated the workpiece
3D model, relatively to a user coordinate system.
Decision section In this section, based on workpiece
dimensions (length of the lateral edges-L), it decided the
proper variant for fixture configuration. The decisions are
implemented in the form of IF....THEN rules coded as lisp
functions. If the workpiece length don't correspond with
none of a variant previously established, the program will
display on adequate message.
Calculation section In this section, based on calculus
relations previously established, the eight corresponding
fixturing coordinates are represented as lists of three real
variables.
Processing section
Based on previously lists of
fixturing coordinates, for various fixture variants, the
modular elements are positioning from a component
database for the fixture configuration. Starting from the
workpiece constructed on the screen as 3D model, in
machining position, its begin with positioning of locating
components in contact with locating data and continue
with positioning of clamping elements (Fig. 5) and base
plate.
The program then positioning building elements on the
base plate to accommodate the fixturing components.

CONCLUSIONS
In this application is treated the aspect of modular
fixture set up for family of box-type workpieces, in
according to the 3-2-1 principle of orientation and have
selected a collection of fixture components appropriate for
this family of workpieces.
Although, this study has dealt with a relative limited
domain of fixturing family of workpieces with a fixed
number of constraints and thus has limited practical
applications, result clearly that computer fixturing
problems can be solvable by means of a CAD program
approach relying on the geometrical informations of the
workpiece.

References
[1] Fuh, S.Y.H., Chang, C.H., Melkanoff, M., Robotics &
C M , 10(5), 339 (1993).
[2] Markus, A., Markusz, S., Farkas, J., Robotics & CIM.
1(2), 167(1984).
[3] Nee, A.Y.C., Bhattacharyya, N., Poo, A.N., Robotics
& CIM, 3(2), 195(1987).
[4] Nee, A.Y.C., Kumar, S.A., Annals of the CIRP, 40(1),
147(1991).

61

GRAPHIC INTERFACE FOR SELECT AND ASSEMBLY OF MODULAR FIXTURES
L.Segal1 , C.Romanescu1
"Gh.Asachi" Technical University of Iasi, Romania
Conference Lecturer

ABSTRACT
Modular fixtures are used in practice for a long time. In
comparison with the permanent fixtures, modular fixtures
offer the advantages of a large range of the size and shapes
of the workpiece to be fixtured. On the other hand, them
usually require a higher cost of design and assembly due to
the immense number of combinations of the elements. For
this reason it is necessary developing of an interactive
graphic interface, based on a CAD system, which to
provide the designer with easy access to a component
database. Thus it is possible to reduce the lead-time and
the cost of fixture design.
In the present paper, the authors created a graphic
interface for computer-aided assembly of modular fixtures.
This application is based on AutoCAD system, comprising
the needed standard interfaces. The design process is
helped by the 3D functional models of modular
components extracted from Bliico Technik Catalogue
(about 120 elements).

INTRODUCTION
The necessity of flexibility of machining technological
system imposes to find solutions concerning flexibility of
its components. In conditions of an unrestriction
concerning workpieces shape, but with restriction for
machines and tools, results as objective function, the
maximisation of fixtures. This maximisation come up
against, economic barrier of machining efficiency for
unique workpieces or small batch production with a
random degree of repeatability. The adopted solution was
the fixture components module making and setting up of
modular fixturing systems from which, by the combinatory
methods to results, very quickly, the needed modular
fixture.
At this time, there are many producer countries of
modular fixturing systems for machining operations,
differentiated according to systems set up method (T - slot
system and hole system), between is distinguish Germany
with a great many of manufacturers (AMF, KIPP, FBS,
Haider, Ferra Tools, Bliico Technik etc.).
Besides the advantages offer by modular fixtures, one
of the basis problem in modular fixture design, consists in
selection and assembly of fixture elements based on
classical methodology with respect of technical restrictions
(tool access, easy introduction and extraction of workpiece
etc.) which devolve from fixture set up. Also, a small
number of used elements leads implicitly to increase the
fixture rigidity, therefore an increasing of machining
accurately and reduced the time for assembly.

Solving this problem becomes more difficult due ta the
great number of types and dimensions of fixture elements
and implicit due to the great number of possibilities in
which can be assembled and used these elements.
The optimum solution can be obtained; in this case, by
using the design principle based on computer-aided.
Consequently, it is necessary an intensive contribution
in using and developing of useful and rational programs
for an efficacious capitalisation of the possibilities offers by
the CAD systems. This goal its finding a wide domain of
applicability in the studies of modular fixtures set up.

TECHNICAL FEATURES OF THE
BLUCO TECHNIK KIT
The Blti co Technik kit proceeds from modular fixturing
systems category of which system set up mode use a holepattern. Characteristic of this system is the separate
position of the threads and the locating holes. Thus, the
locating of fixture elements on the grid plate or blocks is
made with cylinder pins while the fastening with socket
head screws (Fig. I).

Fig. 1: Bliico Technik - system set up
This offers the advantage of a higher locating accuracy
and a great rigidity of assembly, which compensate the
disadvantages of large dimensions of elements. At the
same time, from automated fixture design point of view the
hole-based kits offers the advantage of a certain positions
of the elements relative to the plate, avoided the
intermediate positions which can appearing in the slotbased kits [4J.
The Bliico Technik kit offers workpiece-clamping
systems available in three sizes, currently based on more
than 200 svstem elements.
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USING A CAD SYSTEM FOR MODULAR
FIXTURES ASSEMBLY

GRAPHICAL LIBRARY OF MODULAR
ELEMENTS CREATION

A very distinct role in computer-aided design it has the
organisation, by which depends in a decisive mode, the
design efficiency. The complexity and flexibility, the great
number of CAD system commands it can turn from
certainly advantages in disadvantages, in the case that the
design does not respect a certain methodology. Among all
commercial CAD systems widely used for PCs, AutoCAD
was chosen as example for this application.
At generality level, the principle logical scheme
proposed for computer-aided selection and simulation of
modular fixtures set up, is presented in Fig. 2.

Definition and representation of diversified fixture
components are essential in computer-aided fixture design.
How to classify, store and retrieve them from a component
database are issues to be resolved.
For modular elements library creation are constructed
the 3D geometric wireframe models of each modular
element belong to the kit. The advantages offers by this
modeling are sufficient in this stage were the accent is put
on the constructive aspect of design and less on problems
of visualisation. Another important aspect was the speed to
display of the CAD system and reduced necessary of
memory for restraint these models.
To this models it was attached a series of nongeometric information (attributes) to define thus, a
functional model of represented element. The elements
thus constituted were defined and saved as blocks in a socalled MODular LIBrary (MODLE3). The identification
(ID) for every block it's same with the item number of
element from the catalogue. The reference points (RP)
associate to the blocks, were placed in characteristic points
(of mounting).
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Fig. 2: Logical scheme of a modular fixture assembly
In the first module it's ensure the creation of work
environment. The problem of design and elaboration of a
modular fixture through dynamic and graphical simulation
using a CAD system imposes working in 3D. Thus, the
designer can administrate better the workspace and are
eliminated the positioning errors. Also, knowing that in
mechanical structure make-up of a modular fixture enter
five categories of elements, its make appeal to so-called
multi-layer technology for clear images and effective
design manipulations.
In the second module, it's pass to modular fixture
assembly. The designer selects the system elements needed
from a graphical library, evaluating and visualising their
position and orientation relatively to a base plate. The
output of this module consists in completed modular
fixture assembly drawing and the bill of modular elements.
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The linkage of CAD tools and database can be achieved
through establishing the communication component. Thus,
it can extract the attached attributes of each block as fields
of a recording; each block corresponds to a record and each
defined attribute corresponds to a field. In addition to the
product information attached to the blocks (as the material,
the price etc.), the database structure could include
information owns AutoCAD system concerning these,
stored in the element drawing database.
About the type of data extraction from database, the
SDF (Space Delimited Format) format was chosen. The
template file used for extract the information structure
(Fig.3), was prepared for technical documentation used in
fixture assembly. Thus, for a fixture assembly, will be
automatically generated the bill of modular elements, in
assembly order, together with the reference points location
in a coordinate system attached to the base plate.
Field

Type-Length-Decimals

(Description)

BL: LAYER
BL:NAME
PART
BL:X
BL: Y
BL:Z

C005000
CO12000
C020000
N008002
N008002
N008002

(group number)
(item number)
(element description)
(X - coordinate)
(Y - coordinate)
(Z - coordinate)

Fig.3: The database structure

USER-SYSTEM INTERFACE
The CAD system use an interactive dialogue, the
interactive term expressing the possibility that each of
two partners of dialogue - the user, respectively the CAD

started with the base plate selection follow by selection of
positioning elements, the workpiece placed in machining
position with supporting datums in contact with locating
surfaces and selection of clamping elements.

system - may have initiative in dialogue unfolding.
Having in view that at a kit basis organisation is site
the structurally scheme of adopted categories, in user AutoCAD interface achievement has been chosen an
approach based on visual languages facilities, respectively
menu selection and direct manipulation.
For graphic interface achievement, it was modified the
AutoCAD pull-down menu, through insertion of a new
item, M-F-S (Fig.4).
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Fig. 6: Workpiece to be machined
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Fig. 4: The M-F-S pull-down menu
When is pick this item, the menu drops down the
options which allow access to component database,
grouping in accordance with the functional role in fixture
assemble. The selection of needed modular element, for
insertion is made from a dialogue box, which display a
menu with icons (Fig.5). The user confirmation of selected
element (by clicking the "OK" button), allows element
insertion in current drawing.
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As result, the generated fixture-workpiece assembly is
displayed on the screen (Fig.7). The bill of modular
elements can be generated automatically to complete the
assembly drawing. Another possibility of the final output
can be in form of a series of assembly slides, where the
operator can manually set up the fixture, based on pictorial
instructions.

Fig.7: 3D view of the assembled fixture

CONCLUSIONS
Although fixture design is one of the newer
applications in computer-aided design, tool designers can
often benefit more than anyone can from CAD systems.
Thus, a greater advantage is the ability to use and reuse a
graphical library of modular fixture elements, made up
from a manufacturer of modular fixturing system.

Fig.5: First page of positioning elements access interface

ILLUSTRATIVE EXEMPLE OF A FIXTURE
SET UP
Figure 6 shows a prismatic workpiece, used as an
example to illustrate the working of this interface. The
workpiece is to be machined undergoing a face milling
operation. This study begins from the situation when are
known the supporting, locating and clamping faces. Also,
the modular fixture components are selected in according
to the fixture configuration generated by the designer.
The fixture is manually assembled by the user/following
the logical scheme, previously presented. The steps for
fixture set up reproduce, in fact, the real assembly process
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ELEVATOR SYSTEMS UNDER EARTHQUAKE EXCITATIONS-AN ANALYTICAL EVALUATION OF
SAFETY PROVISIONS
R. Levy1, A. Rutenberg2, P. Magnus3, E. Marianchik4, F. Segal5
damages in the hotels area and in other areas that resulted
in settlement of a few retaining walls. The north lane of
route 5 in town settled in its northern edge, cracked and
slid northward. The south lane cracked with the aftershock.
There were also cases of liquefaction near the salt
containers north of the hotels area.
Elevators constitute an integral part of the different
systems in buildings and are vulnerable to earthquakes that
strike the building itself. Especially important is the
prevention of elevator damage for the following reasons: 1)
Danger of passengers being trapped during occurrence and
difficulties in rescue operations. 2) Rescuing people from a
large number of elevators in the stricken area requires
resources and a concentrated effort of trained teams. 3)
Nonvisual damages can cause substantial dangers in
elevator use after the earthquake. A thorough check for
possible damage identification is required before
permission for reuse in given. It is thus important to
establish special design codes for earthquakes in seismic
regions both for the elevator and its structural components
and the means of control.

Abstract
This paper describes the damages to elevator systems as a
result of the November 22, 1995 Gulf of Eilat Earthquake
and evaluates the adequacy of their design in Israel while
referring to the US ASME A17.1-1990 elevator code
Introduction
The Gulf of Eilat earthquake occurred on 22.11.95 at
4.15 a.m. with a magnitude of M L =6.2 on the Richter
scale. The epicenter was located at near the town of Dahab
in the Sinai peninsula. The strongest aftershock, out of
many, was recorded on the following day with a magnitude
of5.4.
Significant damages occurred in the town of Nueiba in
the Sinai where a three story reinforced concrete hotel
collapsed. In another hotel cracks were observed in the
beam to column connections. The entrance gate of a third
hotel was damaged. Damages due to shear of short
columns were observed in other buildings. The port of
Nueiba suffered a few damaged platforms. The retaining
wall of the pier slanted and the soil behind it settled. Soil
liquefaction caused settlement of the concrete platform on
top. Five deaths were reported with four as a result of the
hotel collapse. Damages occurred at Sharm-el-Sheik (80
km. south of Dahab). There the control tower at the airport
was slightly damaged and some cracks were observed in
one of the hotels, most likely, due to impact of an
intermediate staircase floor with the column. A more
detailed report on the damages in the Sinai peninsula can
be found in Refs. 1,2.

Most of the elevators in regular use and all the
elevators in high-rise buildings are electric elevators. These
elevators have their car hanging by a cable whose other
end is tied to a counterweight. Both car and counterweight
move along rails that are anchored to the pier at regular
intervals. Car and counterweight "touch" the rails with
sliding shoes. The elevator moves by means of a motor and
flywheels located in the engine room on top of the pier.
(There are cases in which the engine room is below but
these are relatively rare.)
Elevators are designed and built according to Israel
code of standards no. 24, which is based on the general
European code for elevators EN-81. It is important to note
that these codes do not contain any special provisions for
earthquakes. It is, however, well known (from evidential
experience in Japan and California) that damages and
mechanical breakage occur in elevator systems as a result
of earthquakes. Documented are: 1) Counterweights that
move out of the rails due to shoes breaking or due to
excessive deflection of the rails that have been hit back and
forth by the vibrating counterweight. 2) Cars that move out
of their rails. 3) Cars that collide with counterweights
(catastrophic damage!)- 4) Connections that break, rails
that deform. 5) Equipment that overturns.

The accelerations that were marked on the
accelerograph of the seismology division were much higher
than expected for an earthquake at an epicentral distance of
about 80-km. This is due to 2-3 times magnification in the
granular soil under the building where the instruments were
located. The damages in Eilat were mostly nonstructural:
cracks in concrete bricks, falling plaster and some damage
due to pounding near the expansion joints of adjacent
buildings. The damages were concentrated in the hotels
area (southeast section of the city). Only one hotel, Ganei
Shulamit, was damaged substantially as a result of spalling
of the reinforced concrete columns and declared
dangerous. A three-story building, which was under
construction, suffered cracks due to shear of short columns.
There were a few local phenomena of geotechnical
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These damages may endanger elevator users- those who
are in the elevator during the earthquake as well as those
who use it later if failures, like counterweight derailment,
are not found.

70*60*9 T70-1A having the following properties: Ixx=
41.3cm4, I w = 18.83cm4, Wy= 5.39 cm3, Wxb= 9.18 cm3,
Wxa= 94.58 cm3.
Figure 1 shows two positions of the counterweight. In
the first position the rails are unloaded whereas in position
2 the rails have displaced 20 mm and caused the
counterweight to derail.
The Eilat earthquake had a similar frequency content as
California earthquakes, i.e. characterized by the ratio A/V=
1.0 (the ratio of the maximal ground acceleration to its
maximal velocity). That is the reason why the stress
calculations were performed on 5 two directional histories
of earthquakes having ratios of A/V= 1.0 and the resultants
are presented as mean values + one standard deviation.
Earthquakes that have been chosen are: Montenegro;
Borrego Mtn., CA, 1966; Kern County, CA, 1940; Gulf of
Eilat, 1995; San Fernando, CA, 1971; Yugoslavia, 1979. A
discussion on different A/V groups may be found in Ref. 6.
The calculations were performed on two types of
structures: flexural walls and shear beams. For each of the
two types of structures the peak ground accelerations
(PGA) were normalized to O.lg. (This is the actual level
that hit the Gulf of Eilat which is actually in Zone 2.)
Figures 2,3 describe curves that were built on the basis
of allowable stress according to the American code of 88%
of the yield stress. Each figure contains 5 curves that
describe the variation of the maximal weight of the
counterweight (ordinate) with the distance between
supports along the rails (abscissa). One is based on the
American code and each of the other 4 curves is associated
with a specific vibration period of the structure.
Another requirement for seismic design is that the
counterweight and the distance between the supports will
be designed so that the maximal rail deflection will be less
that a given allowable value. The allowable value is
determined from the detail of the counterweight shoes.
Figure 1 shows typical gaps that are common in Israeli
practice. It can be observed that the allowable
displacement is 20 mm. The calculations were performed
only for the Gulf of Eilat earthquake normalized to PGA=
O.lg. Here too, consideration was given to the two types of
structures. It is worth noting that for an allowable elastic
displacement of 20 mm the rails have reached yielding
(237 MPa for ST 37). The situation is actually worse, since
if nonlinear behavior is considered the counterweight
would have derailed for a smaller weight than calculated
using linear elastic assumptions as was done here (see
Table 2).

A Survey on the Effects on Elevators of the 22.11.95
Gulf of Eilat Earthquake
In order to study the aforementioned phenomena a
survey was conducted after the 22.11.95 earthquake in the
gulf of Eilat. A questionnaire was sent to all the elevator
companies with a request to report damages and failures
that occurred as a result of the earthquake in elevators
under their responsibility. Twelve companies answered and
among them were the largest in the business.
Survey Findings
According to data from the division of inspection of
labor, which acts as chief inspector for safety of elevators
in Israel, the distribution of a total of 882 operating
elevators in the country is as follows: Eilat- 359;
Beer-Sheva- 464 and the Dead sea area- 59. According to
the survey 141 elevators suffered 201 failures due to the
earthquake. Details are summarized in Table 1.
Behavior of Elevator Systems- Analytical Evaluation
The model of the system consists of the building as a
primary independent system and the counterweight and its
rails as a secondary system. With appropriate changes it is
possible to apply the physical model to the car and its rails
as well but this paper relates to the counterweight-rails
system only because it is this system that is the main cause
of the damages that were described above.
The rails are attached to the building at equal intervals
and attain the horizontal motion of the building itself. The
counterweight sways back and forth like a pendulum and
hits one rail in the plane of the counterweight and one or
two rails in the perpendicular direction.
The mathematical model that describes the behavior of
the counterweight-rails system is described in Refs. 5,7.
With the aid of this model and the accompanying computer
program it is possible to calculate, for every value of the
counterweight weight the reactions in the supports, the
maximal stresses and displacements and their location
along the rails for a given earthquake history.
Calculations and Comparisons
The US code for elevators and escalators (Ref. 4)
provides an empirical formula for the evaluation of the
weight of the counterweight for a given seismic zone, the
section modulus of the rails and the distance between
supports. For Zone 2 the weight will be determined as the
smaller

of

the

following

two:

Conclusions
Clearly the American code is not conservative enough
when designing common rails that are used in Israel at
intervals of 3.0 m. Seismic provisions should be included
in the Israeli code with categorization of the structures
according to their natural periods and location.
Table 2 verifies the facts that were observed in the
field, i.e. that the counterweight derailed at levels of 1000
kg. (less if yielding is considered). An obvious conclusion
is that the sections in use today as rails are inappropriate
and a choice of stronger and more rigid rails, should be
made.

W = 1009—-,

W = 2 0 1 8 — - where W= counterweight weight (kg);
Zx= section modulus around x- axis (mm3); Zy= section
modulus around y- axis (mm3); £ = distance between
supports on rails (mm). The calculations were performed
using a section that is popular among elevator
manufacturers in Israel. This section is referred to as
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Gulf of Eilat: Flexural Wall Assumption
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Figure 1. Two positions of the counterweight

Table 1. Damage distribution by geographic regions
Eilat
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Figure 2. Allowable CW for Flexural wall (PGA= O.lg)
2500

Table 2. Linear stress and weight of counterweight for
allowable displacement of 20mm and gap of 2.0mm
Gulf of Eilat: Shear Beam Assumption
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2.4

356
330
352
371

500-

2

2.2

2.4

2.6

2.8
3
3.2
BRACKET SPACING Cm)

3.4

3.6

3.8

Figure 3. Allowable CW for Shear beam (PGA= O.lg)
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EXACT STIFFNESS MATRIX FOR HIGH ORDER BEAM THEORY

Moshe Eisenberger
Department of Civil Engineering, Technion, Haifa, ISRAEL 32000
Abstract

Differential Equations

This work gives exact stiffness coefficients for high order beam element. The terms are found directly from
the solutions of the differential equations that describe
the deformations of the cross section according to the
high order theory, which include cubic variation of the
axial displacements over the cross section of the beam.
Comparison is made with the Bernouli-Euler and Timoshenko models.

Using this displacement field we arrive at the equilibrium equations for a beam segment as [3]

15
4

d w(x
dx*

The analysis of beams has been performed over the
years mostly using the Bernoulli-Euler beam theory.
This theory is based on the assumption that plain sections of the cross section remain plain and perpendicular to the beam axis. A more refined beam theory is the
Timoshenko beam theory which relaxes the restriction
on the angle of shearing deformations that exist in the
simpler theory. In recent years, due to the increase in
the use of composite materials the shear deformation
theory has been limited in the accuracy of computation
for many situations, and althought some remedies were
devised, locking in the numerical analysis has become
a main issue and higher order theories have emerged.
These theories, with small variations, are due to
Levinson[l], Bickford [2], Heyliger and Reddy [3], Sheinman, Eisenberger and Bernstein [4], and others all relaxe the restriction on the warping of the cross section,
and allow variation in the longitudinal direction of the
beam which is cubic. This results, for homoginuous
materials in the following set of equations:
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The solution of these coupled differential equations is
given in terms of six constants as

w{x)

=
(5)

2C 3 x-3C 4 r
(6)

(7)
The six constants C\ to CQ are found using the
boundary conditions.

Stiffness Matrix Derivation

As an example, the first column in the stiffness matrix for this beam model is found as the forces and
where UQ(X) and u>o(x) are the axial and lateral dis- moments at the two ends of the beam which are replacements of the beam centerline, <j>(x) represents the quired to deflect the beam to comply with the followrotation of a normal to the axis of the beam, and h is ing bounday conditions: w(0) = 1 and w'(0) — (fi(0) =
w(l) = ni'(l) = <^>(1) = 0. Similarly the other columns
the depth of the beam.
w(x) —

WQ(X)

(2)
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are found using the appropriate boundary conditions of
unit displacments. This will result in a symmetric six
by six stiffness matrix, and the terms are given as
EIsinh(aL)
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The cantilever beam that was used in [3] is solved
here for comprison with other theories and the finite
element approximation in [3]. The numerical data for
this example is: E = 29000, b=l, fi = 0.3, and the tip
load P = 100. The results are given in Table 1, and the
finite elemnts results are from the 16 element model in
[3].
(17)

Summary
The exact stiffness terms for the high order beam theory
are given explicitly in this work and can be readly used
in computer programs. As was shown, the differences
between the Timoshenko model and the current model
are for most cases insignificant.
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L
160
80
40
12
160
80
40
12

h
12

1

Euler
Theory
32.6948
4.08684
0.510855
0.0137931
56496.6
7062.07
882.759
23.8345

Timoshenko
Theory /,• = 5/6
32.8382
4.15857
0.546718
0.0245517
56496.3
7062.93
883.189
23.9639

Current
Theory and [2]
32.8376
4.158797
0.546119
0.0239532
56498.3
7062.93
883.188
23.9630

F.E,

[3]
32.823
4.1567
0.54588
0.023931
56444.
7056.3
883.188
23.9630

Table 1: Results for example cantilever
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Elasticity
Solution
32.8741
4.17650
0.555683
0.0272414
56498.7
7063.14
883.297
23.9959
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retrofitting process. Steel plate requires also expensive
scaffolding and lifting equipment.
2. Retrofitting during operation - The strengthening
process is conducted while structure is in use, while in the
classical methods the retrofitting is done when the
structure is out of service.
3. Corrosion resistance - Composite panels are made of
materials that are corrosion resistant and are durable
under harsh conditions, where steel plates or unbonded
cables require maintenance through out the life of
structure.
4. Unchanged dimensions and loads - Use of externally
bonded composite layers does not affect the dimensions of
the structures (glue layer of less than 1 mm thickness and a
composite plate of about 1-5 mm thickness), and will not
effect the self weight of the structure.
5. Superior mechanical properties - CFRP has superior
properties in terms of strength, weight, durability, creep,
fatigue, and fire resistance.

Abstract
A new method of strengthening and upgrading various
types of concrete structures is presented. The advantages
of the present method, over conventional retrofitting
methods, are discussed. A literature review of existing
retrofitted structures along with experimental works and
various analytical and design approaches for strengthened
structural member are introduced. The feasibility and the
effectiveness of the method is discussed.
1. Introduction
Today, as a result of the fast development of the
modern industrial and technological reality, the need for
strengthening and retrofitting of existing structures is in
large demand. Among the common cases where
strengthening is required we can list:
• Upgrading of structures that yields forces beyond the
existing bearing capacity, such as an increase in the traffic
volume on a bridge or updated standards, that increase
load levels, as well as the demand to make the structure
"earthquake resistant".
. Environmental effects in the form of corrosion which
deteriorates concrete and reinforcement, or earthquake
damages, which might require rehabilitation of the
structure in order to regain its original strength.
. Changes in the structural system scheme, such as new
position of columns or new openings in slabs or walls.
In all these cases the ability of strengthening would
prevent the process of demolishing and rebuilding.
At present there are several methods and approaches
for strengthening of structures:
The classical approaches consist of adding
reinforcement, by means of glue or bolted steel plates to
the tensile face. Another method is using external
prestressing with unbonded cables. A third method is
based on an alternative structural system schemes that will
support the insufficient existing one.
A new method, recently used consists of plates or
stripes, made of composite material such as carbon fibers
in epoxy matrix (CFRP), bonded to the tensile face of the
structure. Among the advantages of this method we can
state:
1. Ease of handling - Composite stripes are easy to handle
on site and can be attached or glued to the proper location
with less workmanship as compared with steel plates

2. Strengthening applications
Structural retrofitting, by means of externally bonded
plats, used as additional tensioned reinforcement, has been
investigated in the recent years with emphasize on
experimental approach.
2.1. Strengthening ID elements (beams and columns)
Tests of reinforced concrete beams, strengthened with
epoxy bonded steel plates, were carried out since the early
eighties (Jones et al. [1-2], Swamy et al. [3-5]). Results of
these tests showed, on one hand, a significant increase in
the flexural stiffness and in the load capacity with thin
cracks well distributed, but on the other hand failure mode
had changed from a ductile yielding mode to a brittle one,
i.e. separation of the strengthening plate from the concrete.
Full scale loading tests on the strengthened M5 motorway
bridge in Quinton, U. K. reveal an increase of about 11%
of the flexural stiffness and a reduction of existing crack
width by 35%-40%. (Raithby [6]).
Meier and Meier et al. [7-10], demonstrated how
advanced polymer composite materials, light-weight FRP
laminates, developed for high performance military
aircrafts, can offer major advantages for retrofitting of
existing structures and replace steel plates with overall
saving in the order of 25%. A comparison of the behavior
members strengthened by FRP with conventional steel
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plates, reveal that FRP plated beams are superior in terms
of failure loads and ductility. The plate separation failure
mode is common to the two retrofitting methods. Various
anchorage methods of the retrofitted strip were used in an
attempt to prevent the brittle plate separation. Such
methods were partially successful when the strip edges
were wrapped around the concrete beam thus creating a
combined shear and flexural strengthened beam. (Satoh et
al. [11], Parmeswaran et al. [12], Saadatmanesh et al.
[13-14] Sharif et al. [15-16], Al-Sulimani et al. [17]).
Seismic strengthening RC columns is achieved by
wrapping the FRP sheets or straps around the column thus
improving the confinement of the concrete, and thereby
the strength and ductility of the column. (Saadatmanesh, et
al. [18], Yamamoto, [19]).

fulfilled. It means that there is no interaction between the
normal stresses, a^, and the shear stress, xxz, within the
glue layer. The free edge condition of the glue layer,
txz,=0, is not fulfilled as well.
Many researchers have used the Golland-Reissner
model along with its inherent inaccuracies usually with
minor modifications, see Cornell [27], Theillout [28],
Triantafillou and Deskovic [29], Roberts and Haji Kazemi
[30], Roberts [31], Jones et al. [32]. The global behavior
of the structure, using the model described above, usually
compares well with experimental results. However one
should bear in mind that it violates equilibrium and
boundary conditions.
3.2 Finite element analysis.

Another important application of the method is
strengthening of two-dimensional structural elements, like
concrete and masonry walls, slabs and even natural stone
plates. The experiments of such application pointed out
the effectiveness of the strengthening process to an extent
that non-structural masonry walls were capable of resisting
out-of-plane seismic inertial forces and became structural
load carrying members with sufficient ductility.
(Schwengler [20], Ehsani [21], Laursen et al. [22], Erki
andHeffernan [23], Kurtis and Dharan [24]).

Finite element solutions were used by many researches
(Quantrill et al. [33], Arudini et al. [34], Hamoush and
Ahmad [35], Kolsch [36], Oehlers and Moran [37]).
These numerical solutions provides
satisfactory
predictions for the overall behavior of the plated beam,
but are not able to provide satisfactory description of the
stresses in the vicinity of debonded zones and at the ends
of the bonded plate. One should be aware that the
reliability of numerical solutions, and the fracture criteria
such as energy release rate and stress intensity factors
based on the numerical solutions, in the vicinity of
singular points is not very high.

3. Analysis Approaches.

3.3 Reinforced concrete approach.

Various analytical approaches were performed in
attempt to analyze and design the strengthened structures
in the past years. Among these approaches we can list:
. Analytical solutions based on an improved elastic
foundation representation of the glue layer with elastic and
inelastic springs.
. Linear and nonlinear finite element analyzes of the
plated member.
. Classical methods used for reinforced and prestressed
concrete theory, ('strain compatibility method' or 'RC
theory').
In the next section the various analytical methods are
discussed, and their validity is evaluated in terms of
fulfillment of local and global equilibrium and boundary
conditions, stress and deformation field descriptions at so
called singular locations and failure predictions.

Another analytical approach is based on the
conventional theory of reinforced concrete. (Johnson et al
[38], Ritchie et al. [39], Wei et al. [40], Deblois et al.
[41], Triantafillou and Plevris [42]). Such methods are
based on linear strain distribution through the height of the
strengthened section, including compatible strains in the
glue and the strengthening plate. The solution is valid
only far from the edges of the FRP plate and far from
debonded or cracked zones. Predicting the ultimate
bearing capacity, by means of plate separation or
interfacial cracks delamination, is beyond the capability of
these methods.

2.2. Strengthening 2D elements (walls, slabs)

4. Conclusions
From the short review the following conclusions can
be drawn:
1. Comprehensive experimental work, carried out in the
last two decades, demonstrates the efficiency of the
method in strengthening different kinds of structures
members such as beams, plates, masonry walls and others,
along with the brittle failure modes. Satisfactory
prediction of these failure modes are in scarce.
2. The plate separation failure mode is the main obstacle
of such structures. A full picture of the stresses involved
and prevent of this mode of failure is a necessity.
Anchoring methods that consist of bolts, externally links
and wrapping of the beams edges have been considered to
some success.

3.1 Elastic foundation approach.
Volkersen [25] was the first to introduce the
'shear-lags' analysis that replaces the glue layer with
linear elastic shear springs. This model ignores the
peeling stresses, i.e. normal stress in the vertical direction.
Goland and Reissner [26] had introduced a theory
where the glue layer is replaced by shear springs and
ordinary normal springs in the transverse direction only.
The longitudinal rigidity of the glue layer is neglected.
This model includes two immanent inaccuracies: the
adhesive layer is not an elastic medium thus the
differential equilibrium conditions have not to be
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3. The conventional RC theory should be used very
carefully for design of such members since in most cases
the failure mode consist of breakage of the concrete under
the ordinary reinforcement and not necessarily at the
cross-section subjected to the maximum bending moment.
Hence, an additional or alternative design approach should
be used.
4. Various approaches where used for analyzing the
behavior of strengthened members. Numerical analyses
using F.E. solutions have been used successfully for the
general global behavior of the retrofitted member but
failed to predict the behavior in the vicinity of the edges,
as a result of the singularities involved. Another approach
replaces the glue layer with an equivalent elastic
foundation, represented by normal and shear springs.
Although it provides satisfactory predictions of the overall
behavior, it violates equilibrium equations and boundary
conditions and yield inaccurate results in the vicinity of
the singular conditions. Failure predictions based on this

approach compared bad with experimental failure loads
and modes.
5. The survey reveals that there are no proper analytical
solutions for the different kinds of retrofitted RC elements,
which fulfill equilibrium and boundary conditions
accurately.
6. A different new analytical approach, that fulfills
equilibrium and boundary conditions, is being developed
with the ability to handle the singularities involved when
using the FRP strengthening methods such as plate
separation, end anchorage in beams or slabs, local
behavior in the vicinity of debonded zones and cracks in
the concrete and the global behavior of the strengthened
member.
To conclude this survey we can state that retrofitting of
concrete structures using FRP is possible and feasible but
a satisfactory design approach along with reliable
analytical tools are missing.
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corrosion protection relative to their price, however
most of them are sensitive to elevated temperatures.
The rising awareness of air pollution in Israel
caused Israel Electric Corporation (IEC) to inspect
different FGD solutions and different coating systems
for the ducts and stack liners in new planned power
plants and for retrofits. The importance of constant
supply of electric power within Israel and the lack of
other energy sources caused the designers to enable the
possibility to by-pass the new system. The result of this
design is that the stack liner and part of the ducts can
be subjected to operating temperatures of 70°-90°C
when the FGD system is operating and higher
temperatures of 115°-160°C when the FGD system is
by-passed. These two operating modes require a coating
solution which can withstand both working
environment. IEC found organic coating materials to be
most attractive due to their relatively low price, their
good corrosion resistance characteristic, and their
suitability for installation in old power plants. However,
the materials sensitivity to high temperatures
encouraged IEC to make further investigations. A
market survey was made and the different solutions
were classified according to their manufacturer data
sheets. The materials with the best characteristics
according to the data sheets were subjected to different
laboratory tests. The final step was to test the materials
found to be most suited in the flue gas outlet duct of a
coal fired power station without a FGD system - M.D.
"B" power station, unit 5. The materials were installed
during the maintenance shut down during the autumn
of 1996.

Abstract
Corrosion protection solutions are being widely
used in electric power plants equipped with Flue Gas
Desulfurization (FGD) systems. Organic lining
materials are one of many solutions available on the
market for corrosion protection. This market segment is
found in a continuous development in order to fulfill
the severe demands of these materials. The main goal
of this test is to obtain information about the high
temperature resistance of the materials as occurs when
the FGD system is by-passed. After initial investigation
of this market segment only a few lining materials were
found compatible according to their manufacturer data.
Seven of these materials were installed in the outlet flue
gas duct of the Israeli power station M.D. "B". This
power station is not equipped with a FGD system, thus
it gives a real simulation of the environmental
conditions into which the lining material is subjected
when the FGD system is by-passed. The materials
installation was observed carefully and performed by
representatives from the manufacturers in order to
avoid material failure due to a non adequate
application. The power station was shut down and the
lining materials were inspected three and a half months
after the lining materials were applied. The inspection
results were good and besides changes in the lining
color, most materials did not show any damages.
During that time the flue gas temperature at the duct
was 134°C except some temperature fluctuations.
Introduction
Air pollution become one of the main problems of
the modern society. Electrical power plants are one of
the main causes for air pollution. The rising awareness
of this problem and international regulations made
many utilities to install Flue Gas Desulfrization (FGD)
systems. These systems reduce the sulfiir emission to
the atmosphere to an acceptable level by scrubbing the
flue gas with a low pH solution. However, these
systems change the flue gas characteristic and subject
the whole system like ducts and stack liner to a severe
corrosive environment. The market offers different
solutions which can be divided into three main groups:
Metallic, ceramic, and organic lining. Metallic
solutions are very good but relatively expensive.
Ceramic solutions provide good corrosive protection
and they are suitable especially in an environment
subjected to a very high temperature. However, most of
the ceramic solutions are not suitable for coating stacks
higher than 150 meter and they have suffered from
different faults such as stack leaning and acid
penetration. Organic solutions provide a very good

The Test Goal
The main goal of this test is to obtain information
about the high temperature resistance of a few lining
materials. Some secondary goals are to learn about the
different installation requirements, and how they can be
implemented.
Surface Preparation
A proper surface preparation might be the most
important step for obtaining a lining system with a long
service life. This may involve grinding of welds, grit
blasting and cleaning of the surface to be coated. Welds
grinding is required wherever there are pitting, tube
worms or welding sputter. Some areas also contained
tubercles, which are pitting with bacteria underneath
and corrosion products on top.
Environmental Condition
Environmental conditions during the surface
preparation and lining application have an influence on
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the lining success. The environmental conditions
during the material application were as follows:
• Air temperature
25.4°C
• Relative humidity
34.6%
• Surface temperature
21.3°C
• Dew point temperature
10.5 °C
These environmental conditions were acceptable by all
lining manufacturers.
Grit Blasting
Cleaning the ducts metallic surface was done by grit
blasting a J-blast, grade supa with grain size of
0.2 - 1.5 mm. A cleanliness standard of SA 3.0 was set
as goal as well as a surface profile of 75 - 100 urn.
However, because of the short time available it was
obtained only in one case where SA 3.0 was required.
All the other surfaces were grit-blasted to grade SA 2.5
according to ISO 8501-1:1988, and to a surface
roughness of about 75-80 ^m.
Welds and Surface Defects
The blasted surfaces were visually inspected after
grit blasting of the metal and before the application of
the lining materials. It was found that sharp edges and
pinholes existed in the welded area and defects such as
pinholes, pits, blind holes, porosity, undercutting and
other similar depressions were found on the metal
surface. This problem was solved in different ways by
the different applicators. A few of them grind the area
and asked IEC to repeat the grit blasting, others just
applied a thicker lining layer in the welding area. The
differences in the actions taken by the applicators
indicate that in a real installation it is essential that the
contractor takes the responsibility for the surface
preparation and not the company who hired him like in
this test. This is important in order to avoid any claims
from the applicator that a poor lining performance was
the result of a poor surface preparation which he was
not responsible for.
Cleaning of the Surface
There has been a growing awareness in recent years
that surface contaminants may be a source for lining
failure. It is believed that grit blasting of the surfaces
will not remove all contaminants that can cause coating
failure. Unfortunately, there are many types of
contaminants that can be found on a steel surface even
after the grit blasting. They can normally be divided
into water soluble contaminants and contaminants not
soluble in water. The presence of water soluble
contaminants was controlled by measuring the
concentration of chloride and ferrous salts. The
Merckoquant test was used for the detection of ferrous
ions Fe2+ The results indicated a concentration of
20 ppm which is acceptable. Fe3+ is also possible to
detect but this is only recommended if high
concentration of Fe2+ is found and that was not the
case. The Quantab chloride titrator (KTA SCAT Kit)
was used for the determination of the chloride ion
concentration, which was found to be smaller than
5 nm/cm2 (the acceptable concentration). These values
were obtained both before and after grit blasting.

pH-Measurements
It is important to obtain the pH level at the surface
in order to reveal acidic products which can cause
corrosion. The pH-measurement procedure was as
follows: a 10 cm2 large area of the metallic substrate
was swabbed by a cotton ball which was previously
immersed in water. The ball was extracted after
swabbing the wall and then placed into a plastic cap.
The pH level in the cap was measured by dipping a
lacmus strip into the extract and the resulting color was
compared with that on the color scale included with the
paper. The test result was pH 7 which indicated an
acceptable acidity for all lining systems and that no
further cleaning was necessary.
Coating Materials Application
Seven different coating materials were applied in
the test on a carbon steel duct surface. Each material
was applied on an area of up to 10 m2. Following is the
application description of the different materials.
Material "A"
Material "A" is an elastomeric coating being
applied by an airless spray on a surface blasted to SA
2.5. The final lining thickness should be 750 microns
and require the application of up to 6 layers by an
airless sprayer. The application requirements were
achieved by four layers resulting in a black coating of
700 microns average overall thickness. The material
final drying time was 4 to 5 days at 24CC. According to
the manufacturer the material can withstand 177CC of
dry temperature and a discontinuous temperature of
260°C for maximum 4 hours.
Material " B "
Material "B" is a flake-filled vinyl ester resin based
lining system. The lining consists of two base coats and
one top coat, resulting in 1.2 mm dry film thickness.
The surface is blasted to SA 2.5 prior to the application
of a primer, followed by the application of three
protective lining layers by an airless sprayer, of 380 bar
working pressure. The coating layers differ by their
color and were applied with twenty four hours interval.
According to the manufacturer the material can
withstand 180°C
of dry temperature and a
discontinuous temperature of 260cC for maximum 6 to
8 hours.
Material " C "
Coating material "C" consist of closed cellular
blocks made of 100% borosilicate glass. The blocks are
being attached to the substrate by an adhesive urethane
asphalt mastic and require surface preparation by grit
blasting to SA 2.5 followed by the application of a
primer layer. The blocks size is 152x229 mm and they
can be cut by a saw according to the field requirements.
Two block types are available, 38 mm block and 50 mm
block, the latter has a higher resistance to temperature
shock. Both blocks types were applied in this test.
According to the manufacturer the material can
withstand 22O°C of dry temperature with excursions up
to 370°C.

followed by an increase to 150°C. This change
happened twice during one day. During the shut down
of the power station the temperature fell to 40°C during
one day. A few days later it reached ambient
temperature.

Material " B "
Material "D" is a vinyl ester resin filled with mica
and silicon carbide. The lining is applied by spraying
two to three layers in order to achieve a thickness of
1000 (xm. The material application is very sensitive to
the surface preparation and requires a SA 3 surface
with a surface profile of 100 |am. According to the
manufacturer the material can withstand 193°C of dry
temperature and a discontinuous temperature of 238°C
for maximum 72 hours.

Initial Test Results
Three and a half months after the lining materials
were applied the power station was shut down and the
materials were inspected for the first time. The lining
passed a visual inspection in order to check any
possible color change and delamination; a thickness
test according to ASTMD 1186 using Elcometer 2000;
and hardness test according to ASTM D 3363 using
some pencils leads with different hardness ([softer] F, H,
2H, 3H, 4H [harder]). Table 1 summarizes the test
results. In general most of the materials did not show
any signs of delamination, cracking or any other kind
of damage except material "C". Some holes were
detected in the blocks of material "C", thin cracks were
also detected in the interface between the blocks and
the adhesive. In general poor adhesion was detected
between the blocks and the adhesive material.

Material " E "
Material "E" is a combination of an inorganic
polymer and an organic polymer, which gives it a
relative high cross-link density with high flexibility.
The material is applied on SA 2.5 blasted surface by
spraying two layers in order to achieve a lining
thickness of 305 [im to 355 (am. The influence of bad
welding on the lining performance was reduced by strip
coating the welds area by using a brush. According to
the manufacturer the material can withstand 250°C of
dry temperature and a discontinuous temperature of
260°C.

Table 1: Lining materials test results after 3.5 months.
Material [

Material " F "
Material "F" is a GRP lining based on different
types of glass reinforcements and a novolac based vinyl
ester resin. The lining consists of three glass
reinforcements layers and was applied at site on a
SA 2.5 grit blasted metal. According to the
manufacturer the resin material (the weakest link) can
withstand 190°C when cured for 24 hours at 200°C or
220°C when cured for 24 hours at 230°C.

A
B

Material "G"
Material "G" consists of Glass Reinforced Plastic
(GRP) plates using screws, nuts, and a novolac based
vinyl ester resin as a joining material. The plates are
shop fabricated and their size is adjusted according to
the project requirements. The plates are connected to a
non blasted metallic surface by means of screws and
nuts by drilling in the metal and making threads in it.
After connecting the plates the gaps between them are
covered with glass reinforcement and resin. They are
curved into a special shape keeping them at a distance
from the wall in order to allow gas diffusion. Test
plates of 1000X500 mm were applied and they covered
an area of 2 m2. The installation of this corrosion
solution does not require any surface preparation

C
D

E
F
G

Color (1)
Before
After
Black
Dark-gray
Light green
Dark-gray
Black
Black
Gray
Gray-black
White
Dark-brown
Dark-brown
Dark-brown
Dark-brown
Dark-brown

Test
Thickness [^m] (2)
min. avg. max.

hardness
(3)

475

626

675

<F

1250

1444

1600

>4H

-

-

-

-

1000

1074

1200

>4H

325

394

500

>4H

-

-

-

>4H

-

-

-

>4H

Notes:
1. The lining color is described "before" the power station operation
(after lining installation), and "after" operation.
2. Each lining thickness was measured at 17 different positions.
3. The pencils leads complete hardness scale from the softest lead to
the hardest as follows: 6B, 5B, 4B, 3B, 2B, B, HB, F, H, 2H, 3H,
4H, 5H, 6H.

Working Temperature
A few days after the lining materials were installed
the power station was restarted. Forty hours after
startup the gas temperature at the duct was 143°C,
showing a stable linear temperature increase of 2.9°C
per hour with some fluctuations. After that, the average
working temperature was lowered to 134°C followed by
temperature fluctuations from 122°C to 150°C.
However, during that time there were few radical
changes. Once the temperature increased to 163°C and
after this peak it fell during one day and a half to 40°C.
Another time the temperature fell down to 95°C

Conclusions
The results we present show that the materials were
successfully installed and can withstand a temperature
of 134°C continuously for a few months, but it is too
early to conclude anything about the long time
behaviour of the materials. As for the material "C" we
can not explain the defaults we found or determine
whether this lining is suitable or not for this
application. Further inspections will provide a valuable
information of the long time behavior of material "C"
and the other solutions for corrosion protection.
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Abstract
The detrimental environmental effects of pulverized
coal power stations are enforcing the installation of
additional emission control equipment. Utilization of
this equipment significantly increases the installation
and operation costs of the power station, which raises
the cost of the electricity generated by this power
station. Focusing on the flue gas cleaning equipment
can substantially reduce the electricity-generating rate.
Improving the equipment design is the only available
way to reduce the flue gas cleaning costs, without
affecting the power station flexibility and availability.
An optimal design is defined as the one achieving the
least expensive cleaning system (capital and operating
costs) while maintaining the original power station
operation flexibility (coal variety and partial load
performances). Two main changes in the conventional
design need to be carried out in order to reach the
above-mentioned
optimized design. The first
modification is to integrate the ESP and FGD at the
design criteria stage while considering the influence of
each piece of equipment on the other. The second stage
is to set one common best efficiency design point to the
ESP and the FGD together. Achieving this one common
best efficiency point requires some equipment addition
and modifications to the conventional ESP and FGD
systems. The technology involved in this modification
is available and is well proven in operation. Using this
technology with the optimal design concept will lead to
a significant reduction of the flue gas cleaning costs and
will reduce, by this, the electricity production costs.

However, reducing the flue gas cleaning cost should
only be considered if the equipment reliability remains
unaffected. Malfunctioning in one of the cleaning
systems can lead to non-compliance with local emission
regulations and a unit forced outage (and such a
situation is very "expensive" for the electrical utility).
Reducing the flue gas cleaning costs should be done,
however, by an improved global conceptual design of
the entire gas cleaning system and not by cutting and
reducing safety factor, the equipment flexibility or the
equipment availability.
Table 1. An example for clean air equipment costs

Capita) cost
Variable cost
Total
Specific cost
(C/kWh)

ESP
0.5% S
30 MS
4.2 MS
34.2 MS
0.1

ESP 2%
S
20 MS
4.5 MS
24.5 MS
0.07

FGD
2%S
70 MS
56 MS
126MS
0.35

FGD
0.5% S
55 MS
28 MS
83 MS
0.23

Optimal design of the air cleaning system
The optimal design of the clean air system is the one
that results in the lowest lifecycle cost without
imposing any restrictions on the generating unit. This
optimum can only be achieved by two modifications of
the conventional design criteria concept. The first
change is to look at the ESP and FGD as a single
integrated system considering the cleaning performance
of each equipment on the other. For example, the ESP
efficiency can be specified in accordance to the FGD's
particle absorbing capability and the gypsum quality.
The second change of concept is to set one common
best efficiency design point to ESP and the FGD
together. This concept is replacing the "worst case"
design for each equipment in the chain separately (see
table 2). ESP is designed (best efficiency point) to the
lowest sulfur content and the FGD is designed to the
highest sulfur content in the coal range. This means
installation and operation of oversized equipment that
will never operate at it's best efficiency point and
unnecessarily high capital and operation costs.

Introduction
The new Electricity Legislature and the opening of
the Israeli electricity production market for independent
power producers are leading the market to a state of
free competition. This new situation increases the
importance of low-priced electricity production rates.
In order to reduce the environmental effects caused
by the combustion of pulverized coal, additional
equipment must be installed and operated in the power
station. Electrostatic precipitators (ESP) which
eliminate more than 99.75% of the flue gas laden solid
particles and flue gas desulfurization systems (FGD)
scrub out more than 95% of sulfur dioxides from the
flue gas. These flue gas-cleaning systems are expensive
to install and to operate (around 10% of the unit capital
and operating costs, see table 1). The high flue gas
cleaning costs significantly increases the electricity
production cost in fossil fuel units.
The substantial part that flue gas cleaning plays in
the total electricity cost demonstrates the potential
benefit of optimization of the gas cleaning equipment.

Table 2. Typical design of clean air equipment
Design Parameter
ESP
FGD
Sulfur in coal
0.5%
2%
Flue gas flow
780 mJ/s
815 nrVs
Flue gas temp.
150 °C
143 °C
Particles at stack
40 mg/d. NmJ
40 mg/d. NmJ
The Optimal Design Point
The optimal design approach intends to design ESP
and FGD to one common design point. This design
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point is set according to the potential coal to be used for
the power statioa Selection of the coal to be used
should also be based on optimization between coal
price and coal quality. The more sulfur and ash the coal
contains the cheaper it is, but the flue gas cleaning costs
becomes more expensive. Selecting the design coal for
thew new power station should be based on minimum
of the total life-cycle costs including coal price, gas
cleaning lifecycle costs and all other effects on the
boiler
and thermodynamic
cycle.
Strategic
considerations of such as variety of supply sources
and/or different boilers which are supplied by a single
storage play, also, a significant rule when selecting the
future coal.
A techno-economic evaluation of the clean air
equipment Iifecycle was used to determine the ESP and
FGD common optimal design point. The study case of
the evaluation was the next pulverized coal power
station in Israel. This evaluation has also included the
price versus quality characteristic of the potential coal.
The results of the techno-economic evaluation are
presented in this paper.
One subject not fully covered in the evaluation is
the boiler (with low NOX burners) non-oxidizing
corrosion occurs while utilizing high sulfur coal in the
sub-stochiometric atmosphere. The extra costs needed
to install protective measures, have not been included in
the overall calculations. The authors believe that
protecting the boiler from this corrosion is a better
solution than restricting the boiler to the more
expensive low-sulfur coal.

ESP OPTIMIZATION FOR 0.5 V. SULFUR IN COAL
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Figure 1. Lifecycle cost for the ESP flexible design.

FGD flexible design
The FGD (wet limestone gypsum) design criteria is
400 mg/dNm3 (0° C, 1 bar) SO2 outlet emission. The
SO; removal efficiency can vary according to SO2 input
concentration. Design of the FGD to the optimal point
requires the FGD system to be flexible. Flexibility of
FGD is achieved by the use of organic acid additives.
These type of additives (Formic acid, Adipic acid or
DBA), when added to the absorbing slurry, control the
scrubbing slurry buffer capacity (available alkalinity).
FGD performance can be maintained and optimized
over the entire range of operation (according to the
different coals in use) using the slurry buffer capacity.
This flexibility reduces the FGD lifecycle costs as
shown in figure 2. The advantage of the flexible design
disappears while using low sulfur coals. In low SO2
concentrations, the FGD efficiency is limited by mass
transfer from the flue gas to the liquid (the system is gas
phase limited) so the slurry alkalinity can no longer
improve the absorption efficiency.

ESP Flexible design
The basic concept of optima! design is not tc affect
the power station fuel flexibility. Paniculate emission
regulation at the stack is 53 mg/dNm3 @6% O2 (0° C, 1
bar). Considering the FGD down stream of the ESP and
the FGD particulate collecting characteristic and
gypsum quality considerations,, the ESP design criteria
might be around 80-90 mg/dNm3 @6% (0° C, 1 bar).
The ESP design should guaranty this value burning any
coal in the coal specified range. However, the optimal
design point is not the most difficult case that the ESP
might handle. If it is designed to accept 1200mg ash
using 1% sulfur coal the ESP will have a significantly
reduced performance if 0.5% sulfur coal will be used.
The ESP must be specified as a flexible system. The
ESP system flexibility is achieved by flue gas
conditioning. An SO3 injection system is considered for
the flue gas conditioning upstream the ESP. The flue
gas conditioning controls the ash resistivity and
enhances particulate collecting efficiency. It can be
used only as needed when the ash resistivity is high
(low sulfur in coal). Unnecessarily oversizing of the
equipment which is designed for the worst case (1600
mg/dNm3 ash and using 0.5% sulfur coal) is prevented.

FGD Life Cycle Cost Vs Sulfur Content in Coal
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3. SO, C l - « • m*4J<m ' <g
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SulTur Content in Coal [%]

Figure 2. Lifecycle cost of flexible and conventional
FGD design.

Designing the ESP to an optimal design point (and
not to the worst case) requires a flexible system that
will be able to handle a case of lower sulfur. The
obtained reduction of the ESP's Specific Collecting
Area (SCA) is down to 60% of the original size. The
additional equipment required, the SO3 injection
system, is small and relatively not expensive.

Fuel considerations
Studying the costs of flue gas cleaning must include
a discussion of fuel (coal) prices. The coal price usually
depends on its heating value and on it's content of
contaminants. Therefore, buying a cheaper coal will
increase the gas cleaning costs and vice versa.
"These typical coals enable to investigate the total
lifecycle costs when the sulfur content in the coal range
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As demonstrated, the recommended design coal is
with the higher possible sulfur content An upper limit
for the coal sulfur content is set by considerations of the
non-oxidizing corrosion that occurs in the boiler. The
corrosion occurs because of the high temperature,
sub-stochiometric environment of the low-NOx burners
and the presence of Hydrogen Solfides (H2S). There is
only a limited experience in utilizing high sulfur coal in
combination with low NOX burners in the world.
This subject is out of the scope of this paper, but the
uncertainty in it forms the upper limit for sulfur content
in coal. The authors recommend designing the power
station to around 1.5% sulfur. The save in utilization of
1.5% sulfur coal instead of 0.8% sulfur is 20 M$, the air
cleaning penalty reduce 8 M$ which leaves a net benefit
of 12 M$. Focusing on the flue gas cleaning equipment
and improving its design is helping to achieve this
benefit. As shown above, for the case of 1.5% sulfur
coal, reduction of 4 MS can be achieved in ESP and
another 5 M$ in the FGD.

between 0.8% to 1.8% while utilizing coals from
various sources of supply (this is a strategic demand).
Some of these coals can not be used by themselves
because of too high sulfur content or volatile matter, to
low fusion temperature etc. In this case a coal mixture
is formed. The coal mixer sulfur content will be in the
range between the sulfur content of the two mixture
basic components. Figure 3 depicts the coal mixture
price (on caloric base) versus its sulfur content This
figure also includes the strategic restrictions on coal
variety (avoiding the situation of only one major coal
source).
The typical baskets for 0.8%, 1%, 1.4% and 1.8%
sulfur are presented at table 4.
Table 3. Typical values for available coals.
L. heat vaiue
(kcal/kg)
Volatile
Sulfur (dry) %
Ash(dry)%
Price S/ton

SA
6500

BAC
5880

HS
7315

PSS

ADARO

Pcock

6050

5407

7830

39
0.8
9.0
40

31
0.4
8.8
38

39
2.5
8.1

25
0.6
18
38

41
0.1
1.0
31

10
4.5
0.5
32

40

Total Life Cycle Benflt For Using Different Coal Quality

Table 4. Coal consumption of 550MW power station.
Basket
Coal
consumption
Petcoke

A
Id6
t/y
0.1

101J
kcal/y

0.5

C

3
10' 10 12
t/y kcal/y
0.1 0.6

a_«

21

D

10 12 10' 2
t/y kcal/y

0.1

T«u<

2

0.6

10 12
t/y

10' 2
kcal/y

0.1

0.6

HAM

1
10

CoalCo*^

EqlllpiM t Cod

S
0

0.3
Adaro
1.7
0.3 1.6
0.3
1.6 0.3
1.6
PSS
0.3
1.7
1
0.1
0.3 1.5
0.2
0.6
US
0.1
0.6
0.1 1.0
1.7 0.3
2.4
0.2
0.9
1.0
1.0 0.2
1.0
SA
0.2
0.2
0.2
BAC
0.3
0.8 0.1
1.4
0.2 1.2
0.2
0.5
Total
6.7
6.7
6.7
1.1
1.2
1.1 6.7
1.1
• Basket A; 0.8% S (Max), basket B: 1 % S (Max), basket C: 1.4% S
(Max), basket D: 1.8% S (Max),
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Figure 4. Relative Coal and gas cleaning levelized
lifecycle costs.
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Conclusion
The design of clean air equipment should be based
on coal pricing, because using low cost and high sulfur
coal (or coal mixture) represent a potentially great
saving. This benefit in coal expenses is balanced by the
higher flue gas cleaning costs. An overall advantage is
demonstrated as depicted in figure 4.
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ABSTRACT

Feed Water Heating Repowering

Repowering with gas turbine means integration
of new gas turbine in existing power plant. Such
integration yield higher efficiencies lower operating and
maintenance costs and reduction in pollution emission.
This paper summarizes the results of a feasibility study
that inquired the possibilities of such integration in Israel
Electric Corporation - IEC's existing steam power plants
(oil fired).

The gas turbine exhaust gases used to preheat the
condensate water and the boiler feed water in heat
recovery steam generator (HRSG). The cooled gases are
discharged via separate stack to the atmosphere. The feed
water preheating in the HRSG is eliminating the extracted
bleed streams (all or part of them) from the steam turbine,
and larger amount of steam is expanding in the turbine.
Steam turbine

INTRODUCTION
The EEC's oil fired power plants are relatively
old, some of them are operating since 1952. Those units
are used as cycling units that provides the additional
capacity "above" the coal fired units that operates as "base
load" units. The expected new environmental regulations,
in addition to the relatively high electricity production
cost in those units, will remarkably decrease the
compatibility of those units in the future.
The electricity production in Israel is based
mainly on coal and fuel oil (oil No.6). The option of
importing natural gas for electricity production may
improve the operating characteristics of the existing
generating units. Therefor, to meet the requirements of
reduced emission and reduced production costs, IEC
studied the different well proven options of gas turbine
-GT integration in those units.

Pre-Heaters
Main Boiler

Oi
Gas Turbine

Figure 2: FWH Repowering scheme.
The improvement in gross efficiency in such
scheme is relatively small, in some cases the efficiency
could be raised up to 44%, depending on the gas turbine
size, type and the physical condition of the repowered
unit.

DESCRIPTION

Parallel Repowering
Similar to the FWH scheme, the exhaust gas
from the GT is used to preheat the condensate and feed
water. Additional superheated steam is produced in the
HRSG and provided to the unit steam cycle. By this
arrangement, part of the steam is produced in high
thermal efficiency and the original boiler provides the
other part in lower efficiency. The efficiencies that can be
achieved strongly depend on the ratio between the gas
turbine output and the steam turbine output. The
reduction in the emission is also depending on this ratio.

Hot Wind Box repowering
The HWB configuration utilizes the gas turbine
exhaust gas for the primary fuel combustion (due to the
large oxygen content - 15% O2 dry) in the boiler - see
figure 1. The fact that the exhaust gas thermal energy is
utilized, the boiler air preheating system is not required
any more. By this integration, it is possible to increase the
unit gross efficiency up to 48% and the total unit output
up to 20%, depending on turbine type and size.
Steam
turbine

Heat
Recovery
Boiler

Main Boiler

Steam turbine

Pre-Heate

Pre-Heaters

Gas Turbine

rOi

H

rOi
Heat Recovery
Boiler

-7

J

td

Gas Turbine

Figure 3: PR repowering scheme.

Figure 1: HWB repowering scheme.
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Main Boiler

Full Repowering

The technical and the economical parameters
where used to calculate the electricity production cost.
The evaluation that provided here does not include the
HRB and the FWH option due to their low benefit
comparing to the other options.

In this option, the original boiler is removed, and
all tiie required steam to the steam turbine produced in the
HRSG by recovering the GT exhaust gas. This
configuration provides the highest efficiency and the
highest emission reduction. On the other hand, the
repowered unit will be able to utilize only noble fuel (gas
or distillate fuel).

Electricity Production Cost

HecWdty Production Cost vi. OpenUng H a u l i t Fvfi Losd

Main Boiler

Steam
turbine

Pre-Heaters

rOi

Heat
Recovery

Figure 5: Electricity production cost vs. operating
hours in full load.
Sensitivity analyses to gas price
At this stage, the exact gas price is unknown.
This factor has a major influence on the feasibility of
applying each one of the options. The production cost for
different gas prices was calculated and shown for two
cases: 2000 hours of operation and 4000 hours of
operation.

Gas Turbine

Figure 4: FR scheme.
In this scheme, very high efficiencies can be
reached (50-55%) depending on degree of matching
between the installed GT and the existing steam turbine.
New Coasbined Cycle
This option was analyzed as a reference case.
The existing unit is demolished, and new modern
combined cycle is built, without utilizing the existing
equipment. The scheme is similar to FR option.

1
95
9

TECHNOECONOMICAL COMPARISON

0)

HRB
FWH
PR
FR
(1)
(2)
(S)
(4)

20-25%
15-20%
50-100%
200%

Efficiency <2)
improvement

4-6%
1.5-3%
5-13%
10-20%

Relative
investment

Emission
reduction

(3)

(4)

0.45-0.65
0.35-0.6
0.2-0.5
0.6-0.7

50-80%
10-20%
20-70%
80-90%

_

_

^
-

• Cw^Cyt ( C M O
FB-Gu
PR-CM

Table 1 summarizes the main features of the
different configurations:
Capacity

_
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. - -

' " ' " ^ " * *
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Figure 6: Electricity production cost vs. gas price at
2000 hours of operation at full load
Electrid ty Production Co« vi. NaturJ Cm Pi«660Optratifig
Hours/Year
I

Additional capacity to the existing capacity.
Additional percentage efficiency to the existing efficiency.
Relative to NCC investment of the same capacity.
Reduction in nitrogen oxides (NO^ relative to existing

•

•

•

"

"

"

'

<

^

*

Fit-Gat
PR-CM

emissions.

Table 1: Main parameter comparison between the
different repowering configurations.
Figure 7: Electricity production cost vs. gas price at
4000 hours of operation at full load.
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Pay Back Period Analyses

Capital recovery period vi. Gas Price

All of the repowering options require extensive
investment. In this section, the pay back period was
analyzed for different operating hours. Sensitivity test was
performed for variation in gas price.

4M

•

I-

r

Ca|*l] Reeoveiy Period vi. Efcetiidty Sc«nj Colt - 2500 Opentkif R u s t n r

4000 Open

| »
*

—
mm

—
,

* "

•

m. •

—

•

"

tj*

B*M - ZSK

IIM

BKM +25H

rU***w 6»Prka
C««.Cyc (C***t]

GaiCo it - Bate

- - rect.

ra-cu

" - • . . .

Figure 10: Pay back period vs. gas price at 4000 hours
of operation.

—-—. "—

MS

»if>

—r-—•

—•

CJH
l.M
1M
1.11
KfJtffe* (fectridl? SdMtg C*rt

.:

1.17

•

DISCUSSION

Ul

(1) The repowering options were compered to new gas
fired combined cycle. The gross production cost
(including investment cost) favors the repowering
options especially at the low-medium range of
operation. In the lower range, the PR option is
favorable and in higher range, the FR option is better
due to the lower heat rate.
(2) The uncertainty in gas price for long term makes the
PR option favorable, as shown it is less sensitive than
the NCC to gas price variation, due to the lower
investment. The sensitivity becomes higher at
low-medium range of operation. If the unit will be
considerably utilized the differences will be smaller
due to the superior heat rate of the NCC and the FR
options.
(3) In order to get fair financing terms, it is important to
assure short payback period. The PR and the FR
options shows remarkably shorter and stable pay back
periods than the NCC.
(4) The long-term availability of the gas due to the
political situation at our region is not very clear. With
those conditions, the PR option has an advantage due
to the possibility to keep on operate with the original
fuel.

Figure 8: Pay back period vs. electricity selling price
at 2000 hours of operation.
Capita! Recovery Period vs. Electricity SeHng Cost - 4000 Operating
Hoursfyear
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Figure 9: Pay back period vs. electricity selling price
at 4000 hours of operation.
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Importing of natural gas will bring several
changes to the energy production sector in Israel. The
integration of independent power producers (IPP) in the
Israeli market will push E C to improve the economical
characteristics of the existing generating units. The study
shows that repowering of existing oil fired power plants
with gas turbine could be effective to achieve this goal in
addition, reduction in emission with minimal investment
will be achieved.
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Figure 8: Pay back period vs. gas price at 2500 hours
of operation.
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IN TANGENTIAL FIRED

REDUCTION OF Nox
FURNACE BY CHANGING
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* Conference lecturer
ABSTRACT
The present work analyses the results of tests on
575 MW units with tangential firing furnace
arrangement in sub-stoichioiuetric combustion.
Tangential firing provides good conditions for
implementing sub-stoichiometric combustion owing
to the delivery scheme of pulverized coal and air.
The furnace was tested in several different modes of
operation (Over Fire Air, Burners Out Of Service.
Excess air, Tilt etc.) to achieve iow cos! NOx
reduction. Actual performance data are presented
based on experiments made on I E C ' S boiler in M.D.
'B' power station..

service. In stoichiometric combustion, when all the
secondary air was fed through the main burner
nozzles, NOx emissions were about 1500 mg/dNm3
(for MD "B" Power Station) and 1140 mg/dNm3 (for
Rutenberg Power Station). Feeding a part of the
secondary air through the OFA nozzles (OFA 100%
open) reduced the NOx content to 1200 ing/dNm3
(for MD "B" ) and 920 mg/dNm3 (for Rutenberg).
When the fifth pulverizer (top burners level) was
shut-down, but secondary air was fed through the
upper burner level the rate of NOx emission
dropped to 850 mg/dNni3 (for MD"B") and 640
mg/dNin3 (for Rutenberg).
The presented data show that implementing nonstoichiometric combustion reduces considerably NOx
emissions, however, it was accompanied by a slight
increase in the content of unburned carbon in the
ash.
Reduced O2 is not an original technique for NOx
reduction as it is well established, however, in some
cases low Oi levels can be operated in tangential
furnace firing pulverized coal. In general reducing
O, by 1% leads to reduction of 15% in NOx
emission, as shown in Fig. 2.
Interesting results were obtained when the boiler
furnace was operated with three out of five
pulverizers (the lower and upper burner level were
shut-down). Turning off the pulverized coal supply
to the lower and upper burner levels while feeding a
part of the air through the OFA nozzles caused a
reduction in NOx emissions (Fig. 3) compared to the
boiler operation with closed OFA air.
As shown in Fig. 4, the boiler efficiency was not
influenced by any of the techniques used for NOx
reduction.

INTRODUCTION
The modern trends of combustion equipment
development are aimed at new low emission burner
technology in order to meet increasingly stringent
emission standards.
Among the industrial pollutants being restricted
and one of the most dangerous is nitrogen oxide. The
problem may be solved by combustion tuning or
removal from flue gas or both. The first method is
much cheaper than the second, although combustion
tuning methods are not new and uniqe, they are often
overlooked in favor of higher cost technique.
RESULTS OF LOW NOx COMBUSTION
TUNING
In the given case the furnace was equipped with
a pulverization system using Hvc pulverizers in a
hot air direct injection scheme. The pulverized coal
from each pulverizer was fed to a separate level of
burners, the number of burner levels was therefore
equal to the number of pulverizers. The distribution
of air along the burner levels could be controlled. A
part of the secondary air was fed through the over
fire air (OFA) nozzles located above the top level of
burners. All the conditions for conducting substoichiometric or staged combustion were therefore
available.
Fig. 1 gives the results of testing the operation of
the boiler furnace in different modes of combustion
process implementation, during all full load tests the
boiler was operated with top burner level out of

CONCLUSION
Staged combustion
should
therefore
be
maintained in the entire range of boiler loading for
reducing NOx emission.
In such a manner the results of full - scale
investigations of tangential furnace show that
technological methods for reduction NOx
are
available. In parallel with NOx emission decrease,
reliable ignition and fuel combustion is provided.

84

1600
81
I
1400 —

K

1200 —
csT
O

»

<

1000

<>

BI

o
w
CO
LU
x

800
i>

600 -

400
100% OFA OPENING

OFA CLOSED
50% OFA OPENING
MD "B" EPS

•

100% OFA OPENING & UPPER BOOS
RUTENBERGEPS

A GUARANTED VALUE

Fig.l. NOx EMISSION vs. BURNER OPERATION CONDITION
NCR LOAD, 4 LOWER MILLS IN OPERATION (OPTIMAL EXCESS AIR)

1700

1500

-

•

O

1300

_

o

si^

CM

o

B

O
1100

HP

900
A

700 —

500
1.2

1.25

1.3

1.35

EXCESS AIR
NCRLOAO.OFAOPBI100%
D 55%LOAD, OFAOPB) 20WOW

4> NCR LOAD. OFA OPBJ 50%

A 75%LOAD,OFAOPBJ57W12%

O 40%LOAD. OFACLOSE

A NCR LOAD. OFA 100%OPEN. BOOS

Fig.2. NOx EMISSION vs. EXCESS AIR

85

1500

•

$

1300

g
o

900 .....

7-

1.2

125
EXCESS AIR

NCR LOAD, OFAOPB*I

NCRLCAD.OfAOPEN

75%LOAD, OFAOPEN

55%LOAO. OFAOPEN

40%LOAD,OFACLOS

NCR LOAD. OPA100%

Fig. 3. NO x EMISSION vs BOILER LOAD
( OPTIMAL EXCESS AIR )

95

94 H
-

-

81

O

92 \~
-

o
CQ

91 --

1
90
CONVENTIONALBURNER

1

i

OFA OPEN 100%

OFA OPEN 100% &BOOS

1

OFA OPEN 50%

MODE OF OPERATION

Fig.4. EFFICIENCY vs. MODE OF OPERATION
NCR LOAD. OPTIMAL EXCESS AIR

86

VIBRATION ANALYSIS OF AN INTERNAL COMBUSTION ENGINE
Ben-Ari, J.*, Sher, E., Itzhaki, R. and deBotton, G.
The Pearlstone Center for Aeronautical Engineering Studies
Department of Mechanical Engineering
Ben-Gurion University of the Negev
Beer-Sheva 84105, Israel
Conference lecturer

ABSTRACT
This work presents the application of a vibration
signature analysis method for early fault detection and
diagnosis in internal combustion engines. The successful
implementation of this method in various maintenance
programs motivates the application of this method to the
class of SI engines. The goals in applying this method are
to provide alerts for abnormal operation, to enable
detection of the source of the abnormality, and to provide
the means to estimate the severity of the problem.
Experiments were performed with a four-stroke, fourcylinder in-line, carbureted SI engine. The vibrations were
measured with a uniaxial acceleration transducer mounted
on the engine-block. To obtain the vibration signature the
signal from the transducer was transformed to the
frequency domain by application of a Fast Fourier
Transform (FFT) procedure. Our measurements
demonstrate that various malfunctions can be detected with
this method. For example, malfunctions in a single spark
plug changed the pattern of the vibration signature.
Inaccurate timings of the ignition sparks or timing belt also
affected the contour of the vibration signature.
Disturbances in the vibrations signature were also observed
when an engine supporter was loosen.

spectrum^

.iccelerometer low-pass filter
Fig. 1. Experimental set-up
The purpose of the vibration analysis is three fold. First.
to provide an early alert for abnormal operating conditions,
second, to enable the detection of the source of the
upcoming malfunction, and third to provide the means to
estimate the severity of the problem and the anticipated
time to a possible catastrophic failure. To accomplish these
tasks the vibrations of the system are measured during a
finite time interval and, with the aid of an FFT analyzer,
are broken down into the sum of the harmonic components
of the motion. Frequently, the amplitudes and the
frequencies of these harmonic components, which make up
the spectrum in the frequency domain, can be related to
possible malfunctions of specific components of the system
(see [2], [3] for examples in the field of industrial
equipment).

INTRODUCTION
Vibration analysis methods are particularly common as
a fault detection and diagnostic tools for rotating machines
such as centrifugal pumps, compressors, electric motors,
gas and steam turbines [1]. The concept originating the
vibration signature analysis method is that mechanical
systems with moving parts, such as an engine with a
rotating crankshaft, comprise an elastic system that
oscillates in response to excitations like in-cylinder
pressure variations and inertia forces. During regular
operation conditions several characteristic modes of
vibrations can be distinguished. Each of the modes is
characterized by its frequency and a pattern of relative
amplitudes reflecting the stiffness of the system, its mass,
fitting tolerances, friction levels, and other parameters that
are typical to the system. Apparently, irregular operation
conditions that result from variations of the excitations or
changes in the system characteristics, affect the vibration
signature of the system and can be detected with an
appropriate vibration monitoring and analysis method.

Despite the wide usage of vibration analysis methods
for rotating and other equipment, these methods have not
been practiced widely as a diagnostic tool for reciprocating
machines. The reason is the complex nature of the
reciprocating machines that incorporate a large number of
moving parts. Methods for determining the rotational
vibrations of crankshafts can be found in the literature [4],
however, these studies address the design issue rather than
the application of the vibration response of the crankshaft
as a maintenance tool. Nurhadi et al. [5] have studied the
correlation between the vibrations measured by
accelerometers mounted on an engine with engine
components as the sources for the excitations. In their
experiments the engine was motored by an electric motor
through a V-belt, while compression and combustion were
alleviated by removing the spark plug. deBotton et al. [6]
applied the vibration signature analysis method to
determine the condition status of an internal combustion
engine and the present work constitutes a continuation of
their work.
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Fig. 2. Vibration signature at normal operation condition
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Fig. 4. Vibration signature with reduced spark-plug gap
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Fig. 3. Vibration signature with one disconnected spark-plug
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Fig. 5. Vibration signature with widened spark-plug gap

EXPERIMENTAL SET-UP
The experiments were performed with a four-stroke,
four-cylinder in-line, carbureted SI, Volkswagen-Polo type
engine with a total displacement volume of 1272cc. The
vibrations were measured with a uniaxial accelerometer
that was mounted on an variable adapter on the engineblock side-surface few centimeters above the crankcase.
The variable adapter enabled to measure the vibrations
normal, tangent and along the crankshaft axis. The signal
was amplified and the high frequencies were filtered out
(Fig. 1). The analog signal was then digitized and was
stored on a hard drive of a 486 host computer. At the same
time, the magnitude of the electric potential at the primary
coil line was recorded through the second channel of the
A/D converter as a reference phase signal for the crankangle. At acquisition rate of 50kHz per channel the Gage
Scope 225 A/D card can store sixteen thousands data points
per channel. Thus, at an average engine speed of 1700RPM
(28Hz) the A/D converter enables to collect data for more
than 8 crankshaft revolutions, which are equivalent to 4
complete thermodynamic cycles of the engine.

fundamental period of the vibrations is one crankshaft
revolution, cyclic variations must be accounted for. Thus,
to perform an accurate FFT analysis the sampling rate must
be synchronized with the position of the crankshaft. This
was accomplished by the modification of the waveform
according to the reference signal from the primary coil line
(for details see [6]). The FFT analysis was applied to the
modified set of data to obtain the vibration signature in the
frequency domain. We emphasize that each of the plots that
is shown in subsequent figures is based on rms averaging
of 8 distinct samples.
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RESULTS
Figure 2 shows typical vibration signatures of the
engine at normal operating conditions. The engine is
running at an average speed of 1700RPM (28Hz). The two
curves provide the reference pattern of relative amplitudes
that reflects the systems vibration signature under normal
operation conditions. Two major peaks are identified, at
twice and at four times the revolution frequency. The peak
at twice the fundamental frequency corresponds to the
combustion process that occurs every second crankshaft
revolution in each of the four cylinders. Thus, two
combustion processes during each revolution. The
truncation of the peak which is associated with the
combustion is the origin of the peak at four times the
fundamental frequency. Some lower frequency signals can
also be detected and at this stage these can hardly be

ANALYSIS
The FFT calculations were performed on the host
computer. However, we note that unlike the situation with
common rotating machines, the angular velocity of a
reciprocating engine is not uniform. Since the roots of the
oscillatory motions are mechanical, and hence, the
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An important application of the proposed analysis is the
detection of loose mechanical components. In this study
one of the rear supporters of the engine was un-tightened.
The effect on the vibration signature is shown in Fig. 6.
The magnitude of the peak at twice the operation frequency
increases to more then twice the magnitude of the
corresponding peak in the reference signature. The second
peak (at four times the operation frequency) remains the
same. Noticeable peaks can also be seen at 1 and 1.5 times
the revolution frequency.

100
150
200
25C
Frequency (Hz)
Fig. 6. Vibration signature with loosen engine supporter
0
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CONCLUDING REMARKS
A vibration monitoring and analysis method was
applied to a SI engine. The obvious advantage of this
method is that faults detection is performed while engine is
running and early alerts can be obtained. In addition,
during maintenance routines disassemble parts of the
engine are not required. Two major peaks were detected in
the vibrations signature during normal operation, at twice
the running speed and at four times the running speed.
Different artificial malfunctions were examined and
deviations from the reference vibration signature at normal
operation condition were observed. The results of some
tests are summarized in Table I (see [6] for further details).

interpreted.
Figure 3 shows the effect of disconnecting one of the
spark plugs. The intensities of the peaks in the spectrum
increase significantly. Moreover, while the second and the
fourth harmonics still exists, the most intensive peak
appears at 1.5 times the revolution frequency. This is
attributed to the fact that since only three of the four
cylinders undergo combustion, the periodicity of the
motion is now twice the fundamental period. Fouling and
wearing of spark plugs were simulated by narrowing and
widening the spark plug gap. For the fouling case, the spark
plug gap was narrowed, and for the wearing case the spark
plug gap was widened. Figures 4 and 5 show the
corresponding effects on the engine vibration signature. A
comparison with the reference signature shows that for the
narrow gap, the magnitude of the first peak decreases, the
magnitudes of the sub-harmonic frequencies increase, and
the peak at four times operation frequencies remains at the
same level. The dispersion of the peaks between 1.5 and 2
times the revolution frequency implies that some misfires
occur inside the cylinder. For the wide gap, no noticeable
effect is observed. However, since the spark breakdown
voltage increases with the product of the spark plug gap
and the pressure inside the cylinder, it is expected that
under higher load conditions, misfiring will occur and thus
different signature pattern will be observed.
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Table I: Summary of the main features that characterize the vibrations signature during abnormal operation conditions.
Level of peak
# first and sub- second
fourth
higher
Operation conditions
harmonics
harmonic
harmonic
harmonics
1 Reference
Normal
Reference
Reference
none
Disconnected spark plug
2 Higher
Normal
Normal
none
3 Higher
Lower
Reduced Spark plug gap
Normal
none
4 Normal
Widened Spark plug gap
Normal
Normal
none
5 Much higher
Normal
Early spark timing by 11°
Normal
x6
Late spark timing by 11°
6 Normal
Much higher
Smaller
none
7 Much higher
Early valve timing by 8.2°
Much higher
Much higher
x6
8 Normal
Smaller
Late valve timing by 8.2°
Much higher
none
Loose rear engine supporter
9 Higher
Normal
Normal
none
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ABSTRACT

operations are presented in technical reports and studies,
[2, 3]. The principal problems which have limited the use
of EB's are the range and dynamic performance. Most
proponents realize that for electric buses to become a
market reality, climate vehicle comfort (Air Conditioning
- AC - and heating) are vital. The nominal power needed
for a conventional bus AC system (refrigerant compressor
unit) is about 12-18 kW, which is 10 - 15% of the engine
power. It is therefore evident that the AC causes
considerable reduction of the EB range. As an example,
for an EB shuttle with storage capacity of 90 kWh (for a
Baseline Ni - Cd battery) or 136 kWh (for an advanced Ni
- MH battery), the maximum range would reduce by more
than 30% when driving the AC by an electric motor from
the bus batteries, [2]. Despite the future AC energysavings potential of the advanced compressor-driven high
efficiency air conditioning system developed nowadays,
the travel range decrease remains a serious problem.
Evaporative cooling systems have also been explored
as a potential solution to air conditioning requirements. As
shown in [2], a typical transit bus would consist of about
272 kg of equipment (555 kg when filled with water),
would draw approximately 2 kW of power and would
achieve 35kW cooling capacity, but it is questionable
whether such system would be effective in high humidity
climates, [4].
A solution for range extension, which consists of a
propane-fueled 7kW internal combustion engine (ICE),
was evaluated by the Santa Barbara Metropolitan Transit
District's (MTD), [2]. It is noted that the incorporation of
such equipment on-board precludes ZEV (zero emission
vehicle) certification. However, it is mentioned in their
report that in addition to the increase in range, this
equipment also allows the operation of accessory services
such as heaters or air conditioners.
The purpose of the present R&D work is to develop a
new concept of an AC driving system for electric buses.
This new concept is based on a spark ignition (SI) ICE,
fueled by methanol dissociation products (MDP).

This paper presents a new concept for driving the AC
system of an electric bus. The proposed concept is based
on the use of a spark ignition engine fueled by methanol
dissociation products to drive the electric bus AC
compressor. The engine, equipped with an efficient
catalytic converter system, may be operated at an optimal
steady state regime and the emission of pollutants can be
drastically reduced. In this mode the bus becomes
attractive, but it is transformed from ZEV to ULEV.
Additional features of the concept include energy
management system to utilize waste heat in the exhaust
gases and cooling water of the ICE.
1. INTRODUCTION
Due to the increasing concern over air pollution and
energy, there is renewed interest in electric vehicles. For
this reason a great deal of research and development in the
electric vehicle (EV) field has occcurred in the last 15
years and much effort was made to introduce the EV into
transportation systems, [1].
In this context, the electric bus (EB) can play an
important role in the urban public transport, especially in
the towns and in particular city centers. Therefore, the EB
can become a very attractive solution for public transport
in the cities which suffer now from high levels of
pollutants. Because the EB can offer partial response to
the problem of pollution reduction in several
agglomerated cities in the world, efforts have been
devoted to develop these vehicles.
The energy consumption of an EB," based on fossilfired modern power plants, can be practically lower by 40
- 60% or more than that of diesel buses. This is due to the
high efficiency of the power plants (about 4 2 - 4 5 % for
steam plants and 5 0 - 5 5 % or more for combined dual
cycles), high efficiency of the EB entire drive system,
including the possibility of 20 - 30% energy conservation
by regenerative braking. Moreover, in many industrial
countries, 30% or more electricity is generated by nuclear
reactors or hydro-electric power, [1]. Another benefit is
the lower noise level of electric buses compared to diesel
vehicles. The interest in electric buses has led to the
creation of several companies dedicated primarily to the
manufacturing of EB's. Several case studies of
demonstrations and experiments with electric bus

2. DESCRIPTION OF THE NEW CONCEPT
SYSTEM
The new concept, as was mentioned above, is based
on an SI Engine fueled by methanol dissociation products,
to drive the bus AC compressor. The proposed new
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concept allows the engine to be operated at an optimal
steady state regime and to be fueled by gaseous products
of methanol dissociation (mainly hydrogen and carbon
monoxide) emerging from an on-board catalytic reformer.
The MDP can serve, as is well known, as an excellent
hydrogen enriched gaseous fuel for an ICE. The
decomposition of methanol can be accomplished by
passing vaporized methanol over a catalyst at
temperatures above 300° C, [5]. The heat needed to
vaporize the methanol and to drive the endothermic
dissociation reaction can be supplied by waste heat
recovery of the ICE cooling water and exhaust gases.
The lower heating value of the MDP is 23.97 MJ/kg,
[5], compared to 19.94 MJ/kg for liquid methanol and
21.02 MJ/kg for methanol vapor. From these values, it
follows that the MDP fuel has about 20% higher energy
content than liquid methanol. If the engine efficiency
would be the same for both fuels, a corresponding
improvement in fuel economy would be expected for
MDP compared to liquid methanol.
High hydrogen content (about 60% by volume) of the
dissociated methanol allows much leaner combustion than
liquid methanol or gasoline, resulting in a sharp reduction
of NOX formation and decrease in CO 2 and, of course, CO
and HC emissions. Engine operation at the constant
optimal steady state contributes to an additional rise in
the efficiency and reduction in pollutants emission. Such
an MDP-fueled engine, equipped with a catalytic
converter system similar, for example, to the system used
in Honda Civic Ferio LEV model, can lead to a vehicle
which conforms with the ULEV definition. This system
(of the Ferio) consists of a thin-walled catalytic converter
integrated in the exhaust manifold, and allows it to operate
immediately after engine start-up, and then a 400-cell
catalytic converter is activated to increase the contact area
between the exhaust gases and the catalyst, [6].
The AC compressor can be directly driven by the
ICE as is shown in Fig. 1 or can be driven by an electric
motor as is shown in Fig. 2.
The emissions reductions obtained for the Civic Ferio
LEV model (equipped with this system) in the average
Japan standard test (10 - 15 mode) were: 82.4% for CO,
92.0%forHCand88%forNO x [6].
For further emission reduction from this ICE fueled
with MDP, it is necessary to reduce its power to
minimum. In order to achieve this aim, energy reduction
measures are necessary, such as the following:
Using of Scroll compressors, which have
demonstrated very high efficiency compared to the
currently available compressor systems, or with other high
efficiency compressors like the Orbital Vane one, [4,7].
Minimization of interior thermal load by a new design
of the electric bus body, with good insulation , minimum
area of glass which also has low radiant transmissivity
(with maximal shading coefficient), using double-glazing,
etc. [8].

Maximizing physiological approaches to thermal
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Figure 1. Direct-drive of the AC compressor by the

ICE
Methanol

ICE
Methanol
{Dissociation
System

Battery

Generator

Control
unit

Motor

AC
Compressor

Figure 2. Electric drive of the AC-compressor with
electric energy supply by the unit ICE-Generator (or
sometimes by batteries).
comfort.
Optimizing the COP of the air conditioning system,
by employing state of the art system components
(compressors, evaporator and condenser). The evaporator
and condenser heat exchangers have also very important
influence on the system performance, and their efficiency
and effectiveness lead directly to reduced high pressure
loads on the compressor and, therefore, its energy
requirement is lowered.
Using modern design tools for the whole system and
its components, i.e. by computational fluid dynamics
(CFD), [9].
Using heat batteries, which consist of large thermosflasks filled with salts, through which the coolant is
circulated, [10]. The latent heat of the salts is rejected into
the coolant. The use of this heat storage system can
greatly contribute to suppression of the AC-compressor
on/off operating mode.
When the AC system is operating as a heat pump (in
winter conditions) and depending upon the thermal
operating regime, the COP is 2 - 3, i.e. two to three kW of
heat can be transferred for each kW of shaft power
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delivered to the compressor. This is another important
reason why the vapor compression cycle is recommended
for electric vehicles, [4]. By employing a well-designed
energy management system, supplementary heat can be
taken from the ICE heat rejection energy in the case of
COP reduction due to fall of ambient temperatures in
some days of winter (below +5° C).
In case of using the scheme of Fig. 2, it is necessary
to design the entire system such as to permit continued
engine operation. This would be possible if the cooling
capacity of the AC is close to the thermal load,
Using of a very good climatic control system. By
using the scheme of Fig. 2, the control system can
command different working modes as follows: the cooling
system (CS) cools only the air used to cool the bus; the CS
cools the bus and transfers a part of the cooling energy to
the heat storage system (HSS); the CS with the HSS cool
together the bus and maintain the bus interior temperature
(in the summer) between 24° and 26° C as a function of
the exterior temperature; etc.
CONCLUSIONS
1. The new concept proposed in this work can resolve
the power problem (of the electric bus AC, but transforms
it from a ZEV to a ULEV).
2. The rating power consumption of the AC compressor
by a continued operating mode can be minimized by the
combination of the following means: the use of efficient
compressor like Scroll, minimization of the interior
thermal load, optimization of all the AC system
components, using storage heat systems (heat batteries),
using a very good climatic control unit, etc.

3.

4.

5.

6.
7.

8.

9.

10.

3. The amounts of pollutant emissions of such a small
power ICE, fueled by the methanol dissociation products
from an on-board catalytic reactor are negligible
compared to those emitted from a diesel bus engine. This
is due to the MDP properties and because the ICE
operates at a single optimized working regime.
In case of using the scheme of Fig. 2, it is necessary
to design the entire system such as to permit continued run
of the engine. This can be possible if the cooling capacity
of the AC is very similar to the thermal load.
4. Buses equipped with such power unit can become
very attractive because the improved thermal comfort
aspects without compromising the range.
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ABSTRACT
Engine thrust vectoring (TV) is an emerging new
technology for future military and civil aircraft in
which the Technion has made significant
contributions.
This paper provides realistic
predictions of steady-state engine performances during
steady-state pitch TV. The results obtained comprise
a required fundamental step for advanced aircraft/TV
implementation. This work is a part of the LockheedMartin yaw-pitch TV F-16/F-100 research study
conducted here at the Jet Laboratory. To this end, a
unique TV-engine computer algorithm has been
developed that expands the conventional steady-state
modeling capabilities of on- and off-design as well as
the conventional transients (via throttle changes) to
create steady-state and dynamic TV-engine
simulations at various altitudes and Mach numbers.
This work has been expanded to include predictions
for TV in civil aircraft (via a fixed geometry nozzle).
It is concluded that the military TV configuration
produces no variations in engine performance while
providing TV flight control benefits while the civil
configuration provides an increase in thrust,
consequently enhancing the benefits available from
TV in the civil domain.
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NOMENCLATURE
- area (m2)
- nozzle area ratio
referenced from the effective
nozzle areas
- nozzle area ratio
referenced from the
geometric nozzle areas
- thrust coefficient
- altitude (m)
- Mach
- the power lever angle of the
throttle (degrees)
- thrust (Newtons)
- thrust vectoring

- thermodynamic engine
stations
- effective
- geometric

M
x,y,z
GREEK
a

P

A
0

- value at maximum dry thrust (i.e.
83° PLA)
- body-axis, yaw and pitch directions

- angle of attack (deg)
- side-slip angle (deg)
- geometric yaw thrust vectoring
nozzle angle (deg)
- geometric pitch thrust vectoring
nozzle angle (deg)
- variance from non-vectoring
maximum dry thrust performance
- convergent nozzle angle (deg)

INTRODUCTION
The primary aim of this work is to use realistic
F-167F-100 inlet, compressor, turbine and combustor
data [3] [6], to predict dynamic engine responses to
pitch TV commands. Thus enabling the observation
of fundamental differences in engine thrust
performance and increase the understanding of
benefits attainable from TV implementation during
dynamic engine operation. This is defined as a
fundamental step for future implementation of
advanced TV means in F-15 and F-16 aircraft, and for
a more global application of TV in future civil and
military aircraft.
As such, TV effects under steady-state engine
operating conditions at M = 0, h = 0, and a - fi = 0
were studied and conducted for the following two
nozzle configurations:
1. Converging-diverging geometrically variable
nozzle with constant Cfg (no afterburner), also
referenced as A9e/A8e.
2. Converging fixed geometry nozzle, also
referenced as A^A^Q,
as for instance in
transport-type jet engines at constant Cfg values.
The results can be used outside of the scope of this
work to estimate transient TV-induced ram-thrust and
TV-engine gyroscopic effects.
TV MODEL
For the F-100 engine model, the DYNGEN
algorithm [5] was altered. Full verification of the
engine model is given in Reference [7].
The yaw-pitch TV model was obtained through

the addition of experimental nozzle metrics [4], The
geometric-effective nozzle area relation is taken to be
A e = A G cosSz cos8y.

words, in this nozzle configuration, TV jet deflection
has no effect on steady-state engine performances.
These results have been verified in Figure 2 in a
comparison with experimental data of the F-100
steady-state performance without TV for the same
throttle region [3].
Thus, Configuration I demonstrates the ability of
implementing TV without disrupting the airflow of the
jet [8]. The importance of this result is more evident
while implementing TV in the critical flow range at
maximum dry thrust and during the ignition of the
afterburner, not pursued in this study. Configuration
I provides a standard for the performance capability
requirements of military and other supersonic aircraft
with TV converging-diverging geometrically variable
nozzles.

(1)

in accordance with Gal-Or's Control Rules 1 and 2
[2], where 8Z is the geometric pitch vectoring angle
and 8y is the geometric yaw vectoring angle.
Adjusting the model of Berrier and Re [1] for
TV, the effective flow coefficient is
CD8 = [1.0 - 0.5(1.0 + cosfl^cosS^cosS^

(2)
where G is the convergent nozzle angle. The thrust
coefficient is with negligible variations is maintained
constant at Cfg = 0.981.
Figure 1 demonstrates the basic two-dimensional
geometry of the TV nozzle model in this work, as
well as the labeling and location of significant nozzle
areas and angles, for the flow coefficient of a
convergent divergent nozzle.

Config I; Variable Nozzle

(\JASe)

' Experimental Data [7J
- This Work

50
PLA (deg)

Ac

60

Figure 2: Installed F-100 simulation total TV
thrust results for variable (A9e/A8e) nozzle
compared with experimental non-vectoring data

Figure 1: Schematic diagram of yaw-pitch
geometrically-variable TV nozzle in unvectored (1)
and vectored-up (2) positions.

CONFIGURATION II
This configuration characterizes subsonic nozzles
such as those available on the A-4, various military
trainers, etc. and on turbofan transport engines.
Namely, we consider here both fan air TV and core
air TV as a general principle. Specific evaluations of
these civil TV nozzle configurations lie outside the
scope of this work. What are established, however,
by Figure 3 are the fundamental changes in the total
net thrust expected for such configurations.
To understand the meaning of Figure 3, one
should first note that thrust vectoring at lower PLA
values causes higher exit velocities at the nozzle exit
(due to the decreased effective nozzle area caused by

NET THRUST EVALUATION
CONFIGURATION I
In proceeding into the thrust vectoring
performance domain one must first stress the fact that
vectoring reduces the effective throat area unless the
nozzle is geometrically variable. Namely, as one
deflects the jet at constant throttle setting the engine
nozzle control opens the throat and accordingly varies
the nozzle areas ratio A9G/A8G. In other words, as we
would deflect jets by 10°, 20° and 30° under steadystate conditions, Age/Age remains constant.
Under these operating conditions, the total net
thrust (not axial net thrust) remains constant across
the vectoring range for a given PLA value. In other
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TV). Hence, as expected, Figure 3 shows that as one
increases jet deflection, total net thrust increases
below PLA=81° (the 81° - 83° PLA region is dealt
with in more detail below).
For example, at 50° PLA where the experimental
data shows that about 55% thrust is achieved without
vectoring (5Z = 0), at 8Z = 30°, about 62% thrust is
achieved, providing an increase of around 8% in the
total net thrust. Table 1 provides a numerical
comparison of the thrust benefits at various throttle
locations for Configuration II (fixed nozzle,
in more detail.

1.

CONFIG II: FIXED NOZZLE ( A 9 G / A S G )

1

0.8

A.

•

Configuration II (civil) has shown the somewhat
surprising results of increased thrust values during TV
of civil transport and subsonic military aircraft not
only in the total thrust provided, but in the body-axial
thrust and pitch directions as well. This has been
demonstrated to provide greater thrust benefits than
Configuration I before the nozzle choking point. This
conclusion remains valid for all PLA positions
between idle and maximum dry thrust. Practically, it
means that accident prevention TV in transport jets
provides higher thrust values below the maximum
throttle setting.

•
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Figure 3: Installed engine simulation total thrust
results for a fixed geometry ( A ^ / A ^ ) nozzle at
various vectoring positions (8 Z = 0", 10°, 20°, 30")
In comparison of the overall performance of
Configurations I and II, it is evident that the A ^ / A ^
nozzle area control of Configuration II achieves
greater benefits from thrust vectoring until the nozzle
choking point is approached. After this, a Ay^/A^
nozzle area control of Configuration I is better suited
to meet the needs of the supersonic flow.

6.

7.

8.

CONCLUSIONS
Evaluations of TV effects under steady-state
engine operating conditions were performed at M = 0,
h = 0, and a = /3 = 0 for military and civil nozzle
configurations.
Through Configuration I (military), steady-state
engine behavior for the F-100 engine has been
modeled and shown to provide no TV-induced engine
performance variations while providing TV flight
control benefits.

95

References
Berrier, Bobby L., Mason, Mary L., A static
investigation of yaw vectoring concepts on twodimensional convergent-divergent nozzles, AIAA
83-1288, 1983.
Gal-Or, Benjamin, Fundamental concepts of
vectored propulsion, J. of Propulsion and Power,
Vol. 6, No. 6, p. 747, Nov-Dec 1990.
Gal-Or, Benjamin, Civilizing military thrust
vectoring flight control, Aerospace America,
April 1996.
Gal-Or, B enjamin, Catastrophicfailure prevention
by thrust vectoring, AIAA J. of Aircraft, Vol. 32,
No. 3, June 1995.
Sellers, James F., Danielle, Carl J., DYNGEN - A
program for calculating steady-state and transient
performance of turbojet and turbofan engines,
NASA-TN-7901, April 1975.
United Technologies Corporation, Fighting
Falcon power handbook, F-16/F-100 maintenance
Awareness Program Manual, 1983.
Wilson, Erich A., A thrust vectoring two-spool
turbofan jet engine analysis, M.Sc. Thesis,
Technion, Israel Institute of Technology, Haifa,
Israel, 1997.
Lichtsinder, M., Sherbaum, V., and Gal-Or, B.,
Thrust vectoring: Fundamentals for civil and
military uses, Int'l J. of Turbo and Jet Engines,
Vol. 14, No. 1, p. 29, 1997.

IL0006657
HEAT OF COMBUSTION, SOUND SPEED AND COMPONENT FLUCTUATIONS IN NATURAL GASES
Dr. L.Burstein* and Dr. D.Ingman
Quality Assurance and Reliability Department, Faculty of Industrial Engineering and Management,
Technion-Israel Institute of Technology, Technion City, Haifa 32000, Israel
* Conference Lecturer

SUMMARY
The heat of combustion and sound speed of natural gas
were studied as a function of random fluctuation of the gas
fractions. A method of sound speed determination was
developed and used for over 50,000 possible variants of
component concentrations in four- and five- component
mixtures. A test on binary (methane-ethane) and
multicomponent (Gulf Coast) gas mixtures under standard
pressure and moderate temperatures shows satisfactory
predictability of sound speed on the basis of the binary
virial coefficients, sound speeds and heat capacities of the
pure components. Uncertainty in the obtained values does
not exceed that of the pure component data. The results of
comparison between two natural gas mixtures - with and
without nonflammable components - are reported.
INTRODUCTION
In view of the infinite diversity of gas mixtures, various
attempts are made to predict their thermal and caloric
properties on the basis of pure component data. Equations
of state are widely used for this purpose - E. A. Mason[l] ,
J. Hirshfelder et al. [2]. In the region of moderate
pressures and temperatures the virial equation is adopted :

(1)
n=2

where p, p and T are
gas pressure, density and
temperature respectively, R is the universal gas constant,
B - the virial coefficient and n its number so that 2B - is
the second virial, 3B - third virial and so on; in the case of
a gas mixture

(2)
i=l j=l

Under the ideal gas approach (d p/d p)T = \x R T , where fi
is the molar weight; thus w2 = |i k R T. Thus it is possible
to use the sound speed measurements/calculations for
determining the molar weight of pure gases and their
mixtures - L. C. Lynaworth [3]. In this case it must be
borne in mind that a gas mixture may have the same
molar weight but different sound speeds owing to different
gas component concentrations and conversely the same
sound speed may occur at different molar weights for the
same reason. The molar concentration of natural gas
secondary fractions may change by a whole order of
magnitude at constant molar weight or at constant sound
speed. Uncertainties in JJ. or w for such cases remain
unevaluated to date.
It was established that the heating value H of natural gases
for light hydrocarbons is an almost linear function of the
molar weight, though this fact is of no practical use, as the
presence of nonflammable components in the gas mixture
reduces the real heating value and exaggerates the
measured/calculated value at the same time.
MULTICOMPONENT GAS MIXTURE MODEL IN
APPROACH TO SOUND SPEED.
Here we use the classical approach, in which the
thermodynamic properties of a real mixture are
constituted from those of the pure components with
corrections for the ideal gas mixture approach. Such a
concept was used by L. M. Burshtein [4] for the equation
of state of a gas mixture, and can be extended to the sound
speed in it.
For m-component mixtures of constant composition, the
derivative in (3) can be determined from the equation of
state (1) and the virial coefficient equation (2). Using
differential thermodynamic relations for heat capacities
and the equation for the molar concentration sum we can
finally obtain the heat capacity ratio and sound speed in
an m- component mixture:

1=1

where x - component concentration; i, j and 1 the
component numbers.
Using eq. (1), the differential
equations of
thermodynamics and ideal gas functions, the density p,
enthalpy I, heat capacities Cp and Cy, and entropy s of gas
mixtures are calculated. The same approach may be used
for determining the thermodynamic sound speed

'pj

k=

(4)

\.\tevi -Ac v j )x i x j

1
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m

w2 = k (dp/dp)T '
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(3)
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XjXj

k

J J

here Ac= c - c°, cc is the ideal gas value.

where k is the ratio of the heat capacities cp and c,.
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(5)

So far these equations were constructed on the basis of
the virial equations of state without any simplifications, as
they are rigorous throughout the range of applicability of
the virial equation. For natural gases under normal
conditions we can obtain

RESULT AND DISCUSSION
The heat capacity ratio, sound speed, molar weight, and
gas heating value were obtained by eqs.(5,6,7) using CRC
data for the virial coefficients [6] for the virial
coefficients, S. S. Chen et al. [7], J. Chao et al.[8], and R.
T Jakobson et al.[9] data for the ideal gas function and
tables of J. Chao et al. [8], B. A. Younglove et al.[9] for
methane, ethane, propane, butane, and nitrogen dioxide.
The dispersions of gas fractions were taken 0.012; 0.017,
0.004 and 0.001 for methane, ethane, propane, and butane
respectively. The results of the calculations for four- and
five-component gases are shown on Figs.l through 5.
Fig. 1 shows the dependence between the molar weight and
sound speed, which was found from 48970 random
concentrations for the four-component and 44870 random
concentrations for the five-component gas. The correlation
coefficients are 0.934 and 0.995 for the sound speed and
molar weight respectively, showing good reliability for the
weight-sound measurements.

j

Bi "-sign(Bj)J
(6)

signCBO,/ Bi + sign(Bj)J \D i
where B must have the same sign for different fractions;
in the case of negative B we can use its absolute value
with a negative sign of the square root.
Applicability of the model was checked on the B. A.
Younglove et al. [5] sound speed data for binary
methane-ethane gas mixtures and multicomponent Gulf
Coast gas, which consists of flammable and nonflammable
components. We use the data for 0.1013MPa in the
temperature range 250-400 K. The model gives more
accurate values of sound speed throughout the data range;
the one-sided uncertainty in w is not worse than ±1.4
percent, which falls within the inaccuracy limits of pure
gas speed (5w up to 2%) , and heat capacities (§Cp above
3%) data. For a multicomponent gas the inaccuracies are
significantly smaller than in the case of a binary mixture.
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MODELING OF COMPONENT FLUCTUATIONS IN
NATURAL GAS
The composition of natural gases fluctuates according to
both the number of components and their concentrations.
As is well known methane, ethane and a certain amount of
nitrogen are always present in natural gases, but the
actual concentrations of these and other components vary
over a wide range, in particular for small components.
It is natural to suggest that the molar concentration is a
random value which fluctuates within certain limits. As a
result, the molar weight of a specific natural gas may be
the same while the molar concentrations of the fractions
differ. In that case the measured sound speed also differs
and we observe a number of molar weights instead of the
single true value. Obviously, a series of molar weight
values can correspond to a single value of sound speed as
a result of accidental variation of the gas component
concentrations. Sound speed calculations for the large
possible number of component concentrations have to be
carried out to estimate the inaccuracy in molar weight or
sound speed determination due to the random fluctuations
of the molar concentration.
Such a procedure was created under the following
premises:
• the gas mixture has not less than four flammable
components, with methane as basic component;
• the concentrations of m-1 components vary as a
random value normally distributed with given
dispersion a; the concentration of the last component
varies between 1 and the sum of all the others.
• zero concentrations and those less than 0.05% are
disregarded.
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Figure l.Molar Weight Versus Sound Speed for Two
Natural Gas Mixtures: 1 - Methane + Ethane
+ Propane + Butanes; 2 - Methane + Ethane +
Propane + Butanes + Nitrogen Dioxide.
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Figure 2.Heating Value Versus Sound Speed for Two
Natural Gas Mixtures: 1- Methane + Ethane +
Propane + Butanes;2 - Methane + Ethane +
Propane + Butanes +• Nitrogen Dioxide
As we can see from Fig.l, the changes in the molar
weight of the gases through random fluctuation of the
fraction concentrations amounted to 20% at sound speed
fluctuation above only 3.5%. It is interesting that with the
added
nonflammable
nitrogen
dioxide
fraction
(five-component gas), the molar weight fluctuations are
half below those for the same rate of variation of the
sound speed. The accuracy of M evaluation by sound
speed measurement or calculation is more than double in
this case. The maximum inaccuracy in molar weight by
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sound speed data is above 1.3% at sound speed uncertainty
not more than 0.1%.
Figs.2,3 illustrate the dependence between heating value,
sound speed and molar weight for four- and
five-component gases. The correlation coefficient is only
0.486 for H,w-data, thus the nitrogen fraction strongly
influences the results. Even in this case, as it can be seen
we have an interval of speeds or weights where owing to
the concentration fluctuations, the inaccuracies exceed
those due to addition of the nonflammable component. We
can also see that with an added nonflammable component
the natural gas heating value is reduced up to 30%
through variation of the gas component concentrations;
the uncertainty of the gas heating value is above ± 2.5%
for gas with inflammable components only. Moreover,
there is the probability of correct determination of the
heating value from the w data, as the range of cross-data
involves almost
20% of all possible component
concentrations of the four- and five-component mixtures.
As for the H data, although the inaccuracy increases in the
presence of the nonflammable component, cross data exist
here as well, with equal heating values for both mixtures,
with and without the nonflammable component.
Figs.3 shows the histogram bar and surface distribution of
sound speed and heating value as function of the molar
weight.

CONCLUSION
The proposed method for obtaining the sound speed of a
gas mixture on the basis of pure component data with
correction for the interaction of heterogeneous atoms of
the gas components gives an uncertainty above ±1.4% in
the case of natural gas and permits to calculate the sound
speed of natural gas mixtures with uncertainty of the used
pure gas data.
The used statistical experiment method of random
concentration fluctuation enables one to obtain the
standard error in molar weight, sound speed and heating
values.
The accuracy in determining the molar weight and
heating value is improved on addition of a nonflammable
component, and so is the probability of correct
determination of both the molar weight and heating values
through measurement or calculation of the sound speed.
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ABSTRACT
Reliable initiation of flame kernel development
by an electrical spark in IC engines operating at
ultra-lean air-fuel mixtures lays down specific
demands to spark discharge variables. The
demands become especially strict under conditions
of intensive mixture motion though the spark gap.
The main goal of this study was to determine
the minimum values of spark duration and spark
current in the glow phase necessary for reliable
ignition of the mixtures with equivalence ratios of
0.7 down to 0.6. Different combinations of flow
velocity and spark plug orientation with respect to
mean flow vector have been considered. A special
experimental ignition system was employed to set
up spark discharge variables.
Among other conclusions, the results of the
study show that spark duration and energy typical
of normal production ignition systems are
insufficient for consistent ignition of ultra-lean
mixtures rapidly flowing through the spark gap.
INTRODUCTION
It is well known that engine operation at ultralean fuel-air mixtures brings benefits in low NOx
and CO pollution. One of the difficulties on the
way of practical utilization of ultra-lean mixtures in
engines are the progressively increasing cycle-bycycle variations in flame initiation and early flame
kernel development [1, 2]. Moreover, decreasing
fuel-air ratio below a certain level results in
unacceptably frequent misfired cycles. The problem
is especially serious in the engines with strong
swirling motion of the charge, where the early
flame kernel is subjected to high strain rates able to
locally quench the flame which could successfully
grow in moderately strained flow.
The reasonable expectation is that introducing
more energy with spark discharge to the lean
mixture can assist the flame kernel to "survive" at
its initial stage of growth and develop into selfsustained flame front. Also, it seems reasonable
that proper choice of the spark plug orientation with
respect to the mean flow vector can decrease the
extent of flame stretching by the flow and
convective heat losses from the kernel to the
electrodes (screening effect of the side electrode,

bluff body wake, flame kernel - plug body contact
area, etc.) [3].
In the present study we have examined the
effect of spark discharge characteristics and plug
orientation on the lean misfire limit under
thermodynamic conditions close to those in an IC
engine at idling.
EXPERIMENTAL SET-UP
The experimental set-up included a disc-shape
chamber of 100 mm diameter and 10 mm height
simulating the combustion chamber of an engine. A
steady-state swirl was created by a rotating plate
mounted close to the chamber bottom. A standard
J-type plug with one side electrode and 0.75 mm
electrode gap was installed in the chamber lid at a
distance of 33 mm from the chamber axis. Mean
and r.m.s. velocities in the vicinity of the electrode
gap have been measured by a thermoanemometer in
the wide range of swirl intensities.
A special experimental ignition device was
employed to ignite the premixed methane-air
mixture. The device allows to specify spark
discharge duration and current in the arc phase and
maintain them constant irrespective of the flow
characteristics in the electrode gap. During
experiments, the glow phase duration was varied in
the range of 0.2 - 4 ms, while the glow current was
varied in the range of 50 - 400 mA. Three plug
orientations — crossflow, upstream and downstream
(Figure 1) — have been investigated in all possible
combinations with three values of mean flow
velocity (2.5, 5.6, and 10.4 m/sec). The non-swirl
conditions have been studied as well.
The experiments have been carried out at the
initial pressure of 0.25 MPa in the chamber. Under
ambient temperature conditions, it gives the inchamber charge density corresponding to that in the
engine cylinder at the time of spark discharge for
idle engine operation. Besides, the fresh mixture
was diluted by 12% of the residual gases. The idea
was to bring our "cold" experiments closer to the
engine conditions with respect to both, the
breakdown voltage, the charge composition, and
heat of combustion of the mixture per unit volume.
The fresh mixture was kept at about 40°C to avoid
electrodes wetting by water contained in the
combustion products.
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RESULTS AND DISCUSSION
The results presented below (Figures 3, 4, 5)
illustrate minimum spark discharge duration (glow
phase) necessary for consistent ignition of a given
mixture. Alternatively, these results can be
interpreted as lean misfire limits of the methane-air
mixture provided by given spark discharge
parameters. For any given set of parameters, lean
misfire limits were established on the base of
absence of misfires in the series of 20 consecutive
ignition trials.
Figure 2 illustrates energy deposition in the
spark gap during glow phase for different
combinations of spark duration and current. The
energy of breakdown phase in the experiments was
about 2 mJ. It is worth to note that the total spark
energy of normal production ignition systems is
about 20 - 30 m l

0.5 ::0
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£
0.66

2:::i::::
0.64

0.62
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Equivalence Ratio

Fig. 3. Minimum spark duration at lean misfire
limit. Stagnant condition.
Comparison between the three spark plug
orientation with respect to the mean flow vector
shows that two spark plug orientations - crossflow
and upstream - exhibit about the same results with
respect to the lean misfire limit, with a little
preference to the upstream orientation. The
downstream plug orientation is less favorable in the
whole range of tested conditions. The explanation
can be found in flow field measurements around
spark electrodes [5].
Increased flow velocity through the spark gap
hampers ignition. To preserve lean misfire limit at
a given level with increasing swirl intensity, it is
necessary to ignite the mixture with sparks
providing higher energy release into the electrode
gap.
Reliable ignition of ultra-lean mixtures with
fuel-air equivalence ratio less than 0.64 flowing
through the spark gap with the velocities of more
than 5 m/s requires enhanced spark discharge
characteristics, which are beyond the abilities of
the standard automobile ignition systems.
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Fia. 2. Spark energy released in the glow phase
versus spark current and duration
Requirements to spark discharge variable
under zero mean flow velocity conditions can be
seen in Figure 3. It is clear that enhanced spark
current helps to extend lean misfire limit. However,
spark duration is a much more dominant factor. It
means that for any two sparks with the same total
energy, the lean misfire limit is always lower for
the longer spark. This conclusion remains valid for
the rest of the experimental results, i.e., with nonzero flow velocities and different plug orientations.
The conclusion is also in compliance with that
obtained in the previous work of the authors [4].
Figures 4 and 5 present the results obtained
with non-zero mean flow velocity through the
spark gap.
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Fig. 4. Minimum spark duration at lean misfire limit.
Spark current 100 mA. Flow velocities:
(a) 2.5 m/s, (b) 5.6 m/s, (c) 10.4 m/s
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Fig. 5. Minimum spark duration at lean misfire limit.
Spark current 400 mA. Flow velocities:
(a) 2.5 m/s, (b) 5.6 m/s, (c) 10.4 m/s
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ABSTRACT
A plain-jet, external-mixing, airblast atomizer has
been studied. A bi-modal drop-size distribution
behavior has been observed, where two different dropsize populations have been identified. It was observed
that as a result of the impingement of the air stream on
the liquid jet, a portion of the liquid flows back towards
the orifice, arrives at the orifice surface, spreads
outwards as a thin film in the radial direction and is
then atomized by the air stream emerging from the
annular slot. While the large-drop population is
generated by the atomization process occurring at the
liquid-air collision region, the small drop population is
generated by the backflow mechanism. This
phenomenon has been studied experimentally and an
approximate analysis has been proposed to describe it.

drop-size populations have been defined. A portion of
the main drop population has been observed to undergo
a disintegration process while flowing back to the high
velocity region near the orifice. This phenomenon has
been studied and an approximate analysis has been
proposed to explain it.
EXPERIMENTAL APPARATUS
In the present study a plain-jet, airblast atomizer has
been studied. It consists of an external-mixing type
nozzle in which a liquid jet is exposed to a stream of air
flowing at high velocity (Fig. 1).

INTRODUCTION
In plain-jet, airblast atomizers, a liquid jet is
exposed to a stream of air flowing at high velocity. In
an external-mixing type nozzle, the liquid discharges
through a circular orifice while the air is supplied
through an annular slot around the periphery resulting
in a conical discharge pattern. The high velocity air
stream impinges on the liquid jet outside the liquid
discharge orifice resulting in an atomization process.
If bi-modal drop-size distributions are observed,
this indicates that two different drop-size populations
are generated. It is reasonable to assume that in such
cases two different mechanisms of atomization occur
concurrently.

Water

Figure 1: An external-mixing plain-jet airblast atomizer
and notation.
Camera

Laser:
I He-Nc

Water
Tank

MALV6RN
MaslerSIze X

Fig 2: A schematic layout of the experimental
facility.
A schematic layout of the experimental facility is
shown in Figure 2. It consists of a pressurized water
tank, compressed air line, water line, airblast atomizer

In the present work, a plain-jet, external-mixing
airblast atomizer has been studied. A bi-modal behavior
has been observed, where two definite and different
102

and a spray measurement system. The sampling
distance (the laser beam location, X) was set in all
experiments to 50mm downstream.
A camera with a macro-lens and a high-intensity
flash has been used for imaging the atomization and
flow processes.

superimposed without influencing one another, i.e.,
with no bias in position or amplitude at the peaks.

RESULTS AND DISCUSSION
A number of previous studies [1] have shown that
the SMD of a spray may be correlated to the liquid and
air velocities (Vf and Va correspondingly) through the
following relation:
vn
SMD = - fm
(1)

v
v

Harari a and Sher [2] found that for the present
atomizer, the best correlation is obtained when n=0.470.56 (depending on the impingement angle) and m=3n.
The SMD parameter is however an average property
that was found to vary monotonically with Vf while
obscuring changes in the shape of the drop-size
distribution. With increasing air-to-liquid ratio the
SMD decreases, however the size distribution also
changes from a bi-modal shape to a single peak at
about 50(im (fig 3).
Close-up photographs of the discharge orifice
region for two extreme cases reveals that two distinct
atomization regimes may be identified. Figure 4 is a
pictorial representation of how the atomization process
shifts its nature with increasing air-liquid mass ratio. At
a low air-liquid mass ratio (4a), the liquid jet
disintegrates mainly due to the direct impingement of
the high velocity air stream. A single drop population is
expected. At a higher air-liquid ratio (4b), a noticeable
backflow of drops and air occurs along the liquid-air
interface due to momentum exchange between the two
jets. The returning liquid flows towards the orifice
plane, spreads as a liquid film on the nozzle end-face in
the radial direction, and undergoes an atomization at
r=Do/2 where the air-liquid mass ratio and the relative
velocity are much higher than at the main impingement
region. Two drop populations are expected to appear;
population of large drops is generated at the main
impingement region and population of small drops is
generated at the air-slot exit. When the air-liquid mass
ratio further increases (4c), the overall air-liquid
momentum ratio increases and a larger portion of the
liquid flows back. The small drop population increases
and the large drop population decreases.

Figure 3: Bi-modal drop-size distribution behavior.
Here, a=45°, do=O.65mm, D0=4.4mm, t=0.25mm, L=0,
X=50mm.
A linear combination of the two populations which
best fits the experimental cumulative curve, determines
the fraction of the backflow liquid (backflow ratio),
thus:

y = {l-r)y2+ryi

(3)

where F , is the liquid-backflow to main-liquid-jet mass
(or volumetric) flow ratio (backflow ratio), and the
indices 1 and 2 refer to the smaller and larger drop
populations, respectively.
RESULTS
In some cases, the bi-modal behavior of the dropsize distribution curve was easily detected when
observing the drop-size histogram. In other cases, a
single peak was observed while the shape of the curve,
and in particular its larger width, suggested that the
drop cluster may contain two different kinds of
populations although they were not distinctly
recognizable. The portion of the backflow liquid, i.e.,
the liquid-backflow to main-liquid-jet mass flow ratio,
is plotted in Figure 5 vs. the overall liquid to air ratio.
Also plotted are the results of the approximate analysis.
The results mapped below the horizontal dashed line
are those for which the bi-modal behavior was clear,
i.e. double-peak behavior of the drop-size distribution
curve is apparent, while the other results represent the
cases for which a single-peak was observed, though, as
indicated by the width- of the curve, two droppopulations may exist. It seems that as the overall
liquid-to-air ratio increases, the liquid fraction that
backflows increases. This is attributed to the higher
mass flow rate of the air and the consequent intensive
momentum exchange between the air and the liquid at
the impingement region. This general behavior is
supported by the experimental results. The perfect
mixing approach seems to form the lower bound, which
means that the liquid fraction in the backflow fluid is

In order to quantify the portion of backflow liquid
(the backflow ratio), we assume that each single-peak
drop distribution curve may be correlated with a RosinRammler (RR) distribution curve. Following the RR
model, the volumetric fraction, y, of the undersize
diameter (drops having a diameter smaller than d) is:
(2)
where d* is a characteristic drop dimension associated
with the most frequent diameter, and q is a parameter
associated with the width of the distribution curve.
In the following analysis it will be assumed that the
distribution of the two droplet populations can be
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higher, or at least equal, to the overall liquid-to-air
ratio. The predictions, including those for the perfect
displacement model, seem to under estimate the
backflow ratio for the higher liquid flow rate
(lOOcc/min) and for the cases for which a single-peak
behavior was observed. It is possible that for these two
cases, a significant number of tiny drops are generated
during the direct impingement of the high velocity air
stream, and these drops cannot easily be distinguished
from those generated by the backflow liquid. The
population of the small drops thus increases via the two
atomization processes which occur simultaneously.

CONCLUSIONS
Bi-modal drop-size distribution behavior indicates
that two drop populations are generated. Close-up
photographs of the discharge orifice region, reveals that
two definite atomization regimes may be identified. At
a low liquid-air ratio, the high velocity air stream
impinges on the liquid jet outside the liquid discharge
orifice to produce one drop population. At a high
liquid-air ratio, the mass flow rate of the impinging air
is high enough to result in a backflow of a considerable
portion of the liquid jet in the form of an annular
tongue. This tongue arrives at the orifice surface and
spread as a thin film in the radial direction. A toroidal
vortex seems to occur. The liquid film is extensively
disintegrated by the air stream emerging from the
annular slot to produce a second drop population. In
general terms, it was found that as the overall liquid-air
ratio increases, the liquid fraction that backflows
increases. This behavior is supported by the
experimental results.

(a)

In some cases, the bi-modal behavior of the dropsize distribution curve was easily detected when
observing the drop-size histogram. In other cases, a
single peak was observed while the shape of the curve,
and in particular its broadening suggested that the drop
cluster may contain drops from each of the atomization
regions.

0.5

1.0

Air to Liquid ratio

Figure 5: The portion of backflow liquid vs. air to
liquid ratio. The marks designate estimations from
experimental results via eq. (3). The solid lines are the
results of the approximate analysis.
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Figure 4: An illustration of a liquid jet atomization in
different regimes, (a) low air-liquid ratio, (b) and (c)
progressively increasing air liquid-ratio.
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ABSTRACT
One of the recently suggested methods to minimize
undesired thermal distortion of a structure is based on
using a curved bimaterial beam as a structural element.
This element can be designed so that when subject to
temperature variations the element chord length remains
constant, in a broad range of temperatures. Employing
such an element as a structural one raises the question of
the optimal design that' will exhibit zero thermal
expansion and the best structural properties.
The optimization problem is presented in two stages.
First, the optimal curve shape of the beam is sought,
assuming the cross section is constant throughout the
element. The solution is found analytically to be a
catenary, which can be approximated as a circular arch
for the relevant range of parameters. At the second stage,
the optimal form of the cross section and the interface
location are investigated numerically, for a circular
element. Design recommendations are formulated.
INTRODUCTION
All structures that are subject to temperature
variations deform. In various engineering applications
where dimensional stability is crucial, these thermal
deformations pose a serious problem, degrading the
ability of the structure to fulfill its functional
requirements. A few examples of such applications
include: space structures in orbit that are periodically
exposed and hidden from the sun, high-precision
manufacturing machinery, lasers and optical equipment.
The methods to reduce or compensate for these
thermal distortions fall into two main categories: active
and passive methods. The active methods use sensors to
measure the distortions, which are corrected using
actuators. For the passive ones, the structural design
itself provides the correction for the required dimensions.
A new passive method to reduce thermal
deformations has been suggested recently by Slepyan et
al. [1]. The method is based on employing bimaterial
curved longitudinal elements that can exhibit desired
thermal expansion (fig. 1). Incorporating such elements
in a structure will reduce the thermal deformations of the
entire structure, providing the required dimensional
stability. The basic idea is to create curved bimaterial
elements, made of two different materials connected
along their interface. The two materials have different
thermal expansion coefficients, the material on the outer
side with a larger coefficient than the inner one. The
curved element is connected to the structure at its ends.
When heated, both materials expand, but the outer
material has a larger tendency to expand than the inner
one. Therefore, besides expanding, the element bends,
increasing the curvature of the element. The expanding
and bending have opposite effects on the chord length of
the heated element. The expanding increases the distance

between the ends of the element, while the bending,
tends to reduce this distance. By a proper combination of
these deformations, one can obtain elements with a zero
coefficient of thermal expansion (CTE) in a broad range
of temperatures.
Incorporating elements of this type in a structure can
be done in many ways. By a proper combination of such
elements, one can create elements that besides exhibiting
zero thermal expansion, do not experience edge rotation,
thus allowing them to be used in frames, rigidly
connected at their ends. The method can employ
composite material elements, having layers with different
thermal expansion coefficients, or even Functionally
Graded Materials (FGM) where the variation in effective
CTE is gradual, highest on the outside and lowest on the
inside.
Bimaterial elements are usually utilized as
temperature sensitive elements, not as structural
elements. The effect of using the bimaterial element as a
structural element, with zero thermal expansion, leads to
the question of the desired optimal design that will give
the best structural properties of such an element.
As a background for the optimization, the following
section presents a beam-theory analysis of the arch
subject to a temperature variation and an external force
directed along the chord. In the next two sections, the
optimization problem is dealt with as two separate
problems. The first one is finding the desired shape of
the arch, i.e., the minimal length of a zero thermal
expansion element, assuming the cross section is fixed.
Using a variational approach, the optimal shape is shown
to be a catenary. A circular arch is an excellent
approximation for the catenary, for the relevant range of
parameters, and is therefore used subsequently. In the
second problem the optimal form of the element cross
section is sought, yielding optimal stiffness per weight or
strength per weight. An exhaustive search is utilized at
this stage, to find the optimal design points numerically.

Fisr. 1
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ELASTIC RESPONSE
As a preliminary for the optimization, the solution for
an arbitrarily shaped prismatic bimaterial element,
subject to a thermal load and a force directed along the
element chord is presented. This is easily found
following Slepyan et al. [1].
The two basic assumptions that are necessary for the
analysis are: 1. Cross sections perpendicular to the
interface remain plane and perpendicular after
deformation. 2. Slender element, i.e., the depth of the
element is always much smaller than the radius of
curvature (h < R/10). Consequently, the normal strain in
the longitudinal (s) direction depends linearly on the T|
coordinate, and is given by
£ = 5K(S)T]

+ EZ{S)

(1)

where 8K(S) is the change in curvature of the interface,
ez(s) is the normal strain at the interface. The coordinate
s runs along the element interface, and the coordinate TI
runs along the cross section height, centered and
perpendicular to the interface.
The stresses in each of the materials are expressed
using Hooke's law. The stresses are then substituted in
expressions for N(s) and M(s), the normal force and
bending moment, respectively, at each cross section. This
yields two equations which are solved for 8K(S) and e^s).
Hence the stress-strain distribution in the entire element
is known.
Two factors play an important role in the element
design. In the absence of an external load, the local
deformation can be expressed as
z t - a T
(2)

Minimize the arch length:
(5)
subject to the constraint:
a

V
which represents the zero CTE condition.
The boundary conditions are
>'(0) = 0
>•(/) = 0
To solve the problem, we form the functional

H = I+XJ

(6)

(7)

(8)

where A. is a Lagrange multiplier. The corresponding
Euler equation has the form
(l + \y)y"-\y'2-X
=0
The general solution of (9) is given by

(9)

(10)

Hence the solution to the problem (5)-(7) is a catenary
shaped arch. The constants of integration Cu C2 and the
Lagrange multiplier \ are determined uniquely from the
two boundary conditions (7) and the constraint (6). This
completes the solution.
Although the solution of the Euler equation is only a
necessary condition for a relative extremum, as in any
physically motivated problem, it seems clear that a
where T denotes the temperature variation. The minimizing function does exist. Since the solution
obtained satisfies the Eulcr equation, and is unique, we
parameter a* is the change of the interface strain per
degree (1/°C), i.e., it is a measure of the thermal can conclude that the catenary is the minimizing
elongation in the axial direction. Clearly it must be function.
It is interesting to note that the mathematical
between the CTE values of the comprising materials. The
parameter b* is the change in curvature per degree formulation (and consequently, the solution) of the
(l/m°C). It is a measure of the bending, per degree, considered problem (5)-(7) is the same as for the well
caused by the heating. Both a* and b* depend on the known problem of determining the shape of a hanging
string with a predetermined length.
material properties and the cross section geometry.
As mentioned previously, it can be shown that a zero
The change in the chord length (u) is obtained by
integrating the deformations along the entire arch, CTE circular arch with the same chord length, is an
extremely good approximation of the corresponding
yielding:
f
r
catenary, for the relevant range of parameters. Therefore,
u — J 5 K jy ^y — J £ z cos Qds
(4)
a circular arched element can be considered as the
optimal shape for the element, for any practical purpose.
where L denotes the entire arch length, and 0 is the angle In the following section, this element will be used for the
between the tangent and the x axis. The chordwise cross section optimization.
stiffness is calculated using (4) for the case of an external
force.
CROSS SECTION OPTIMIZATION
In this section the optimal shape of the cross section
OPTIMAL ARCH SHAPE
is investigated, for a circular shaped arch. The condition
In this section we propose to determine the optimal of zero CTE takes the form [1]:
arch shape for the zero CTE element. This is done
assuming a constant cross section, thus separating the
tanfi
I
a
1
(11)
arch shape problem from the problem of finding the
b
2sin${ (3
optimal cross section. This enables us to obtain an
analytical solution for the arch shape problem. The chord
where 1 is the required chord length, and 2p is the central
length 1 is assumed predetermined. The problem to be angle, at a reference temperature. The left side of (11) is
solved is: Find the arch shape y(x), 0 < x < 1, with a the ratio of the thermal elongation and the curvature
change, both per degree, which" depend on the material
minimal length (or weight) subject to the constraint of
properties and the cross section geometry. The right hand
zero CTE. Setting u = 0 in (4), and using
side of (11) depends upon the angle B, defining the
global arch geometry that exhibits zero CTE.
The dimensions of the cross section were used as
the problem can be formulated as:
design variables. Assuming the materials of the
comprising layers are cribsen, the cross section
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dimensions determine the corresponding shape of the
arch exhibiting zero CTE, according to (11).
An important property of the zero CTE element is
that it cannot be designed straight, in spite of the fact
that a straight element would have superior structural
properties. The reason for this is that a straight element
exhibits non-linear temperature behavior, and therefore it
cannot have zero CTE. It can only be designed
specifically to have zero elongation at a specific discrete
temperature rise, elonaatins during the transition. For
the element to exhibit true zero CTE it must have a
considerable curvature, which is determined by (11).
This is the main drawback of such an element, resulting
' a relatively low-stifness and low-strength, when
in
compared to a straight element.
The cross section chosen for the optimization is a
simple case of two rectangular strips, shown in fig. 2.

/

/

\

\
\

\

x

t

Fig. 2
The design variables are the strip thicknesses hi, h2, and
the width b. The materials chosen for the numerical
example are Aluminum (Ej = 70 Gpa, outer layer) and
Steel ( E 2 = 200 Gpa, inner layer).
Two separate problems are solved. We seek either
maximum stiffness per weight, or maximum strength per
weight:
Minimize:
Weight(x)
Subject to:

QLeff (x) = 0

Stiffhess( x) > Ko (given)
or:
Strength( X) > F o (given)
where x- (1^, h2, b).
The first step of the optimization was carried out for a
constant width b, using the strip thicknesses h b h 2 as
variables. Thus we can plot contours of constant weight,
stiffness or strength, yielding the optimal design point.
The contours for the stiffness-weight problem are shown
in fisr. 3,
Weight and Stiffness
0.05

The dashed lines are constant stiffness lines, and the
solid ones are constant weight lines, which are nearly
linear in most of the design region. For any given
stiffness, the minimal weight" of the element is obtained
at the point where the corresponding stiffness line is
tangent to a constant weight line.
The solution found has a characteristic pattern. The
tangent points lie on a straight line, shown on the graph,
which represents a constant ratio between the strip
thicknesses. For the aluminum-steel element, the ratio is
found to be y=h 2 /h! = 0.59.
A similar process is followed for the strength-weight
problem.
The second step of the optimization was to determine
the optimal width b. The result is that a minimal width b
is always preferable.
Hence the optimal cross section has the form of a
rectangle, with the optimal thickness ratio y (which
depends on the materials chosen), and a minimal width b
(up to the limit imposed by stability considerations). The
total thickness (hi + h2) is determined according to the
stiffness or strength requirements.
Analysis of more complicated non-rectangular cross
sections, using a standard MP routine, backed up these
results.
The optimal thickness ratio found is of further
interest. It is equal to the square root of the elastic moduli
ratio of aluminum/ steel:
(12)
Similar results were observed for other • material
combinations. The reason for such a coincidence is that
the ratio (12) yields the maximum bending per degree b ,
which has a strong influence on die optimization
procedure. Temperature sensing devices are usually
designed with this thickness ratio, since it yields
maximum sensitivity to temperature variations. Such
elements are termed 'normal' elements. This ratio is
utilized in nature by certain plants too [2].
DESIGN RECOMMENDATIONS
1. A circular shaped arch can be considered to be
optimal.
2. A rectangular cross section with a minimal width b is
always preferable. The lower limit of the width is
determined by stability considerations.
3: The total thickness (hi + h2) is determined by the
strength or stiffness requirements. The optimal
thickness ratio is determined numerically, according
to the process outlined in the previous section.
4. The 'normal' ratio of material thicknesses, i.e.
—2- =

l-r-L

;

is a good approximation for the

optimal stiffness per weight design.

0.01
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THE POST-BUCKLING RESPONSE OF A BI-LATERALLY CONSTRAINED COLUMN
Herzl Chai
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ABSTRACT
forming (Cao and Boyce, 1997). For such
The post-buckling behavior of a linearly
applications, the evolution with end shortening
elastic column under a bi-lateral constraint is
of both the axial force in the column and the
studied experimentally and analytically. Under a
transverse reaction exerted by the guiding walls
controlled axial displacement, a rather rich
are of interest.
sequence of events unfolds, including the
ANALYSIS
formation of discrete or continuous contact
Let
a
flat,
linearly
elastic column of length
zones between the column and the guiding walls
LQ,
thickness
t,
width
/;
and Young's modules E
and the instantaneous transition of the buckling
be
constrained
by
two
rigid and frictionless
waveform to a new equilibrium configuration
planes
separated
by
a
distance
ho, see Fig. la.
due to local instability. The specific details are
The
column,
which
initially
lies along the
quantified based on the linearized differential
surface
of
the
upper
wall,
is
clamped
on both
equation of the column as well as on the
ends.
Under
axial
compression,
the
column
classical elastica. For a frictionless contact, the
buckles.
Fig.
1,
which
is
drawn
based
on
response of the column exhibits a degree of
experimental
evidence
obtained
in
this
work,
statistical variation, but the range of this
demonstrates the deformation process under a
variation can be bounded. Other interesting
monotonically
increasing end shortening, A. As
buckling characteristics are found which should
shown,
the
process
consists first of a discrete
be useful for the understanding of more complex
contact
between
the
column and the wall, then
contact/stability systems.
the spread of the contact zone and finally the
INTRODUCTION
local buckling of the flattened segment of the
Although
the majority
of practical
column, which results in a transition of the
film/substrate contact problems are associated
system to a higher wavenumber. For small
with two or three-dimensional stress fields, in
deformations, the response of the column is
light of their complexity, analytically tractable
governed by the following linearized differential
solutions to one-dimensional configurations
equation
would be desirable. Indeed, numerous works are
available in this case, the majority of which deal
with the response due to axial or transverse
,,,•>
P
UP
(I)
= 0, k-^-j=
loading of either flat or curved beams under a
unilateral constraint (e.g. Soong et. al., 1986,
Chateau and Nguyen, 1991). In this work, the
response of a bi-laterally constrained column
under axial compression, see Fig. 1, is studied
experimentally and analytically. The tests show
that such a constraint leads to an ever-repeating
sequence of local bifurcation which extends the
range of behavior possible witli the unilateral
constraint case. In addition to resembling some
post-buckling features encountered for narrow
plates, the problem at hand is directly relevant to
a range of technological applications, including
compliant foil journal bearings (Heshmat et al,
1983), corrugated fiberboard (e.g. Johnson and
Urbanik, 1989), structural core sandwich panels
(e.g. Nordstrand and Carlsson, 1997) and sheet
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where

h=h/t,

n=-7r

(2)

(7W)Eq. 2, togedier with appropriate boundary
conditions, is applied to each of the free
standing segments making up the column. Fig. 2
shows the variations of the contact zone length,
c, and the load parameter, C,, given as

kLn

q^-A
2%

(3)

with the normalized end shortening,. The results
pertain to the choices 2a=2b=c and h = 3 .
Also shown is the curve for h = 0 , which
bounds from above the ranae of behavior

possible. (The lower bound is represented by c, 1). Following buckling, C, remains fixed (=1)
until contact with the wall occurs (T| = 7.75).
The point contact solution holds true up to C, =
2. Thereafter, a line contact develops. When C,
= 4, the column snaps into two buckles (n = 2)
during which T) remains fixed but C, drops
somewhat. Note that the new configuration is a
point contact. When C, reaches 4, a line contact
forms. The next mode transition (i.e. to n = 3)
occurs at Q = 8 , although the transition now is
to a line contact. This process continues
indefinitely unless plasticity or some other
failure mechanism intervenes.
The
linearized
analysis
becomes
progressively inaccurate as the buckling wave
number or the angle of rotation of the column is
increased. Because this effect is more severe for
a line type contact, the following elastica type
analysis will be limited to that case. The
equilibrium differential equation for a typical
free-standing segment is given by

V(s) = EIQ",

Except for the term associated with h , these
integrals are identical to that for the elastica
problem discussed in Timoshenko and Gere
(1961). For h < 1, one finds

These asymptotic expansions are found to be
accurate to within 2.6% of the full term solution
if h < 0.6. Fig. 2 shows (lie variation of c and q
with r\. As shown, the results significantly
departs
from
their
small
deformation
counterpart following the formation of three
buckles in the column.
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(4)

(7)

h=h/H
(8)
and H is the projected length of the buckle.
Using (7), (6) and (4), one has

(9)

The solution of (9) satisfying a zero bending
moment at s = 0 is given by

— = V I k -yJicosB + h sin 9 - 1 )
ds

(ds,dx,dy)

kH
—
—
—
— = 1 - 0.9375/7.2 + 0.830/?4 + 0 (h6)
2%

where

6" =£ 2 (Acos9-sine)

(1, cos8,sin9)r/9
+ h sin 9 - 1

— = 1 - 0.1875/r + 0.103/74 + 0 (h6)

where the differentiation is with respect to the
arc length, s, and 8(J) and V(s) are the angle of
rotation and the internal shear force,
respectively. From equilibrium
V(s) = Vocose - Ps'mQ ,
(5)
where
Vo = V(s = 0)
(6)
Since the bending moment at the ends of the
segment vanishes (i.e. M = £ 7 9 ' = 0 at s = 0
and s = L, where L is the length of the free
standing segment), one has from equilibrium
Vo = Ph

6 is)

(10)

The arc length S and the horizontal and vertical
distances, X and Y, respectively
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HELICAL INCLUSION IN AN ELASTIC MATRIX
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ABSTRACT
An elastic space containing an elastic helical rod is
considered. Axial and radial extension and torsion of
the space are examined. The internal torsion of the inclusion, perfectly lubricated with respect to the matrix,
is examined as well. The internal forces and moments in
the rod, displacements, stresses and strains in the matrix
are derived. The rod is governed by nonlinear equations
and the stress-strain fields in the matrix are constructed
by superposition of fundamental fields. Along with the
general solution, asymptotic solutions of two kinds are
presented. The first one corresponds to the condition
when curvature of the helix is small and the angle between the helix and its axis is not too close to TT/2. The
second asymptote corresponds to the case when, in determining the field in the matrix, the helix can be considered as a straight line, but with nonzero torsion.

INTRODUCTION
There exists a variety of means to essentially increase
energy consumption by a material under extension. This
can be achieved for example by a special structure including so-called "waiting" elements [3] or curvilinear
fibers and layers (Kagawa et al., [2], [1], [3], Chiskis
et al., [4]). In this regard, attention is drawn to mechanics of composites with curvilinear reinforcements
which lead to stiff nonlinearity of the macro-level stressstrain relation and increase the stability of the material
under extension, [3]. Among such structures, composites based on helical inclusions deserve special attention.
The helix is a unique perfect curve with constant curvature and torsion and owing to uniformity, translationrotation symmetry holds, which leads to the existence of
simple states of the composite. It should be mentioned
that aside from problems of composite materials, helical
systems are relevant to a wide variety of fields in different areas of science and engineering. Note that some
classes of accurate solutions relevant to the dynamics of
a helical thread were recently described. An exact analytical solution describing solitary waves in an inextensible, helical fiber was obtained in Slepyan et al. [5]. Some
numerical results for such a problem were presented in
Slepyan et al. [6]. This solution was then extended for
the case of an extensible helical string of an arbitrary
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nonlinear elastic material (Slepyan et al., [7]) and, next,
for a helical elastic string, rotating at infinity as a rigid
body, [8]. A complete traveling wave solution describing all possible types of periodic and solitary waves in
an inextensible fiber was obtained in Krylov et al. [10].
Finally, it was shown that an axial dynamic tension of a
helical thread leads to an extraordinary non-stationary
binary wave [9].
In the present work, these helical explorations are extended: the helix is considered imbedded in an elastic matrix. Elongation of the rod is taken into account
along with its bending and torsion stiffnesses while lateral shear is neglected.

EQUILIBRIUM OF THE HELICAL ROD
Consider a helical rod of right-hand rotation. We denote the central axis of the rod, the s-axis, as a helix of
the radius ro and we let the angle between the helix and
its axis (s-axis) be n;o (Figure 1).

X
Figure 1:
The helix can be characterized by the orthogonal
Frenet triad T. n, b where r = R, r' = /con, n! =
—KoT+tob. Here R is the position vector; T, n and b are
the unit vectors: tangent, main normal and bi-normal,
respectively;
sin"

to = sm «o cos ao

(1)

are the curvature and torsion of the curve. The geometrical and material characteristics of the rod are assumed

to be s-independent in a helix-associated coordinate system and to be in accordance with translation-rotation
symmetry of the helix. Along with this, symmetry of the
rod cross-section about the main normal to the helix is
assumed to exist which results in reflection symmetry.
The rod is assumed to be in contact with a matrix which
also satisfies the assumed symmetry. The orthogonal
triad r , n, b natural to the helix is assumed to be associated with the actual state of the rod under external
forces and moments.
Under these assumptions, the equilibrium equations
for the rod are as follows
Q' + Q = 0,
M'

+ TXQ

The helix stretch is then determined by the expression
(7) and its initial curvature and torsion by the corresponding expressions (1) now used for the values r o ,aQ.
Assuming the rod material to be linearly elastic, the
internal tensile force, bending and torsion moments (except internal torsion of the rod) can be expressed in
terms of the corresponding parameters of the helix as
determined above.
FIELDS IN THE MATRIX
The response of the matrix external to the rod, p >
pa, to the action of the normal force and moment, uniformly distributed along the helical rod is required. In
order to determine this response, consider an unbounded
elastic space filled by the matrix material and subjected
to a concentrated force 17S and moment yn§, applied at a
point s and directed toward the helix axis. The components of displacements ''u^ and ''u n 3, and stresses q<r^q
and ^&pq induced by these concentrated force and moment can be found using Kelvin's fundamental solution.
Superposition of these solutions, corresponding to the
'uniform' distribution of the forces and moments along
the helix (they are directed to the axis at each point),
represents the sought fields. Note that the concentrated
forces and moments play an auxiliary role because they
are applied outside the real domain of the matrix.
It is now necessary to find the normal oriented force,
q-i, and moment, [i-i, and displacement, U->, and rotation,
Cl-i of the rod cross-section. The above vectors can be
found in terms of displacements and stresses, properly
averaged over the circumference p — po. These components which are given in the coordinate system associated with the cross-section of the rod, are expressed in
terms of the fundamental solutions, ''u^, flun3, Vpf; and
^cTpq, namely

(2)

+ H = 0-

(3)

As a result of reflection symmetry, only normal-oriented
vectors can exist and only two equilibrium equations
remain nontrivial:
K,QT —

toB = —qn,
K0MT - t0Mb - B =
-fin,

(4)
(5)

where T, MT, Mb and B denote the tension, torsion and bending moments and shear force, respectively.
Note that aside from the external force, qn ds, and
moment, fj,n ds, acting in the normal direction, selfequilibrated tractions may act on the external surface
of the rod. In the following, Bernoulli-Euler rod theory is used which is insensitive to such tractions, and
therefore they are not considered in this work.
The deformation of the rod can be represented as
consisting of a helix-associated deformation and internal
torsion (we do not treat the latter in this short presentation). Let us express the helix-associated deformation
and initial parameters of the helix (parameters of the
deformed helix are considered as given) in terms of the
strain of the cylinder 0 < r < ro:
dx

u

m = lmn[q-3 «,i(<l > « ! « ) + IH unW > 6 , 6 )J,
a
rnn = 7mp7n<j[(73 '^pry (6 , 6 , 6 ) + lA ^pr/Cl > 6 , 6)],
(here -fmn is the spin matrix) and then averaged over the
cross-section boundary. For example, the displacement
directed toward the axis of the helix is given by the
expression

(6)

where xl and r0 are initial values of the material coordinate and helix radius, respectively; where 7 is the
torsion of the cylinder - i.e., the increase of the angle of
revolution about the ar-axis per unit length in the actual
state; and where \x and Ar are corresponding stretches.
Using these definitions and recalling that x = scosao,
the stretch of the helix and the rotation of a rod crosssection about n-axis, 0, can be expressed as
.
ds
cosal
As = —1 =
± ,
ds
cos ao x

0 = a0 - a*0.

"?> = •;- \Tu\d4>,

(9)

2TT ./O

where <j) defines the coordinate of the point at the interface in the associated polar coordinate system of the
cross-section of the rod.
Such values are induced by a force and moment concentrated at a point. The fields corresponding to the
distributed force and moment can be found by superposition. For example, the normal displacement is

(7)

ds.

(10)

The formula below defines the initial angle, a0:
5

tan a.o — -r - (tan a0 - ir0).

Due to the symmetry in a helix-associated coordinate
system, the components obtained are s-independent.

(8)
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EQUATIONS FOR THE
DISTRIBUTED SINGULARITIES
The condition of equivalence of the radial U = ro - r 0
displacements of the matrix and of the rod permits one
to find relations between deformations of the matrix (in
terms of given axial, A^, radial, °°Ar, and angular, 7,
strains of the cylinder 0 < r < r0, Eq. (6), and the
unknown radial strain A,.. The same is true between the
unknown force q® and moment p,®. Finally, the condition of equivalence of the angular displacement 0° = 0
combined with the equations of the equilibrium of the
rod, Eqs. (4), (5), permits one to find the unknown force
and moment q®, JJS as well as shear force B as a solution
of the system of three nonlinear algebraic equations:

0
i

= «0°9° + " 0 ^ § ,
/n

TTi

tO™h — "

—

0 ~0

i I t ~ 0 , ,0 \

~ \ Mn?3 "f

MnM3j-

(11)
/ "1 ''^

V-"-"/

Note that for small strains of the cylinder r — ro 5^ 0
this system of equations becomes linear.

ASYMPTOTIC RELATIONS
There exist several asymptotic representations related
to various directions in the space of the parameters of
the problem. The first set of asymptotics corresponds
to the case when the curvature of the helix is small and
the angle ao is not too close to TT/2:
<< cosao-

(14)

In this case, the expression for the the distance, R, between the point of external concentrated force/moment
application and the point located on the interface between the rod and the matrix, can be essentially simplified and can be assumed to be (^-independent: B? =
2
2
2T"O(1 — costp) + s cos a + P'Q. This simplifies greatly
the determination of the values averaged over the circumference p = po [see Eq. (9)].
The second kind of asymptotics corresponds to the
helix approaching a straight line. Let a and ro tend to
zero in such a way that K -> 0 and to —> const > 0.
This corresponds to the helix becoming a straight line,
but whose normal, n, which coincides with the external forces and moments, forms a screw surface as in the
case of a 'genuine' helix (this surface can be invariable
when r 0 -> 0). In this case, the asymptotic fields in the
matrix can be obtained based on the superposition of
the fundamental fields induced by the forces and moments distributed along a straight line, but directed in
accordance with its nonzero torsion. For example, displacements in a cylindrical coordinate system xt r, 9 can
be expressed as follows:
= /a;(r) sin 0, u r = / r (r) cos 9,

h

= ,_^/-,

y

= f$(r) sin 6,

JorKo{tor),
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1+V

/r

—

~

/«

=

-"

4TTE(1 - z/)
4TTE(1 -

; (3-4i/)/^o («r) +
v)

(for)),
(15)

where Ko(tr) and K\(tr) are modified Hankel functions
of the first and of the second order, respectively. Note
that the rod, which possesses a bending stiffness, cannot be straightened out completely by bounded tension
forces even without interaction with the matrix. In this
real case, torsion of the helix is single-valued. The internal forces in the rod are calculated based on the assumption ao <C 1, ttg <C 1, r j ^ O . to —> const > 0.
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ABSTRACT
In this investigation, interface fracture properties are
measured. To this end, giass/epoxy Brazilian disk specimens
are studied. In order to calibrate the specimen, a numerical
procedure is used. The finite element method is employed
to derive stress intensity factors as a function of loading
angle and crack length. By means of the weight function
method together with finite elements, a correction to the
stress intensity factors for residual thermal stresses is
obtained. These are combined to determine the critical
interface energy release rate as a function of phase angle
from the measured load and crack length at fracture. A
series of tests on a glass/epoxy material pair were carried
out. It may be observed from the results that the residual
thermal stresses resulting from the material mismatch greatly
affect the interface toughness values.
INTRODUCTION
Cracks often develop at or below an interface between
two materials or a bond. The behavior of an interface
between two materials has been receiving increased
attention in the last several years.
The aim of this investigation is to measure interface
fracture toughness properties by means of the Brazilian disk
specimen (see Fig. 1). The thermal residual stresses resulting
from specimen curing are accounted for. This specimen
leads to a wide range of mixed mode values. The two
materials selected for these tests are glass and epoxy; glass
is a ceramic and the epoxy chosen is brittle.
P)

Material

E (GPa)

a-\0"6/°C
73.
8.
0.22
glass
epoxy
2.9
0.29
73.
0.33
aluminum
70.
23.5
Table 1 Material properties of specimen components.
A conservative integral, the M-integral [1], [2] was
employed for obtaining the stress intensity factors Kx and
K2 for various loading angles 6 and non-dimensional
crack lengths aJR where R is the specimen radius.
Although there is an oscillating singularity at the crack tip,
quarter-point elements were employed, so that only the
square root singularity was modeled.
Material (1) is taken to be glass and material (2) is
taken to be epoxy. A thin strip of aluminum alloy in the
form of an arc was cured with the epoxy. Finite element
analyses were performed with a mesh containing 14,976
eight noded isoparametric elements and 45,416 nodal
points for aJR = 0.5 . The Brazilian disk specimen was
analyzed for various loading angles # and various
non-dimensional crack lengths aJR . The stress intensity
factor K = Kx + i K2 where / = V— 1 is presented in
non-dimensional form as
„.
inRta
K= ~
-K
(1)
PJxa
where R and / are the radius and thickness, respectively, of
the specimen, a is crack length, P is applied load, and s is
given by
s = (l/2ff) ln[(K-j fiz+ft)/

aluminum

V

(K2 ft + Mi )1 •

(2)

In (2), //.are the shear moduli of the upper and lower
materials, respectively, K, - 3 - 414 for plane strain and
(3-i> )/(l +t>)for generalized plane stress, and Vi are

Fig. 1 Brazilian disk bimaterial specimen composed of
glass, epoxy and an aluminum arc.

Poisson's ratio. The interface energy release rate

is

presented in non-dimensional form as
STRESS INTENSITY FACTORS FOR
APPLIED LOADING
The finite element method was employed to determine
values of the stress intensity factors Kx and K2 for the
specimen illustrated in Fig, 1. One half of the specimen is
glass and the other is epoxy. The epoxy is supported by an
aluminum arc. The properties of the materials are given in
Table 1.
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4nHR2t2
(3)
where H is given by

H=2oodnsl(\lE+llE)

(4)

Et = Ej / (1 — Vj ) for plane strain conditions and Ej

for

generalized plane stress. The subscript / in (3) represents
interface and ^ - has units offeree per unit length.
Sample results for loading angle 0 = 5° are presented in
Table 2. The non-dimensional crack length aJR is varied
between 0.3 and 0.7 which is a convenient range for testing.
a/R

*l

5.20- 17.371 f j + 2 6 . l ( f

(5)

•\2

/_A3

8.27 - 27.13| ^ 1 + 38.77| ~ J - 2 0 . 5 6 ^

- 5.37 + 1 6 . 0 8 ^ - 2 1 . 3 4 ^

+ 8.941-

(6a)

(6b)

where K is defined in (1). With these calibration functions,
dimensional K^ and K2 are calculated from experimental
parameters.
STRESS INTENSITY FACTORS FROM
RESIDUAL STRESSES
By means of a weight function presented by Banks-Sills
in [3], the stress intensity factors resulting from residual
curing stresses are determined. The non-dimensional stress

Table
K\

3

(8a)

K

2

. (86)

TESTING
Testing was performed on glass/epoxy specimens. The
glass/epoxy interface was designed to simulate one which
is typical of brittle materials. It may be noted that no
chemical reaction takes place between the glass and the
epoxy. The specimens were fabricated by machining glass
in the form of a semi-circle. The interface surface of the
glass was machined very smoothly except at its edges. An
initial notch was fabricated along the specimen interface by
means of Teflon strips applied to the glass half. The glass
was placed in a mold and the epoxy was poured into it
with an aluminum support. The molds were arranged in a
desiccator before being placed in the oven where they

out at 6 = 5° . The aim was to develop a straight through
natural crack. Then, the specimens were reloaded at
various loading angles. A video was employed with a
mixer and two cameras in order to observe the entire
specimen, with special attention given to crack tip
propagation. To determine the critical crack length ac, a
picture from the video was employed to measure the crack
at five equally spaced locations along the crack front as
suggested in the ASTM fracture standard for metals [5].
When the crack propagated, the load Pc was observed on

y/ (rad)

0.587
0.345
0.0352
0.607
0.0717
0.373
0.408
0.629
0.1129
0.655
0.1553
0.453
Non-dimensional stress intensity

•4$

(
+0.26[-

were cured at 25 C for 64 hours.
A crack was induced from the notch by means of an
initial loading. For all tests, this initial loading was carried

intensity factors, denoted as K{ and K^ , are presented
in Table 3 for various crack lengths.

0.3

- i

These results (in dimensional form) are superposed with
those determined for applied loading at a particular
loading angle to yield the total stress intensity factor.

curve fitting. As an example for 6 - 5°

0.4
0.5
0.6

l4 30l
a

-0.16 + 1.19:

For the results presented in Table 2, as well as other loading
angles not shown, calibration functions were obtained by

l

values were checked by

9-5°.

\f/ = tan" '[lm(K i is) I Re(K t '*)] .

K

a, are the thermal expansion coefficients and AT is

determined here with the weight function method and the
cut and paste method were between 2% and 5%.
Calibration equations were obtained for the stress intensity
factors by curve fitting as

The phase angle y/ is defined as

a/R

(7b)

\IE2 -

by O'Dowd, et al. [4]. Differences between K^r) values

and phase angle y/ determined for

crack tip A and loading angle

a=

the Eshelby cut and paste superposition method employed

1.2939
-0.6187
0.9200
-0.6689
1.3491
0.9190
-0.7103
-0.6224
0.4
-0.6486
0.9160
-0.7776
1.4437
0.5
0.9022
-0.8834
1.5945
-0.7035
0.6
-1.0546
1.8452
-0.8041
0.7
0.8562
Table 2 Non-dimensional stress intensity factors Kx, K2 ,
0.3

energy release rate ^

where

temperature change. Some K

y/ (rad)

K2

(7a)

JT

0.07
0.15
0.23
0.30
factors

the video.
In Fig. 2, results for the interface toughness of the
glass/epoxy combination are presented. The residual
stresses are accounted for by means of the calibration

, %2 > e n e r §y release rate g., and phase angle y/ .

The values are non-dimensionaltzed as
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equations in (8a) and (8b). The phase angle y/ given in eq.
(5) was calculated for £=134 |i,m. In this way, the y/ -axis is
centered. Perhaps this value of I is the same order of
magnitude as the process zone.

40
X

'•

30

I

•

:
X
» X
_

20

•
X
XX

\

X

/

X

10

X

x

X

*

*
1

n

-1.0

/

X
X

-1.5

•

x

\

-0.5

X

X

t***

"•"V

1

0.0

0.5

1.0

1.5

^(rad)

Fig. 2 Critical interface energy release rate for glass/epoxy
(£=134
It may be noted that although AT in the experiments is
small (between - 4° C and +2° C), it greatly affects the
individual results of 0ic and yi for each specimea The
maximum difference

between

^

c

with and without

residual stresses is 148% for AT = - 4 ° C ; the maximum
difference between \ff is 51.5%. This behavior results
from the thermal mismatch between the glass and epoxy.
This behavior is in agreement with other studies in the
literature [6-9],
The experimental results may be fit by two curves of
the form [10]

phase angle, and increases the asymmetric behavior of the
curve.
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Two curves are employed to model the asymmetry of
experimental results. For all values of y/, 0=3.21 (N/m);
for y ^ O , X = -3.41, for ^ 0 , X = 0.55.
CONCLUSIONS
Stress intensity factors for both the applied load and
residual stresses were determined for the Brazilian disk
specimen. These were combined to determine the critical
interface energy release rate as a function of phase angle
from the measured load and crack length at fracture.
From the tests that were carried out, it may be observed that
the residual thermal stresses greatly affect the interface
toughness values. It not only changes the value of the
critical interface energy but also decreases the range of the
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ABSTRACT
CFRP fabric composite specimens prepared from
stitched thick laminates were tested under mode I
(tension) and mode II (shear) loading.
The respective Interlaminar Fracture Toughness (IFT)
characteristics were derived for laminates of different
stitching configurations. Results indicated significant
IFT increase in all cases of stitching as compared with
non-stitched reference, especially under mode I loading.
It was concluded from parametric investigation that
carbon thread stitching is more effective than its Keviar
counterpart, in improving IFT. This is attributable to
its higher stiffness and better bonding to the CFRP
system as compared with the Keviar thread.
1. INTRODUCTION
Most high performance composites are designed to
have superior in-plane strength and stiffness. Such high
performance is maintained and prevails in cases where
the composite laminate has homogeneous and continuous geometry. On the other hand, interlaminar performance is characterized by pronounced weakness under
both shear and tensile stressing. Such effects become
significant where geometrical and material discontinuity
exist.
Stitching technology in composites which has been
investigated during recent years, is an attempt to
improve interlaminar performance in a moderate way
without pronounced degradation in in-plane characteristics. Most of the works on this subject are involved
with thin laminates which were uniformly stitched and
the main parameter is stitching density.
The effect of stitching parameters on the mechanical
behavior of the stitched laminates were widely investigated (see Ref's. 1-4).
The main conclusions which may be drawn from the
literature survey are as follows:
- Interlaminar tensile strength can be significantly improved by stitching as compared with a slight effect
on interlaminar shear strength.
- Impact damage is almost unaffected by stitching, but
compressive strength after impact (CAI) may be
moderately improved.
- In-plane strength characteristics (mainly tensile) arc
reduced up to 20% due to stitching whereas in-plane
stiffness is almost unaffected.
- Interlaminar fracture toughness characteristics are
significantly increased by stitching, mainly under
mode I loading.
A known practice to tackle with interlaminar weakness is by local selective stitching (LSS) at locations
where high interlaminar stresses are expected. An
example for such local strengthening is edge stitching.
Based on recent works [3], it is reasonable to assume
that while stitching does not have a significant effect on
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interlaminar strength and on dclaminalion initiation it
will have more pronounced effect on delamination
propagation. Hence the objectives of the research work
presented here are as follows:
• Developing testing procedure for evaluation Interlaminar Fracture Toughness characteristics of thick,
fabric - CFRP laminates.
• Using IFT characteristics as a sensitive macro
measure of the effectiveness of local selective
stitching configuration.
• Evaluation of the effects of selective stitching parameters, on IFT performance.
2. METHODS FOR IFT
CHARACTERIZATION
During the last decade many investigations and scientific literature have been involved with IFT characterization of composite materials. It is mainly concerned with testing and analysis of thin unidirectional
laminates [5,6].
The two common tests which arc used in many
laboratories are: Double cantilever beam (DCB) for
deriving IFT under Mode f (interlaminae tensile
stressing) and Edge Notch Flexure (ENF) for deriving
1FT under Mode II (interlaminar shear stressing).
In the present case, the laminate is composed of
woven fabric. However, it was found from preliminary
tests that even in this case, delamination is propagated
through an almost homogeneous phase, and hence, conventional IFT methods and their analytical evaluation
which were established for U.D. laminates, may be
applied.
3. LAMINATES AND SPECIMENS
Most laminates were composed of AS4 carbon fiber
and A193 plain weave fabric reinforcement. Resin was
LY564/HY2954 epoxy. All laminates were fabricated
by the RTM process and cured at 120°C for 2 hours in
vacuum.
The laminates comprised of two groups: Non-stitched
for reference data base and stitched ones, having different
stitching geometry. Stitch materials were Keviar and
Carbon. The stitches were concentrated in a narrow
zone, where the number of stitched rows ranged from 2
to 6.
4. IFT TESTING AND DATA ACQUISITION
Specimens were loaded according to the specified
mode in the Instron loading machine, a constant crosshead speed of 1.0 mm/min was maintained. A loaddeflection relationship was recorded directly by the loadcell and crosshead movements.
The specimen behavior was recorded by a video
camera, which registered also the load (P) and deflection
(8) simultaneously with the delamination visible
length a.

Mode I Testing
Typical DCB specimen used for Mode I tensile
loading is shown in Fig. 1. The central plane of the
delamination could usually be maintained. A typical
load-deflection relationship for Kevlar stitched
specimens is shown in Fig. 2. The respective
delamination pattern is shown in Fig. 3.
The delamination length (a), peak load (P) and
deflection values (8), just before the abrupt load-drop
were registered and tabulated for the derivation procedure
to obtain G I C
According to the analytical procedure described in the
ASTM Standard [5], the invisible delamination length
(Aa) is obtained from the C 1/3 vs. a plot. From the
correct delamination length (a*), the peak load and
deflection at each discontinuity station, the values of
G[C can be computed [5,61 (see Table I).
Mode II Testing
Beam specimens having the same notch as for the
DCB counterpart, were loaded in Mode I tension to form
similar precracks. Later on, the beam was loaded by a
central load as shown in Ref. [6], Fig. 8.38.
The fracture process was entirely different than in the
case of DCB testing. A load-deflection curve was linear
up to a critical load value P c beyond which uncontrolled delamination propagated in an unstable manner associated with large load drop. Ultimate beam flexural
failure followed immediately.
5. TEST RESULTS AND DISCUSSION
Mode I Test Results
The typical load deflection curves for specimens
stitched by Kevlar thread show the following trends
(Fig. 2):
Abrupt load peaks at each delamination growth with
amplitudes drop from peak to peak. This trend changes
significantly when the delamination approach the
stitching zone. Close to this zone the load starts to increase continuously linearly with deflection for a
relatively long time interval. The next load drop is
much higher than even the first load peak. Eventually
ultimate flexural failure of one of the canti-lever beams
terminates the test.
The dependence of G |C on delamination length a* is
shown in Fig. 4 for the Kevlar stitched specimen. From
this figure it may be concluded that G [ c for the stitched
specimens are almost constant along the non-stitched
zone and have a value close to the respective one as for
the non-stitched references. Such a trend continues up to
a point where the delamination approaches the stitched
zone. Beyond this point G |C increases steeply to levels
which are about fifteen fold as related to the non-stitched
reference.
The load deflection relationship for the carbon thread
stitched system (6 rows) is similar to that as for the
Kevlar stitched reference except for the fact that almost
no delamination propagation was detected at the stitched
zone, before ultimate failure.

Mode II
Typical load deflection curves for the ENF specimen
stitched by 6 Kevlar rows as compared with non-stitched
reference are shown in Fig. 5. Ultimate failure was in
flexural fracture of the delaminated beam close to its
center.
G u c values computed according to Ref. [6] for the
stitched system are plotted vs. a in Fig. 6 as compared
with the same relationship for non-stitched references.
The increase in G(1C in this case due to stitching is
about five fold. Similar trends were found for both
Carbon and Kevlar stitched specimens.
6. CONCLUSIONS
• A reliable procedure for deriving IFT characteristics
for thick fabric - CFRP laminates was established.
• It may provide a sensitive tool for comparative
evaluation of stitching effectiveness.
• Both G | c and G J|C were found to be significantly
increased by local selective stitching.
• Carbon thread was found to be more effective in improving IFT as compared with the Kevlar counterpart.
• This is attributable to the higher stiffness and better
bonding to the CFRP laminate as compared with the
Kevlar stitched counteipart.
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Table 1: Dnia acquisition of P. 5.a and G.p for Kevlar stitched laminate
Load
P(kg)

Deflection
8(mm)

Delamination length
a (mm)

Corrected
delamination
a* (mm)

Compliance

14.000
1 1.400
10.100
9.1000
8.1000
8.1000
6.8000
S.8000
5. 1000
18.400
18.800
19.570

2.4200
2.8700
3.6500
4.2900
4.5000
5.6300
5.9000
7.7900
9.6900
56.150
58.790
67.800

23.000
31.000
44.000
47.000
51.000
58.000
64.000
78.000
92.000
1 13.00
1 15.00
1 18.00

52.560
60.560
73.560
76.560
80.560
87.560
93.560
107.56
121.56
142.56
144.56
147.56

0.17286

6 | mm 1

TO
0.25175
0.36139
0.47143
0.55556
0.69506
0.86765
1.3431
1.9000
3.0516
3.1271
3.4645
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I FT Mode 1
G | ( ,[J/nr)
586.00
491.14
455.60
463.56
41 1.33
473.47
389.83
381.88
369.58
6588.4
6950.6
8174.5
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Modeling of thermal explosion under pressure in metal ceramic
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thermal diffusivity is measured during the heating,
together with the characteristic temperature drop across the
specimen. The process is modeled using a heat transfercombustion model with kinetic burning parameters
determined from the differential thermal analysis of the
data obtained on the experimental temperature profiles.
The kinetic burning parameters and the model
developed are further used to describe the thermal
explosion synthesis in a restrained die under pressure. It is
shown that heat removal from the reaction zone affects the
combustion process and the final phase composition.

ABSTRACT
The process of reactive in situ synthesis of dense ceramic
matrix composites in Ti-B-C, Ti-B-N, Ti-Si-N systems is
modeled. These ceramics are fabricated on the basis of
compacted blends of ceramic powders, namely Ti-B4.C
and/or Ti-BN. The objectives of the project are to identify
and investigate the optimal thermal conditions preferable
for production of fully dense ceramic matrix composites.
Towards this goal heat transfer and combustion in dense
and porous ceramic blends are investigated during
monotonous heating at a constant rate. This process is
modeled using a heat transfer-combustion model with
kinetic parameters determined from the differential thermal
analysis of the experimental data.
The kinetic burning parameters and the model
developed are further used to describe the thermal
explosion synthesis in a restrained die under pressure. It is
shown that heat removal from the reaction zone affects the
combustion process and the final phase composition.

MEASUREMENT OF THERMOPHYSICAL
PROPERTIES OF COMPACT SPECIMENS
The specimens' properties which were experimentally
tested are summarized in Table 1. Figure 1 presents a
schematic of the measurement cell with a specimen placed
within a steel 304 container. The diameter d and the length
1 of the specimens varied in the following ranges d=1820mm, l=40±lmm. The specimens were placed in the
container between the plate and the lid, both of which were
in a good thermal contact with the specimen. The container
was put vertically in the furnace and heated from the sides
(see Fig. 1). This arrangement was used for measurements
of dense samples (with porosity of about 1%).

INTRODUCTION
Development of efficient technologies for production of
new materials with predetermined mechanical, electrical
and thermophysical properties lies in the focus of
scientific and engineering efforts. One type of such
materials are composites based on nonoxide ceramics. In
the recent years the concept of in-situ composite materials
gained importance. These are materials in which
reinforcements, matrices and desired interfaces are formed
during material processing. This route to ceramic materials
production has proven cost effective relative to other
technologies.
This project is devoted to production of Ti- based
non-oxide ceramics by reactive in-situ synthesis using
compacted blends of Ti-B4C, Ti-BN ceramic powders. Tibased composite materials have several important
properties, including hardness, strength, ability to
withstand high temperatures, high wear resistance, and
high thermal and electrical conductivity. Known industrial
production methods of these materials yield ceramics with
coarse microstructure having insufficient toughness and
strength. We aim to resolve this problem using the in-situ
reactive material production.
The main goal of this project is to develop a
technological process for the reactive in-situ processing of
fully dense ceramic matrix composites, namely Ti-based
non-oxide ceramics (TiB2, TiC and Ti5Si3). This material
production method includes several thermal processes,
namely heating, combustion, cooling, which significantly
affect the final material properties. The specific objective
of this paper is to identify and investigate the optimal
thermal conditions preferable for production of fully dense
ceramics. Towards this goal heat transfer and combustion
in dense and porous ceramic blends are investigated during
monotonous heating at a constant rate. The apparent

Figure 1. Experimental setup. 1 - Argon container, 2 - valve, 3
- pressure reducer, 4, 6- manometers, 5 - reducing valve, 7 flow rate control valve, 8 - manometer, 9 - flowmeter, 10 furnace, 11 - heater, 12 - measurement cell, 13 - specimen, 14 thermocouples, 15 - insulation.

We examined the nonstationary temperature field in
the points 1, 2, 3 of the specimens and found out that the
temperature in the upper point 1 is always higher than in
the lowermost point 3. This introduced inaccuracy in the
measurement method, which cannot be taken in the
account in calculations of thermal conductivity.
The above shortcoming does not exist in the
measurement cell which was developed later for porous
specimens (with porosity of about 20%). This cell is
placed horizontally in the furnace, so that the heating
occurs from the lids. The exact position of the cell within
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measurements performed for a similar specimen C3 shows
that the combustion begins at much higher temperatures
(about 800C) than for the similar specimen in Air.
These tests revealed also a significant difference
between thermal diffusivity of B4C-Ti-Ni specimen in
Argon and Air, at low temperatures (about 200C) which
amounts up to the factor of 8. This cannot be attributed to
the difference between thermal conductivities of these
gases, which is not large enough to explain this trend.
Apparently the larger values of k measured in Air is a
result of heat released during an oxidation reaction,
occurring as early as at 200C.
In addition, the difference between temperatures of
thermocouples 1, 2, 3 within the specimen was used to
determined the kinetic coefficients of the combustion
process (see below).

the furnace was determined to assure that the temperature
field within the samples is symmetric. During the
measurement of thermal diffusivity Argon was constantly
supplied in such a way so that to eliminate the contact of
the specimen with the air. The Argon discharged from the
openings within the container, the sizes of which, as well
as the permeability of the porous insulator, were chosen to
create the necessary hydraulic resistance for the flowing
Argon. Its flowrate was chosen to make the temperature of
the gas supplied to the cell, is as close as possible to the
temperature of the lateral surface of the specimen. For this
purpose the temperature of the Argon, entering the
measurement cell was monitored using a special
thermocouple.
The experimental method for the determination of
thermal conductivity and thermal diffusivity had been
described earlier [1]. The measurement cell for testing
samples in the Argon atmosphere was calibrated using the
steel 304 specimen of the same size as ceramic specimens.
The results on thermal conductivity vs temperature were
compared with the literature data. The discrepancy does not
exceed 5%.

THEORETICAL MODEL

The lumped-capacity theoretical model has been developed
and aimed at describing the combustion process and
determination of the kinetic parameters characterizing the
combustion kinetics. This model is schematically shown
in Figure 3.
1
1
A 2 h;

EXPERIMENTAL RESULTS
Figure 2 depicts one of the typical results for thermal
conductivity of compact specimens. One can see that k
significantly increases at high temperatures due to the
combustion reaction. In this temperature range the
measurements do not represent the true material properties,
but rather depend on the reaction kinetics. The values of k
at lower temperatures are less affected by the combustion
process, where they depend on the porosity and the contact
area between the grains. As a general trend, the
conductivity decreases with increasing porosity and
decreasing contact area between the grains, which depends
on the pressing process.

800

central part of
the specimen

surface layers
of the specimen

Figure 3. Schematic of the lumped-capacity heat transfer and
combustion model

The specimen's mass is divided into two parts: one corresponding to the central part, with the temperature T2
corresponding to that measured by thermocouple 2, and a
surface layer with the temperature T\ corresponding to that
measured by thermocouple 1. The thermal resistances
between the layers is (Aihi)"*, where A] is the crosssection area and hi=k}/Ax is the heat transfer coefficient,
expressed via the specimen's thermal conductivity and the
distance between thermocouples Ax. The surface layer
exchanges heat also with the container via the
corresponding thermal resistance (A2h2)"*, wherein h2
takes into account the contact resistance and thermal
conductivity of the container material (steel 304). The
container in turn, is heated via thermal resistance (A^h^)'^within the furnace wherein the temperature changes linearly
with time T =T0+bt, with b being the heating rate.
According to the above model the equations of the
evolution of the temperatures are:
dT,(t) T, .
.
E
= Vi0exp(
(1)
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Figure 2. Thermal conductivity of B4C +• 3Ti specimens vs
temperature in Air (C2) and Argon (C3).

The measured thermal conductivity of C2 specimen
in Air exhibits occurrence of the combustion reaction at
temperature of about 600 C, which is significantly lower
than in the SHS process. Apparently this is due to the heat
release resulting from a reaction with surrounding air. This
trend repeated itself for all specimens tested with porosity
of 20% and above. To avoid this unwanted effect, further
tests were conducted in Argon atmosphere. In this case the

-Alhl[Ti(t)-T3(t)]-A2h2lTl(t)-T2(t)l
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where V\, c\ V% C2 are the volumes and the specific heats
of the corresponding parts of the specimen, To is the
initial temperature, Q is the volumetric heat release, E is
the activation energy, R is the gas constant and K is the
combustion kinetic function, dependent on the percentages
of burning, c\, 02 within the layers. The equation for
evolution of o\, 02 are:
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Figure 3. Determination of the kinetic combustion constants
by the differential thermal analyses. B4C + 3Ti specimen (C{)

(5)

Speci- SHS
T
Theoret. Model
men
experim.
E=150 E=200kJ/Mol
no ingnit. no ingnit.
no ingnit.
1300
N2
no ingnit.
ignition
1385
N2
ignition
ingnit.
1900
N2
ignition
ignition
1300
ignition
C2
Table 2 Summary of the ignition events, as occurred in the
SHS and predicted by the model.

In the above, the kinetic constants k i , k2 are unknown
quantities, which are determined from the differential
thermal analysis of the experimental data, namely, by
analyzing the temperature difference T1-T2 .
These equations were solved subject to the initial
conditions
<x,-(0) = l, 1 = 1,2, 7/(0) = r o , 1 = 1,2,3.
(6)
As a result, we determine the temperature difference T1-T2
as a function of time, which was used to describe the
comparable data measured in the experiments. The
calculations were performed for different Iq, k2, which
were chosen so as to provide the best agreement with the
measured values of the temperature difference throughout
the combustion process.

These values of k\, k2 were used to model the SHS
process. For this purpose we used the model analogous to
the model (1) - (6), with the following changes:
1. The temperatures within the specimen were calculated,
in conditions when it is heated by the die (punch);
2. The temperature of the punch was calculated assuming
that its outer surface is held at a constant temperature
(1300orl400K)
3. The values of the kinetic coefficients determined from
the differential thermal analyses retain their values also in
the high-pressure conditions of SHS.
An example of the results of such calculations for
the B4C+3T1 specimen ( C i ) is shown in Figure 4.
Explicitly, Figure 4 shows evolution of the temperatures
within this specimen placed instantaneously in me die, the
temperature of which is held at 1300K. The character of the
temperature curves shows that the SHS does not occur in
this conditions, as predicted from the model. We also
studied the effect of thermal conductivity of the punch
material (alloy M-6000); namely we performed calculations
with k taken 25 times less than its values of the alloy. The
results show that the ignition still does not occur. Figure 8
also shows the effect of the activation energy on the SHS.
One can see that with E diminished from 150 kJ/Mol to 80
kJ/Mol the ignition occurs after about 14 seconds, which
qualitatively agrees with the comparable time period
measured in the SHS setup.
The values of the kinetic constants k\, k2, were
determined for E=150 U/Mol. Therefore use of the lower
value for E necessitates re-calculation of k\, k2- Rather
than doing so for this E, which appears rather low, we
returned for the previous activation energy E=150 kJ/Mol

RESULTS OF MODELING
The model was used in the two-fold manner. First the
calculations were performed for the differential thermal
analyses and estimations of the kinetic coefficients. At the
next stage we used the fitted values of k 1, k2 to calculate
the behavior of the specimens undergoing the SHS process
at high pressures.
The results of differential thermal analysis are
presented in Table 1 and in Fig. 3, which presents the
typical calculated curves for T1-T2 and the experimental
points for the same quantity. The coefficient kj is the
kinetic coefficient at the beginning of the burning process,
when the difference Cj(0)-aj(t) is small and the kinetic of
burning is in its fastest stage (see eq. (5)). One can see that
this coefficient is larger for dense samples, wherein the
grains are more densely packed against each other and the
contact area is the largest. On the other hand, the
coefficient k2 describes the impediment of burning,
incurred by the formation of the barrier layer between the
grains of the reaction products. Clearly this barrier is
higher for more porous layers, which is confirmed by the
values of k2 listed in Table 1.

122

the conjecture that the true values of the kinetic constants
are in the range of k2 ~ 0.1 - 1, we can conclude that the
specimen C2 (B4C+3T1) is likely to ignite, since in this
range the calculated threshold values of ki and those
determined from the DTA are close to each other.
On the other hand, similar data for N2 specimen
(not shown) show that even in the range of small k2 there
is a significant gap between the calculated threshold values
of k\ and those determined from the DTA. Therefore,
according to the model, this specimen will not ignite.
The above conclusions are summarized in Table 2,
which includes also the conditions at which the
calculations were performed. Basing on the value of the
activation energy E=150 kJ/Mol, one can see that the
proposed model can adequately predict the occurrence of the
ignition in the SHS process. Yet a considerable work is
still needed to establish a robust procedure for
determination of reliable values of the kinetic constants of
the various specimens.
7.5

and calculated the value of ki which corresponds to the
threshold of ignition. This was done for the fixed value of
k2 and for various values of thermal conductivity of the
punch material, Xpunch- As a result, we obtained the
threshold value (ki)i gn ition- F ° r thermal conductivity of
alloy M-6000 (about 16W/mK) (kl)ignition is close to
l O V 1 . Increase of XpUnch even up to unrealistically high
values yields lower (ki)i g n iti O n , which is however still
larger than k i , determined from the differential thermal
analyses. As such, the model predicted that if a specimen
does not ignite in the existing punch, such specimen will
not ignite in other thermal conditions. This was found
both for B4C+3Ti and 2BN+3Ti samples
2000
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The above conclusion is inconsistent with the
observations of the SHS process for several samples tested.
This pointed out at the possibility that the kinetic
constants were determined inadequately from the differential
thermal analyses. To check this possibility, we calculated
the threshold value Cki)ignition m a w i ( l e range of kinetic
parameters k2- Some results of these calculations are
depicted in Fig. 5 (white symbols), together with the
values of (ki), which most closely fit the differential
thermal analysis data for each given £2 (filled symbols).
One can see that for values of k2 exceeding 10 there is a
large gap between these two sets of data. On the other
hand, for k2 lesser than 1, these two predictions agree
satisfactorily. Therefore, the values of k2 determined from
DTA are unrealistically large. The determination of the
optimum values of the kinetic coefficients should be
focused at the range where k2 is much smaller. Basing on
Specimen No

Material

Ni in Air
Ciin Air
N2 in Air
C2 in Air
C3 in Argon
C4 in Air
C4 in Argon

2BN+3Ti
B 4 C+3Ti
2BN+3Ti
B4C+3Ti
B 4 C+Ti
B4C+Ti+Ni
B4C+Ti+Ni

Density
kg/m 3
4100
3700
3450
2940
2940
3250
3250

Porosity
%
~1
~1

20
20
20
15

4.5

-2

-1

0

1

2

3

4

5

log k2

Figure 5: Threshold value of k\ (hollow symhols), for which
the ignition occurs, as predicted by the SHS model, vs k2 Black symbols: kj vs k2 obtained from the experimental data.
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[1] E.Y. Gutmanas, M. Shapiro and N. Travitzky.
"Pressure assisted reactive synthesis of dense in situ nonoxide ceramic matrix composites" Annual Report No.
5864-1-95, October 1996.

Kinetic Coeffic.
ki.s"1
^2
3
645
11.7xl0
76x104
10 4
3
250
1.23xl0
3
250
79.1xl0

15

*at600K
t a t 525.K
Table 1 Experimental data on specimens tested
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Thermal Conduct.
W/mK
1.6
1.1
10.5

2.2
0.8+
0.7t
o.it

Thermal Diffusiv.*
10"6m2/s
5.0
2.8
3.8
1.0
0.35

DESIGN AND DEVELOPMENT OF A GRAPHITE/EPOXY FEEDLINE
FOR USE IN CRYOGENIC PROPULSION SYSTEMS
J.S. Kremer', J.H. Kreiner2, and A.S. Mosallam2
'Reusable Space Systems Division, Boeing North American, Downey, CA
department of Mechanical Engineering, California State University, Fullerton,
ABSTRACT
The development of lightweight composite cryogenic
lines is a critical technology for single-stage-to-orbit launch
vehicles such as the Reusable Launch Vehicle (RLV). To
achieve weight goals, a significant effort will be required to
develop feedline designs that can reliably replace today's
stainless steel configurations. A number of technical
problems exist, including the large coefficient of thermal
expansion (CTE) differential between the composite and
interfacing metallic materials and the ability to seal against
composite materials in a cryogenic environment. This paper
reports the results of a development effort undertaken to
design, build, and test a graphite/epoxy propellant feedline to
carry liquid hydrogen (-423°F). The design incorporates a
reusable cryogenic insulation system and a secondarily
bonded/co-cured splice joint.
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Technical Challenges
In developing a composite feedline for cryogenic service,
numerous technical challenges exist. The following are a few
of the issues that must be considered in the design of a
composite line that will be used in a cryogenic propulsion
system:
o Composite material structural capability at cryogenic
temperatures
• Permeability of composite structure to hydrogen gas
under various strain levels
•
Potential for micro-cracking of resin system, especially
under repeated thermal cycling
e Sealing against composite materials
•
CTE difference between composite and interfacing
metallic materials
•
Development of reusable cryogenic insulation
•
Development of composite flex joints
• Development of suitable splice joint designs

INTRODUCTION
Development Approach
Development of the composite feedline was accomplished through an integrated design process. The approach
was to develop fabrication and design expertise through a
stepwise design element validation process. Initially, a single
flange element was fabricated to identify key producibility
and tooling issues. Upon refinement of the flange design
details, a full-diameter, short-length article with integral
composite flanges was fabricated and tested in liquid
hydrogen. This not only validated the flange design and joint
capability, but also verified critical tooling and processes. The
culmination of this development effort was the fabrication of
two full-sized elements, each with a single flange, that were
then joined with a splice joint. The completed line assembly
is shown in Figure 1.

DESIGN & ANALYSIS
Design Requirements
A general set of design requirements was defined for the
composite feedline based primarily on existing conventional
stainless steel lines [1]. A few of the more critical requirements are as follows:
•
Line (both ends) shall be designed to mate with
aluminum, specifically, the Space Shuttle Liquid Hydrogen Prevalve outlet flange
•
Line shall be designed to carry internal pressure load of
105 psig at ambient temperature and 70 psig at liquid
hydrogen temperatures (-423°F)
•
Design factors of safety shall be at least 1.5 on ultimate
and 1.25 for joint separation
Material Selection & Properties
Selection of the basic feedline material, IM7/977-2
graphite/epoxy, was based on previous experience with
IM7/977-2 in the cryogenic environment [2,3] and the availability of material properties for stress analysis. Material
properties for IM7/977-2 woven fabric and unidirectional
tape were acquired from the National Aerospace Plane
(NASP) effort [4]. The fabric used for the test articles was an
IM-7 6K G' plain weave fabric, impregnated with 977-2
resin, 35 + 2% by weight.
Initial Flange Design & Stress Analysis
Initially, the composite feedline was envisioned to be an
all-fabric ply layup. Preliminary dimensions were selected

Figure 1 - Final 12"- Diameter Graphite/Epoxy Liquid
Hydrogen Feedline (Shown Uninsulated)
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based on past design experience and basic engineering
intuition. From a structural standpoint, the primary design
concern was the stress induced in the composite flange during
chilldown while rigidly bolted to the aluminum Shuttle
Prevalve.
The CTE difference in the circumferential
direction was so high (0.9 x 10-6 in/in/°F for the composite at
cryoygenic temperatures, and about 8.3 x 10-6 in/in/°F for the
aluminum), there were concerns as to whether the composite
flange could withstand the induced load. An additional
concern was the magnitude of joint preload loss that might be
incurred as a result of chilling the feedline and Prevalve to
liquid hydrogen temperatures. Shrinkage of the composite
flange (through-the-thickness) is very high, requiring high
bolt preloads to maintain joint integrity and minimize
leakage.
Preliminary analysis of the composite feedline was
performed using PAL2, a PC-based finite element stress
analysis software code. Several load cases were evaluated
based on the expected operating conditions of the feedline.
The analysis exposed a deficiency in the preliminary allfabric geometry. During the -493 °F excursion from room
temperature to cryogenic operating temperature, axial and
bolted joint shear and bending loads are induced as a result of
the CTE mismatch between the Prevalve and the IM7/977-2
flange. These loads predicted a potential interlaminar flatwise
tension failure in the flange radius area.

The flange is defined by an orthotropic laminate
dominated by radially oriented wedge shaped tape plies.
Over a short distance, transitioning occurs to an all fabric ply
laminate defining the pipe region. The tape is applied in the
form of individual wedge shapes, with sixteen wedges per
ply. Analysis has established that the CTE mismatch ratio is
reduced from 9.2 to 3.2 as a result of the unidirectional tape.
The resulting thermally induced circumferential flange
loading is reduced by approximately 35%. This is caused, not
only by increasing the CTE of the composite material, but
also by the reduction in circumferential-direction stiffness
(approximately 50%) that results from incorporating the
unidirectional tape. The primary flange failure mode becomes
one of combined interlaminar flatwise compression and
shear, or in effect, matrix failure. This is due to the very high
through-the-thickness CTE of the composite and the resulting
large bolt preload required to maintain the joint integrity
under cryogenic conditions. While slight negative margins of
safety were obtained, these were only in very localized areas
under the bolt head.
Flange Seal Selection
Unlike with stainless-steel flanges, the potential for a seal
to cause damage to the sealing surface was thought to be of
primary importance with composite flanges. The concern was
that the high sealing loads typical of existing cryogenic seal
designs would result in bearing stresses well above the
capability of the resin material, resulting in permanent
indentations in the composite surface and inadequate sealing.
This concern was addressed very early in the design phase by
fabricating a flat IM7/977-2 plate and testing several seal
designs against it in liquid hydrogen. In parallel with the
testing, design layouts and tolerance studies were performed
to establish design dimensions and assure compatibility with
the Shuttle prevalve. Since initial testing would be conducted
with a dual-flange specimen (both flange joints being
identical in design) it was decided that two different seal
designs should be evaluated on this test article. The selected
designs were the EnerRing Metal C-ring design and the
Omniseal 1100A Face Seal. Both the Omniseal and the Cring were equipped with limiter rings to allow them to be
used with the flat-faced flange of the feedline.

Incorporation of Unidirectional Tape
It was obvious that increasing the circumferential CTE of
the IM7/977-2 flange would also be beneficial. As such, an
innovative design was developed to significantly reduce the
induced thermal loading. Recognizing the variation in the
CTE of the composite depending on fiber orientation, a layup
scheme was developed to increase the CTE of the composite
flange in the circumferential direction, thereby reducing the
differential CTE and the induced thermal loading. The
revised scheme incorporates unidirectional tape in the flange
radius as shown in Figure 2.

ISS&JhWJOk- 22.S°wodgoJof tapalaycc!
onbolh (Iango toot* mandrot

Fabrw: Through: Rings of fabric dartad lo
allow fokfing of tabs from flango plane to
cylinder, and layod on both flange tool &

Figure 2 - Final Tape/Fabric Geometry

Initial Splice-Joint Configuration
Since each 'J'-section feedline element is fabricated
individually, a method of joining two of these pieces together
to establish the final feedline was needed. Two approaches
were considered. The first method was an autoclave cure of a
film adhesive with several plies of pregreg forming a strap
overwrap. The second approach was a room temperature cure
of a paste adhesive with a multiple-ply precured strap
overwrap. In the second approach, the bondline thickness
would be controlled by inserting small-diameter 'wire' into
the bondline at evenly spaced locations.
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The first approach (film adhesive with prepreg strap) had
several benefits including, improved mechanical strength of
film adhesive over that of paste adhesive, minimal surface
preparation for bonding, and control of minimum bondline
thickness by 'scrim' incorporated into the film adhesive. On
the downside, there was a concern for the stresses induced by
the large difference between the cure temperature (+350°F)
and operating temperature (-423°F).
The second approach (paste adhesive with precured strap),
while free from the stress concerns associated with the cure
cycle of the first approach, would require new/modified
tooling to fabricate precured sleeve and precise machining of
pipe section outer surface and precured sleeve inner surface
to assure concentric fit. Additionally, this approach would
have to overcome difficulties associated with injecting the
paste adhesive into the bondline gap. Based on these
considerations, a decision was made to pursue the first
approach. The splice configuration is shown in Figure 3.

foam into individual cells mitigates the effect of the CTE
mismatch by breaking the foam into small units.
FABRICATION TECHNIQUES
Tooling
The tooling designed to fabricate the feedline consisted of
two basic types, "hard" tooling that controlled the interior and
mating flange surfaces of the feedline and "soft" tooling used
to control the thickness and contour of the Outer Mold Line
(OML) side of the flange radius. The hard tooling consisted
of a two-piece form for the tube sections and a flange tool
(See Figure 4).

Figure 4 - Composite Feedline "J-Section" Tooling

j

Figure 3 - Splice Joint Configuration
Reusable Insulation Design
Cryogenic insulation materials used to insulate metallic
feedlines are not compatible with similar structure fabricated
from graphite/epoxy. While the CTE of aluminum and
polyurethane insulating foam are relatively close, the large
CTE mismatch between the polyurethane and the graphite/
epoxy would (at cryogenic temperatures) induce a shear force
on the bond between these materials. This shear force would
compromise material attachment. These isolated failures at
the bondline increase the potential for cryopumping. To
address these concerns, an insulation scheme was designed
that minimizes the differences in CTE. An insulation design
was established that incorporates the same insulating foam
used for metallic structures, only it is encapsulated in a low
density, non-metallic honeycomb core. The encapsulation of
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The forms for the feedline tube consisted of a straight and
a curved section joined to form the "J" shape (two of which
were joined to create the final article). Both of the tube
section forms are "breakdown" tools in which the composite
is cured around the exterior surface of the tool which is then
disassembled from the inside by removal of a center key
piece. The tool that controls the mating flange interior surface
is an aluminum ring that is slid in place onto the end of a tube
section. The Outer Mold Line (OML) surface of the radius
connecting the tube wall to the flange was controlled using
soft tooling known as a pressure caul. The was used to create
pressure on the flange radius to maintain a uniform thickness
through the contour transition.
Process Development Specimen
As a means to validate that proper tooling and fabrication
methods were in place to successfully build a test part, a
subscale "process development specimen" was fabricated.
The process development specimen consisted of one flange,
flange radius and about 4 inches of tube section length. As a
result of this activity, the following producibility issues were
identified:
• Flange radius was too thick, the OML side of the radius
was misaligned with the IML radius

•

Flange was of inconsistent thickness and showed areas of
pinching and wrinkling of graphite fabric on OML side
• Tube wall showed evidence of surface porosity
•
Flange was not flat and the sealing surface showed
depressions of bolt pattern
An examination of the items identified above led to
review of the caul, flange tooling and cure cycle used.
The caul used for the process development specimen was
cast directly onto the tooling, covered only the immediate
radius area, and was split to facilitate easy fitup onto the
prepreg buildup. By casting the caul directly onto the tooling
surface (without a simulated part splash) no contours as a
result of material thickness buildup were captured onto the
caul. This resulted in a caul with straight sides being pressed
down onto a composite designed to have a sloping thickness
transition. It appeared that as the resin softened during cure,
the caul 'floated' mislocating the OML radius. The short
"legs" of the caul caused areas of low pressure on the
laminate where the legs terminate. This lower pressure
creates areas of high porosity and overthickness. Wrinkling
was created on the OML side of the flange near the split in
the caul. The caul used in the fabrication of the process
development specimen was discarded and a new one was
fabricated. The new caul was fabricated by forming sheets of
a B-staged butyl rubber over a plaster "splash" of the part
radius region built up on the hard tooling. The caul was then
vacuum bagged and autoclave cured at 350°F and 85 psi
pressure. The flange OML tooling concept used is shown in
Figure 5.
To address wrinkling of the flange surface that was
observed on the process development specimen, an aluminum
split ring, which terminates the width of the flange, was
attached to the outer edge of the flange tool. The individual
composite plies are built up to the edge of the split ring which
provides a solid surface that allows autoclave pressure to act
only on the flat of the laminate and not the edges (See Fig. 5).

UK f l W «f« * &>«'"«"'• ^ S 0

requirements (0.010 in.). This was caused by a phenomenon
known as "springback" that is common to composite
manufacture. Springback occurs as a function of shrinkage of
the epoxy resin during cure which causes the structure to pull
away from the tool. This condition was addressed by
remachining the face of the tool to anticipate this pulling
away.
Inspection of the tube wall showed areas of surface
porosity where the resin had not filled to make a smooth
surface finish. These areas were thought to be the result of
old prepreg with poor resin flow properties but subsequent
autoclave cures resulting in the same condition required a
change in the cure cycle. The cure cycle used was a straight
ramp (3-5°F/minute) to the 350°F cure temperature. The
massive aluminum tooling used to form the tube section acts
as a heat sink. By using a straight ramp cure cycle the outer
plies of prepreg become much hotter than the prepreg against
the tool surface and the outer material flows and cures at a
different rate than the toolside material. The prepreg against
the tool surface experiences a limited flow because of the
cooler condition and the observed surface porosity results.
To address the noted surface porosity the autoclave cure cycle
was modified to include a 1-hour hold at 280°F before
ramping to 350°F. This change allowed the part temperature
to stabilize throughout creating a smoother finish. With the
modifications to the tooling and cure cycle, the fabrication of
actual test articles was initiated.
Fabrication And Test Of Dual-Flanged Test Article
To validate the flange design, a dual-flange, 12-inch
diameter section was fabricated using the mature methods and
tooling already discussed.
Testing up to 100 psig at ambient temperature and 70 psig
at -423°F was successful. Strain readings were consistent with
analytical predictions. Cryogenic leakage from the C-Ring
seal was only 2.5 SCIM, which is quite acceptable for a
cryogenic joint of this size. Foam temperatures remained near
ambient, with the foam showing no evidence of cracking or
disbond.
FEEDLINE FABRICATION
Results of Splice-Joint Coupon Testing
The primary mechanical strength of the overlapping
splice-joint design is from the band of autoclave cured
graphite/epoxy composite. Attachment of the composite to
the already cured feedline wall was to be accomplished
through the use of FM 300 film adhesive as an intermediary.
To determine the optimum adhesive film weight and whether
staging the material prior to incorporation into the splice
layup provides any advantage, a laboratory test program was
developed. The laboratory testing validated the design and
verified the ultimate strength of the splice construction at
cryogenic temperatures. Splice-joint specimens were tested in
tension at liquid helium temperatures (-452°F). Close
examination of the specimen failures showed that the
specimens failed in peel, not at the adhesive/substrate joint,

Figure 5 - Final Flange OML Tooling Concept
The mating surface of the flange was controlled using the
metallic flange tool. Inspection of the "process development
specimen" indicated that the flange did not meet flatness
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but in the composite just below the adhesive attachment.
Nonetheless, all failures were well above the tensile load
requirement for the splice joint. Based on the data, the
adhesive configuration selected was 1 ply of the .08 psf
adhesive in the as-received condition.

core. Individual strips are joined together using a quick-cure
epoxy to create a single large strip. Once prefit, the Crest 212
was mixed and applied to a wet film thickness of approximately 0.010 in. The honeycomb core was then spiral
wrapped around the feedline with pie-cut pieces inserted to
fill the larger area of the outer bend radius. Once wrapped,
the honeycomb was held in place for cure using 2-inch wide
shrink tape which was spiral wrapped over the core with
overlap and heat shrunk down tight to the core surface. The
cure cycle used was overnight at room temperature followed
by 5 hours at 160°F. This insured full cure of adhesive
(verified Shore A of 80).
The individual honeycomb core cells were then filled with
the spray-applied polyurethane foam 1034-2.5. The 1034 system is a two-part, rapid rise foam which is delivered using
common foam gun equipment. Once foam was applied and
allowed to set, the excess was trimmed down even with the 1 inch honeycomb core height. Unfilled or partially-filled cells
were cleaned and refoamed with either the spray foam (large
areas) or a pour-foam version of the 1034 (small areas).
To protect the foam filled honeycomb core from damage,
a polyurethane coating was applied to the OML surface. The
polyurethane coating consisted of Crest 212 adhesive thinned
with the addition of acetone. The coating was brushed on and
allowed to stand for 24 hours.

Fabrication Of Complete Feedline
The method for forming the splice-joint used to attach the
two J-sections relied on the adhesive strength of FM300 film
adhesive and the hoop strength of a composite band that reinforces the joint attachment. The initial step was to machine
the mating ends of the J-sections to the configuration shown
in Fig. 3. These ends were then mated on a level table and
match-fitted to the clocking requirements of the engineering
drawing. The ends to be joined were put in close proximity
to each other and a small quantity of the two-part, room
temperature curing epoxy adhesive EA 9394 was mixed and
applied to the mating ends of the joint. The ends were
brought together in contact and the adhesive bead smoothed
down and made continuous along the entire joint. This joint
was allowed to stand for 72 hours undisturbed to cure. The
EA 9394 bond was nonstructural and was used as a tack bond
to maintain joint location and minimize film adhesive leakage
to the interior during the adhesive/prepreg layup and cure
process.
Upon cure of the EA 9394 tack bond, strips of prepreg
and film adhesive were cut to the configuration and ply
orientation requirements of the engineering drawing. The film
adhesive (FM300, 0.08 lbs/ft2 film weight) was installed
centered over the joint against the feedline wall surface
(OML). Over the adhesive ply, the prepreg plies that formed
the overlapping splice strap were located and stacked per
drawing requirements. The stackup was vacuum debulked to
increase the level of ply compaction. The splice was bagged
to minimize resin leakage by placing double-backed tape at
the perimeter of the prepreg band and sealing with a
nonporous release film tacked to the tape. The entire feedline
was then sleeve bagged (two tubes of bagging film, one
through the interior and one around the exterior attached
together) to leave the tube open to have equal autoclave
pressure on both sides of the joint. The autoclave cure cycle
used was a ramp to 350°F under 85 psi pressure and hold at
350°F for 3 hours before cooling. The resulting splice joint
had an excellent appearance and passed an A-scan NDI
inspection for disbonds and porosity.

VERIFICATION TEST RESULTS
The 7.5-foot long, 12-inch diameter all-composite
feedline was installed into a liquid hydrogen test module at
the NASA's Marshall Space Flight Center (MSFC) in order to
validate the overall design. The line assembly was successfully cryo-shocked in liquid hydrogen and tested to 28 psig
during a chilldown test. In these tests, the feedline was
insulated with the reusable insulation previously described,
and was mated to aluminum components on each end using
C-Ring seals. Throughout the test, the feedline structural
integrity was maintained.
During the initial liquid hydrogen cryo-shock test, splicejoint leakage was obtained throughout the chilldown and
stabilization sequence. This was achieved by bonding a
fiberglass bag around the joint, applying a known helium
purge through the bag, and measuring the hydrogen
concentration of the effluent with a mass spectrometer. The
maximum hydrogen concentration detected was 0.002%.
With a 900 SCIM helium purge into the bag, leakage from
the splice joint can be conservatively calculated as less than
0.018 SCIM at approximately 3 psig. This was an acceptable
level of leakage, although it was uncertain how the leakage
rate would have changed with increasing pressure. System
pressure during the cryo-shock test was limited by facility
safety requirements.
Individual flange joint leakage was not measured during
the chilldown test, however the overall test module enclosure
concentration gives some idea as to the performance of the
flange seals. The mean hydrogen concentration peaked at
approximately 50 ppm (.005%) when the composite line was

Application of Reusable Insulation
Following cure and inspection of the complete feedline
assembly, the foam-filled honeycomb core cryogenic insulation was applied to the composite feedline. First, the nonmetallic honeycomb core was attached to the composite
surface using Crest 212 polyurethane adhesive. Crest 212 is a
two-part, room temperature curing adhesive with a Shore A
hardness of 75-85 upon full cure. The bonding procedure
began with the prefitting (using a spiral wrap pattern) of the
area to be insulated with 4-inch wide strips of the honeycomb
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pressurized to 28 psig. With a nitrogen purge rate of
approximately 38 lbs/min, the total leakage rate into the
enclosure was approximately 45 SCIM. Taking into consideration that much of this leakage was probably emanating from
the various valves and connections in the hydrogen module,
leakage from each of the composite flanges was probably
very low (< 5 SCIM).
The reusable insulation system performed as expected
with no cracks, debonds, or ice formation noted. External
surface temperatures of the insulation remained near ambient
throughout cryo testing.

[3] Johnson, S. 1996. Resuable Hydrogen Composite Tank
System, TA-1 Task 3, Composite Feedline Test Report.
Space Systems Division, Rockwell International.
[4] Rockwell International. 1991. National Aerospace Plane
Cryogenic Tank Development Report (WBS 1241-91001).

CONCLUSIONS
The test results indicate the composite feedline and
reusable insulation designs have matured to a point that will
allow full-scale development for use on a flight vehicle,
however additional testing is necessary. Additional testing
should include a leak test of the splice joint at an elevated,
more realistic pressure level than the 3 psig. Furthermore,
multiple thermal cycles should be applied to the test article to
address the effect of temperature cycling on the composite
structure and the foam insulation. Other areas to address
would be the repeatability of flange joint leakage
measurements, loss of bolt preload due to creep of the composite flange structure, and also the ability of the overall
feedline to withstand vibration loadings typical of a space
vehicle launch environment.
Additional development of composite feedline technology
is required to develop a full-scale assembly for a flight
vehicle. Of primary importance is development of a composite gimbal (flex joint) design. With the incorporation of
composite gimbal joints, estimated weight reduction for a
typical liquid hydrogen propellant system feedline is
approximately 60-70% over conventional vacuum-jacketed
lines of stainless steel construction.
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THROUGH COMPOSITE SOLIDS AND STRUCTURES
M. V. Ayzenberg-Stepanenko
The Institute for Industrial Mathematics
4 Yehuda Hanachtom Street, Beer-Sheva, 84249 Israel
ABSTRACT
Unsteady-state propagation of elastic waves and
vibrations in composite solids of periodic structure is
investigated on the basis of a coupled analytical-numerical
approach including: (i) general estimation of waveguide
properties of elongated structures by the analysis of
stationary solutions, (ii) .time-dependent asymptotic
solutions resulting in quantitative estimations for certain
spectral components of propagating waves and vibrations,
and (iii) computer simulation of a wide range of
perturbations with account taken of specific features of
composite structures and realistic loading. The goal is to
reveal the main features of wave and vibration propagation
through structurally inhomogeneous solids, directional and
layered composites, and to elaborate a calculating tool for
computer simulation of realistic wave-vibration processes
developing in composite solids and structures. As a result,
the connection between waveguide peculiarities and the
existence of quasi-stationary waves is explored, frequencies
and wavelengths of resonant waves are calculated arising
under the action of local sources producing nonstationary
oscillations of these frequencies.

approach used in various general-purpose codes results, in
its turn, in complicated algorithms - moving grid, special
interpolation on cell pasting, etc., requires a lot of
computer memory and computation time.
In this paper, an approach is proposed in which the
above-listed obstacles are completely or partially overcome.
For separated high-frequency components, an asymptotic
solution (which becomes exact with increase in time) is
built, which is then used for testing a computer solution
obtained on the basis of an explicit finite difference scheme
built by the Mesh Dispersion Minimization (MDM)
method. MDM enables undesirable "parasite" effects
initiated by "mesh dispersion" to be suppressed or
essentially minimized [1,3, 4].
Computer solutions are obtained for a wide range of
structure inhomogeneity. Bringing together analytical and
numerical data opens the way for multi-parametric
modelling of realistic systems.
Two examples are presented and discussed: (i) a
waveguide with inertial elements periodically fixed to it,
and (ii) a composite with two layers in the period.
2 DISPERSION ANALYSIS

1 INTRODUCTION

Let a composite structure consists of an infinite set of
identical cells connected in periodically located nodes (Fig.
1).
n+1

Step-wise elastic solids are widely used as models of
block-formed constructions, layered and directional
composites, etc. Common features inherent in wave and
oscillation processes arising in composites under impact
and shock vibration loadings are as a rule examined on
models of periodical structure which can be analytically
investigated by methods of solid dynamics well-developed
for analysis of low-frequency perturbations (see [2, 5]},
while propagation of medium-frequency and notably highfrequency spectrums remains a subject of contemporary
research (see[3 ,4, 6]). It is explained by a significant rise
in the influence of an actual composite structure on
peculiarities of perturbations with increasing frequencies.
This essentially restricts capabilities of analytical
modelling, and various numerical approaches are applied
to computation of particular problems and analysis of
particular features of the processes.

1

n-1

•f •
Q(f)

Fig-1

nbde

The cell with length / = I contains a substructure, the
node with no length can be inertial or noninertial as well.
The main direction of wave propagation is structure axis x.
In some node (let it be in node n - 0) a nonstationary
oscillating load Q(t) functions. Propagation of waves and
vibrations through such structures are examined.
Laplace's transform with respect to t (t - time) and
discrete Fourier's transform with respect to x are applied to
the governing equations of the system shown in Fig. I. In
the case: Q(t) - sin(o)J)H(t), H(t) is the Heaviside function,
the formal solution of the problem in double LF - images is

Numerical schemes, in their turn, meet with specific
obstacles related to difficulties of accurate calculation of
high-gradient perturbations in waveguides with dispersion.
Additional complications notably appear in computation of
high-frequency processes in composite structures due to
their significant inhomogeneity. For this reason it is
preferable to apply special grid discretization different in
zones of high- and low-gradient waves. This well-known

uLF

=•

(p2+®l)D(p,q;K)

(I)

where p an q are parameters of Laplace's and Fourier's
transform respectively, Au is an operator corresponding to
the type of reaction w, K is a set of parameters of the cell
and node, [p2 +0)Q ) is the load image - QL\ and D is the
dispersion operator of the system:
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D = cosq - ch[a (p; K)) + (3 (p; K).

(2)

where functions a and b depend on parameters of the
structure and determine its dispersion properties. With the
further analysis of stationary solutions in mind, after
substitution p - ico (co is the circle frequency) Eqn. (2) is
rewritten as follows:

(b) i
0

cosq - (p (co).

Inequality lq>(co)l < 1 defines the so-called passing
zones - frequency intervals for which propagating waves
exist. In the case l(p(co)l > 1 the system functions as a wave
filter. Real solutions of Eqn. (3), i.e. dispersion curves q =
q((x>), are considered in the wavenumber interval qE (0,n)
where reversive symmetric Fourier's transform is defined.
An analysis of Eqn. (3) reveals the main basic peculiarities
of wave dispersion. Namely:
(i) the group velocity cg =d(a/dq = -^'«<y/(p'(0 =0 for
short waves: q=% (<p',<„;* 0), X = 2%lq- 2 (A, is wavelength),
(ii) multiple roots correspond to a special case, when
so-called "conical" points (cp',w= 0) exist at q = %. Here
(d(q) have two tangents with the same angles with respect
to their modules and with opposite directions:

j

s

(3)
0

Ni

Fig. 2
Analysis of results enables to reveal the following: (i)
non-passing zones increase with co independently on the
system parameters, (ii) if co«f, the system functions as a
rod with rigidly connected masses, (iii) the non-passing
zone in a vicinity co=/ is extended with increase in/.
2.2 Two-Layered Composite. The model is schematically
shown in Fig. 3a: the cell consists of two layers with
lengths, densities and sound velocities subscripted by 1 and
2 respectively.

Jj"

(iii) periodicity c, results in equality of group velocities
for limiting long and short waves.
More detailed analysis of dispersion features of periodic
waveguides are conducted below for separated structures.
2.1 Periodical System of a Rod with Inertial Massses.
The symplest ID presentation for the cell is used: a sraight
rod with unit parameters, the node is a two-mass system:
the rigidly connected mass m-i and another mass ms
damped to it with frequency / The model, shown in Fig.
2a, is described by the system (4) of dynamic equations and
boundary conditions for displacements of rod crosssections into cells, w, displacements of masses mt in nodes,
un, and v,,, displacements of masses m2 (other assignations
are traditional):
u-u"

(x*n);

+

2

m,u n = F -F"-m 2 f (w,, - v n )

Fig. 3
Equations of motion and boundary conditions are the
following:

(4)

x = n+X(n=0,±],---), 0<X<l, : ii = c2u",

2

v« = / («„ - v,, > F± = «1 x=n±0; u = u n (x = n)
cosq = cosa-0.5(a • (sinsa) • [m, +m2f2/( f2 -co 2 )]

v = c22v",

x = n+l-X (l{+l2 =]):

The dispersion equation is

x = n,n + l, :

(5)

(6)

u = v, u'-gv'

(g = p2 c 2/p/ 6 '/) (7)

The dispersion equation is:

In Fig. 2b, some first phase curves q=q((ii) are shown
calculated from Eqn. (5). Non-passing zones are shaded.
Frequencies bounding such zones are tabled below (in
circle braces) for several m,, m2 and /:
(4.06, 2TC), (6.85, 3TC)
m,= 1, m3= 0:
(1.72, n),
m,= 10, m2=0:
(0.63,7t),
(3.27,2K), (6.35,3K)
m,= 0, m 2 = l , / = l: (0.89,1.36), (it, 3.45), (2K, 6.44)
m,= 0,m2= 1,/=TC: (1.55, 5.13), (2it, 7.64), (371,10.4)
m,= I,m2-=l,f=]:
(0.89,1.21), (1.98,7C), (4.10, 2TC)
m,= 1, m2= 1,/=TC: (1.24, 4.19), (4.94,27c), (7.01,37c)

cos^ = cos[(a + b)co] —
g

— sin(atD) sin(ba)); a = — , b = -=c,
c2

In Fig. 3b, a set of phase curves culculated from it is
shown. As in the previous example, some first non-passing
zones are presented below for several parameters:
a = b = g=l/2 :

(2.46,3.82), (8.75, 10.1), (15.0, 16,4)

a =1/4, b=3/4,g=l/2: (2.61,3.56), (5.62,6.95), (9.00,9.96)
a = b=l/2, g = 1/10:
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(1.39,4.04), (4.60,7.97), (8.56, 11.2)

m=\,--M=l,jhj)

Analysis of results leads to the following main
conclusions: (i) non-passing zones become of the same
length with co rise, (ii) increase in difference of acoustical
resistances for layers results in amplification of the filter
capacity of the composite.

where hj and x are space and time steps, k = t/x. The mesh
dispersion is completely eliminated in such an algorithm
and the computer solution corresponds to exact analytical
one in the difference mesh nodes.
Solid and dotted curves in Fig.4 correspond to particle
velocities and stresses calculated at't = 60. Envelopes of
the solution are only shown on the axis part x < z. which
are symmetric with respect to x. On the part x > z, the
complete solution is presented. Note that the exact
computer solution and asymptotics (9) coincide at x < z.
while asymptotics (8) accurately describes the part x > z.
Essentially different processes are realized at the chosen
frequencies con: resonant propagation at coo = 2.46 and co,, =
3.82, non-propagation at co(, = K, and practically
dispersionless propagation at con= 2ft (the conical point).

3 ASYMPTOTIC ESTIMATIONS
Asymptotic solutions are obtained for low- and highfrequency components on the basis of Slepyan's method [7]
of coupled reversion of LF-images.
3.1 Long-wave Asymptotics. Taylor's decomposition of
Eqn. (.1) in a small vicinity Iqke, then asymptotic reversion
of LF-images at p —> 0 (that defines originals at t —> <» )
lead to the following asymptotic presentation:
a = e , , ( K ) t o ( ~ f -t~t/JAi(K

), K = (\-ct)-t~'/3

(8)

where QJK) is an algebraic function from the parameters
of the system, Ai(K) is Airy's function, c is sound velocity
in the equivalent homogeneous system. Thus, if co,, lies in a
non-passing zone, perturbations at the periphery are in
general described by this wave.

\

\

&)<±.

= 2,46

a
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3.2 High-frequency Asymptotics. In the case coo = <a*,
where co* is one of the boundary frequencies between
passing and non-passing zones at q = n, the following
asymptotics is proved for reaction u:
u~W
-e "*'•'-'*" ,W=T\U
(t,x; K )• tl/2
(9)
where bounded function r\Jt,x; K) is manifested as a
combination of Frenel's integrals and their derivations [8].
It envelops the wave package propagating with carrying
frequency u\y The main result is that resonant waves
propagate at co,,= co*, which rise with time as tm.
Fig. 4 Propagation of waves and vibrations in the twolayer composite (l{= L= g = 1/2).

4 NUMERICAL SOLUTION
The MDM approach within an FDM explicit scheme is
used for a computer solution of the considered problems.
MDM, originally created in [1] for homogeneous
hyperbolic problems, has recently been upgraded in [3, 4]
for computation of more complicated processes of wave
and fracture propagation. MDM is based on a generalized
concept of the Courant condition that relates mesh
parameters to wave velocity, which reflects properties of
the material at hand. Difference presentation of original
differential equations exhibits some typical domains of
influence, and the idea behind MDM is to properly adjust
these domains so as to improve convergence. To this end,
phase velocities of high-frequency components of the
continuous models have to be considered, and the mesh to
be set so that the propagation velocities induced by them
approximate the former as closely as possible. An
important technical advantage of MDM is that it utilizes
the same grid for both high-gradient and smoothed
solution components. For example, the MDM algorithm
for the piece-wise composite (Fig. 3) is based on the
' following finite difference presentation:
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ABSTRACT
Stability and onset of the oscillatory instability of
steady convective flows of low Prandtl number fluids
(Pr < 0.1) in laterally heated rectangular cavities with
four rigid walls are studied. Spectral Galerkin and
finite volume methods are applied. The aspect ratio A
(length/height) of the cavity is varied from 1 to 10.
Calculations with the global spectral method show
that at certain values of the governing parameters
there may exist simultaneously several stable steady
states of the flow. Several different branches of steady
flows were found and stability of each of them was
studied. Results of the spectral method (on
multiplicity of steady states and their stability) are
verified by solution of the full unsteady problem using
the finite volume method.

coexistence of stable steady states with one, two, three
and four primary convective rolls is possible at larger
aspect ratios [7]. To complete the stability study, it is
necessary to investigate stability of each branch of
steady states separately. Stability diagrams Grcr(A) for
one-, two- and three-roll steady flows in the interval
2 < ^ < 5 for Pr = 0.015 were reported in [8].
However, the analysis of stability for larger aspect
ratios and for other Prandtl numbers is still to be
completed.
FORMULATION OF THE PROBLEM
Convective flow in a rectangular cavity 0 <, x < A,
0 < y < 1 is described by the dimensionless
momentum, energy and continuity equations for a
Newtonian Boussinesq fluid

INTRODUCTION
Oscillatory instability of steady convection in
laterally heated rectangular cavities is a well known
problem which has a significant practical importance
[1] and at the same time is used as a standard
benchmark problem in computational fluid mechanics
and heat transfer [2]. Special interest in convection of
low Prandtl number fluids is connected with the
stability of melt flow in crystal growth processes. As a
rule, numerical investigations are devoted to
calculation of the critical Grashof number for fixed
values of the Prandtl number and the aspect ratio,
usually Pr = 0 and 0.015 and A = 1 or 4 (see [3-5]
and references therein). Stability of these flows for
other values of the aspect ratio or the Prandtl number
is almost not investigated. Dependence Grcr(A) for
Pr = 0 and 0.015 in cavities with the stress-free upper
boundary was obtained in [6]. It was shown that the
dependence Grcr(A) is non-monotonous and contains
hysteresis branches, such that extrapolation of
stability results from one value of the aspect ratio to
another is usually impossible. This makes it
important to study dependence Grcr(A,Pr) for wide
spectrum of values of A and Pr.

(1)
—— Afi

dt

^

•'"

Prm

v. v = n

o x\

V

(>)

'

°-

Here v is the fluid velocity, 6 is the temperature, p is the
pressure, Gr = g(i(9i - 8 2 ) H 3 / V 2 is the Grashof
number, Pr = v /% is the Prandtl number, ^1 = L / H
is the aspect ratio, g is the gravity acceleration, p is
the thermal expansion coefficient, ( e i - 6 2 ) is the
temperature difference between the cold and hot
vertical walls, v is the kinematic viscosity, % is the
thermal difrusiviry, L and H are respectively, the
length and the height of the cavity (the overbar
indicates dimensional variables).
The boundary conditions correspond to the socalled Ra-Ra (two Rigid adiabatic horizontal
boundaries) case of the benchmark defined in [2] are:
no-slip boundary conditions for velocity which are
imposed on all four boundaries:
\{x = 0, 0 < y <, l) = v(x = A, 0 < y < l) = 0,

(4)

\[y = 0, 0<x<A} = \(y = \, 0 < x < A) = 0, (5)

Investigation of stability of steady flows in cavities
with four no-slip boundaries is even more
complicated, than in the case of the stress-free upper
boundary, because of multiplicity of the steady state
flows. Possibility of simultaneous existence of two
stable steady states consisting of one or two primary
convective rolls at A = 4 was shown in [3]. Similar

vertical boundaries are isothermal:
= 0,(6,7)
and horizontal boundaries are thermally insulated:
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stability of the flow is considered. It can be seen from
Fig.3 where stability diagram for A = \ and
0 < Pr < 0.03 is shown.

= 0, 0 < x <, A) = J§-(>> = 1, 0 < x <, A) = 0. (8)

NUMERICAL METHOD
Problem (l)-(8) is solved using two independent
numerical approaches. The Galerkin method with the
globally defined basis functions is used for calculation
of steady states, analysis of their stability and weakly
nonlinear analysis of slightly supercritical states. The
description of this numerical approach can be found
in [5,9]. The finite volume method (second order in
space and time) is used to solve the full unsteady
problem (l)-(8) and to validate the results obtained by
the Galerkin method.

(a)

Fig. 2. Multiple steady state flows atiV = 0, A = 7,
Gr = 8.8xlO4. All three steady states are stable

RESULTS
The most unexpected result of this study is
existence of several branches of stable steady states.
For aspect ratio 4 the existence of 2 different steady
states was previously reported [3], namely flow with
one main convective vortex and flow with 2 separated
vortices. While stability of these known states was
studied, other branches steady states flows with 3 and
4 separated vortices were discovered for cavities of
larger aspect ratios. Examples of such flows are
shown in Figs. 1 and 2. These steady states were
calculated first by the Galerkin method and then some
of them were reobtained by the finite volume method
which approved their existence.

l.OE+07 i

7.5E+06

5.0E+06

2.5E+06

O.OE+00 4-^-r
0

0.005

0.01

0.015

0.02

0.025

0.01

0.015

0.02

0.025

0.03

17000 i

13000
is

(b)

9000

5000 4
0.03

Pr

Fig. 1. Examples of different branches of steady state
flows. Pr = 0.015. (a) A = 3.5, Gr = 6.4xl0 6 , (b)A = 5,
Gr = 4.25x106, (c)A = 7, Gr = 2.85xlO6.

Other objectives of this study are to compare
oscillatory instability at zero and low Prandtl numbers
(Pr = 0.015) and at large and infinite aspect ratios
(A = 10 and the infinite fluid layer, A = <x>). It was
found that a similarity between the most unstable
perturbations at Pr = 0 and 0.015 as a rule does not
exist. Such similarity may be found, for example, at
A = 4 (see [5]) for single-vortex steady states. In other
cases convective transport cannot be neglected (as it
is done in the limit of zero Prandtl number) if
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Fig. 3. Stability diagram for ,4 = 1, 0 < Pr < 0.03.
(a) dependence of the critical Grashof number on the
Prandtl number; (b) dependence of the critical frequency
on the Prandtl number.

It is seen (Fig.3a) that the neutral curve Grcr(Pr)
consists of several continuous branches. These
branches correspond to the different most dangerous
modes of perturbation. Separate curves of the critical
frequency cocr (which is imaginary part of the
dominant eigenvalue of the linear stability problem)
correspond to each smooth part of the neutral curve
Grcr(Pr) (compare Figs. 3a and 3b). In particular, the

branch of the neutral curve Grcr(Pr), starting at
Pr = 0, ends at Pr» 0.007. The same with the
corresponding branch a>cr(Pr). Beyond the value
Pr * 0.007 the convective heat transfer affects the
onset of oscillatory instability of the flow.
Continuation of the neutral curve Grcr(Pr) up to
Pr = 0.1 is shown in Fig.4.

CONCLUDING REMARKS
The described results on stability of low-Prandtlnumber fluid convection in long laterally heated
horizontal cavities show the existence of several
branches of steady state flows which differ by number
of convective rolls and their symmetry. The complete
stability analysis requires calculation of neutral
curves corresponding to each branch of the steady
state flow. The whole task is yet to be completed.
Unfortunately, the stability results obtained by the
linear stability analysis (the critical parameters and
the most unstable perturbations) do not allow us to
understand completely the physical reasons for the
onset of oscillatory instability. However, it was
possible to detect cases when the instability sets in
due to pure hydrodynamic reasons (Pr = 0) and to
show that the lateral boundaries affect the onset of
instability even at relatively large aspect ratio
(A = 10).

1.6E+07 -,

1.4E+07

1.2E+07

l.OE+07

8.OE+O6
0.02

Fig. 4. Stability diagram for A = 1, 0.025 < Pr < 0.1.

Behavior of steady states at large aspect ratios
shows some analogies with the infinite layer. Namely,
a single-vortex state transforms into a many vortex
state and vice versa. These transitions, depending on
the aspect ratio and the Prandtl number, may either
continuously transform one into another or change
abruptly because of instability of one of them. On the
other hand, no asymptotic behavior for large A was
found for the critical Grashof number and the critical
frequency corresponding to the onset of oscillatory
instability. Patterns of the most unsteady
perturbations [7,8] also show that the influence of the
confined geometry on the stability of the flow cannot
be neglected. The latter is illustrated in Fig.5. This
example shows the steady flow which results from a
central-symmetry-breaking steady bifurcation. This
non-symmetric flow (Fig.5a), where rolls differs from
each other, cannot be associated with the spatially
periodic flow structure in the infinite layer. Moreover,
the most dangerous mode of the perturbation (Fig.5b),
corresponding to the onset of the oscillatory
instability, is not spatially symmetric and the
perturbation is the largest near the cold (right) wall.
The left convective roll is almost unperturbed, which
is impossible in the spatially-periodic roily flow in the
infinite fluid layer.
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[5,6]. The versatility of this approach is such
that it is now possible to tackle truly multiphysics problems, ranging from the problem of
metal castings, where fluid flow and heat
transfer in the presence of a free surface are
coupled to solidification/re-melting, stress
development in the solidified part of the metal
and the mould at points of contact, and
consequent distortion. The non-linearities
present due to the elasto-visco-plastic
behaviour of metal at high temperature cause
no problems to the algorithm, since it was
designed in the first place to handle non-linear
(albeit fluid) problems.
In the problem of castings, the flow
structure interaction can be treated as a static
change in geometry of the problem at different
timesteps. However, the method can also be
applied to problems where the dynamic
behaviour of the coupled system is important.
Examples include flutter of aircraft wings, the
oscillation of slender structures in high winds
or in water-immersed structures due to wave
action. The work of Slone et al. [7] shows this
to be possible, using a modification of
standard FEM schemes e.g. Farhat[8], in the
FV environment.
In this paper the authors outline the salient
features of the techniques adopted in
PHYSICA, and show typical applications of
the type indicated above.

Abstract
Where there is a strong interaction between
fluid flow, heat transfer and stress induced
deformation, it may not be sufficient to solve
each problem separately (i.e. fluid vs. stress,
using different techniques or even different
computer codes). This may be acceptable
where the interaction is static, but less so, if it
is dynamic. It is desirable for this reason to
develop software that can accommodate both
requirements (i.e. that of fluid flow and that of
solid mechanics) in a seamless environment.
This is accomplished in the University of
Greenwich code PHYSICA, which solves both
the fluid flow problem and the stress-strain
equations in a unified Finite-Volume
environment, using an unstructured
computational mesh that can deform
dynamically. Example applications are given
of the work of the group in the metals casting
process (where thermal stresses cause elastovisco-plastic distortion).
Introduction
Two main computational mechanics
methods have developed over the years. Finite
element methods (FEM) to tackle stress-strain
problems, e.g. [1] and Finite Volume (FV)
methods to solve fluid flow, e.g. Patankar[2].
Because even the simplest fluid flow
problems are non linear, efficient segregated
iterative techniques are the mainstay of FVtype algorithms, whilst in contrast, the mostly
linear structural problems encountered by
FEM codes led to the development of efficient
direct solvers. The nature of the problems
addressed also governed the type of mesh
topologies used. So, FV type codes tend to be
topologically cartesian and either structured of
at least block-structured, whilst FEM codes are
usually unstructured.
The authors, in an attempt to address the
compatibility divide generated the PHYSICA
code [3], which uses a hybrid Unstructured
Mesh Finite Volume (FVUM) scheme, based
on the ideas of Baliga et al.[4], but extended to
address both the fluid and stress problems e.g.

Basic Equations
Fluid flow is characterised by transport
equations for all the conserved quantities of
the problem, i.e. mass, momentum and energy,
together with closure models for turbulence,
and phase change as appropriate:
Mass
)

(1)

O,

Momentum
— (pu) + V(pwir) = V.(U-VM) - V/> + S (2)
Enthalpy
^(ph) + V(puh)=V.(kVT)

+ S,,

Where u is the velocity vector, p is the
material density, u. is the fluid effective
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(3)

7.
8.

viscosity andp the pressure. S, the source term
in (2), contains the buoyancy and Darcy terms
representing the semi-fluid "mushy" zone in
alloys.
Heat transfer is represented by the
enthalpy, h, in (3), with T being the
temperature and k the thermal conductivity.
Latent heat effects appear in the source term,
=

*

d{LPf,)
dt

'[

Recalculate mesh and geometry;
Repeat 1-7 for time-step advancement.

In castings parts of the mesh are allowed to
split, to model the formation of gaps between
cast and mould. In dynamic applications the
fluid mesh surrounding the solid obstacle is
distorted elastically, by assigning and low
Young's modulus value to it.

(4)
Results

where L is the latent heat and// is the liquid
fraction.

The procedures outlined above have been
applied successfully to a large number of
casting problems and also recently to aeroelastic applications [7]. Space permits only a
small sample of simulations here. The reader is
referred to the publications in the reference
section for many detailed examples.
The first case concerns a benchmark test
case, of an aluminium plate casting which
appeared in [9]. Of interest in this situation is
the behaviour of the free surface during filling,
the solidification process and development of
defects, i.e macro-porosity and mould and cast
distortion. Figure 1. shows a filling sequence,
where air (shown dark) is seen to be trapped in
areas of recirculation. The sequence agrees
well with x-ray photographs. Figure 2, shows
the development of stresses in both the mould
and plate casting which result in deformation,
which is apparent in Figure 3.
Figure 4, shows a geometrically more
complex example, which is nevertheless
typical of what industry requires and indicative
of the capability of the FVUM technique.

Solid mechanics equations are represented
by the incremental stress a and strain e.
Stress Equilibrium
Ao,.,=0
(5)
Hooke's Law
relates incremental elastic strain to stress, with
[D] being the elasticity matrix. For metals, the
von-Mises yield criterion is used and the total
{As }, thermal {As t] and viscoplastic {Ae^ },
strains are related to the elastic strain by,
{Aee } = {Ae }-{Ae, }-{Aevp }
(7)
The Perzyna model is used for the viscoplastic
strain-rate. The incremental strain is then
related to incremental displacement {Ad)
through,
{As }=[/*] {Ad}
(8)
[A] being the differential operator matrix.
In dynamic response problems a slightly
different approach is adopted as explained in
Slone et al. [8],
FVUM Discretisation Procedure
The equations given above are discretised
on unstructured meshes using FV procedures.
For the flow equations the finite control
volumes are cell-centred and for the CSM
equations they are vertex-based. So, although
the mesh is common, slightly different
procedures are used to assemble the FV
equations for the fluid velocity and solid
displacement. The resulting system is of the
form,
[A]®} = {b}
(9)
where [A] is the coefficient matrix, {b} the
source vector, and {§} any dependent variable.
The following procedure is then used to
solve the equations:1. Solve momentum and continuity;
2. Solve energy equation;
3. Evaluate properties and auxiliary
variables;
4. Repeat 1-3 to convergence;
5. Solve CSM equations;
6. Update total stress variables;

Conclusions
Increasingly there is a requirement to model
multiphysical phenomena. A brief account of
solid-fluid modelling in castings was presented
here, using an unstructured mesh finite volume
technique, within the code PHYSICA.
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the input data (e.g. the geometrical characteristics of the
building, and the physical and dynamic characteristics of
air) may propagate through the computations, which will
induce uncertainties regarding the results obtained.
The aim of this paper is to put forward an economical
method for the determination of the uncertainty domains of
the numerical results computed with a CFD code. Since the
procedure for determining the uncertainty domains of the
experimental results is quite simple, it will not be laid out
here.

ABSTRACT
An extended protocol devoted to the validation of CFD
code is presented. The main idea is that an uncertainty
domain attached to the reference values should be given
with the experimental or numerical results. Although the
reliability domains of experimental results are often
calculated, numerical results are seldom found with their
corresponding uncertainties. The first step is the numerical
modelling of airflow in a large enclosure (9x3 m) such as a
dwelling cell. A k-e model is used to compute the turbulent
flowfield in the two-dimensional enclosure. The output data
are the fields of velocity magnitude, turbulent kinetic energy
(k). In the second step of the study, the uncertainty domains
of output data are calculated. A differential method is used
(Finite Differences Differential Analysis, FDDA). In the
present case, while the computed uncertainty intervals were
quite small in the main flow (±5%), they were high at
certain points in the room (+20%), which suggests that
either the theoretical or the numerical aspect of the model
used for the prediction of the flows at these particular points
will need to be improved.

CONFIGURATION STUDIED
The configuration studied is a ventilated twodimensional enclosure (see Fig 1). The inlet velocity profile
is plane, the Reynolds number based on the air velocity at
inlet U(x2) and the inlet dimension h is kept constant.

L = 9m

INTRODUCTION
The study of air flows in buildings, and more
specifically the prediction of indoor air quality, has been
going on for many years. The characteristics of such flows,
e.g. velocities, pressures, temperatures, pollutant
concentrations, etc... may be assessed using CFD codes.
CFD codes need to be validated by comparing the
computed and measured values of the different parameters
at different points in the domain studied. The ability of the
computation code to predict flow behavior is validated by
an analysis of the differences between experimental and
theoretical values. In terms of this validation procedure, the
following questions arise:
- what is the uncertainty domain of the theoretical
results?
- what is the uncertainty domain of the experimental
results ?
There are two potential causes of uncertainties in the
theoretical results [1]. Firstly, mistakes may occur in the
modeling process, given that the theoretical models
included in CFD codes are inevitably imperfect. The
validation procedure should help to assess the level of
approximation of such models. Secondly, uncertainties in

Fig 1. The two-dimensional ventilated enclosure
The turbulent air flow in the enclosure is computed with a
k-e model without wall functions.
This CFD code, termed BRIVE-CFD, is described in detail
in [2]. The dimensional forms of the governing equations
are: (continuity, momentum, turbulent kinetic energy,
dissipation rate of the turbulent kinetic energy)
3d
—i- = 0
_ 5u:

1 dp

8 \(

V +V

5X:
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v +-

v,

Sj may be considered as a function of Fj (jth component of
3). An uncertainty analysis gives the variation domains for
each output data. Using the Finite Difference Differential
Method [4], if 3 has no singularity in the domain of
fluctuation of the disturbed elements of the model, a firstorder analysis may be carried out for each output sk, and we
have:

-E

dz
jJ

with: vt =c — ;
s

Pk =-^2

As,

•Z

9R,

3R,
Ac,
8c,

(1)

RESULTS

The values of C,, C2 and CM depend on the k-e model
selected. c k and a6 are the turbulent Prandtl numbers for the
turbulent kinetic energy and its dissipation rate. C b C2, CM,
ak andCTEare assigned the following values:
C, =1.44,02=1.92,0^ =0.09,a k =l,0 e =1.3

The geometrical characteristics of the room are taken to be
known with a high degree of accuracy: H = 3 m, L = 9 m, h
= 0.084 m, t = 0.042 m. The values of the other
characteristics, and their uncertainty domains, are:
- average velocity at iniet: UQ « 0.91 m/s + AU0, where AU0
= 0.01 m/s,
- kinematic viscosity of air: v « 1.57xlO"5 m2/s ± Av, where
Av= l%xv«2xlO" 7 m 2 /s
- turbulent intensity at inlet: Io » 0.04 ± AI0 , where AI0 =
20%xI 0 : «8xl0" 3
The other input data (geometrical characteristics) are
postulated to be known with a high degree of accuracy. The
input vector data is E = [Uo, v, I 0 ] r with his uncertainty AE
= [AUo, Av, AI0 ] r and the output vector is S = [vit, k]r. In
this study, there is not control parameter, so C vector is not
considered. Uncertainty domain of output is given by
AS= 3 (AE) = [Avit, Ak]r, where 3 represent the BRIVECFD code. The field of dimensional velocity, is noted vit.
The dimensional velocity components are U! and u2, which,

The boundary conditions at solid walls are :
u,- = 0, k = 0, s = oo
The boundary conditions at inlet are :
U;=U(x 2 ), k o = | l g [ U ( x 2 ) ] 2 , e = 0.09kj>/2/(0.05h)
with U(x2) describing a plane or a parabolic profile.
The boundary conditions at outlet are :
Ui=Uoh/t, — = — = 0
ax, ax,
with U o : average air velocity at the inlet.
The solution procedure used to solve these equations is
globally the same as the one described in the last paragraph.
The ventilated enclosure is discretised into a 51 x 56 nonuniform grid.

for the velocity magnitude vit, gives: vit = -JUj2 +u 2 2 .The

CALCULATION OF UNCERTAINTIES

field of dimensional turbulent kinetic energy is noted k.
Components of AS are calculated in this way, using Finite
Difference Differential Method. For each group of input
data Uo, v, Io, we calculate :
S(U 0 +5U 0 ), S(v + 5v), S(I0+5I0) requiring 3 computer
runs and the output data vectors are given by the following
equation: 5 =3(E) = [vit, k]T requiring 1 computer run.
The partial derivatives can be closely approximated in a
highly accurate way by the set of computations presented
above (see Eq.(2)). The uncertainties in the computed
results are then easy to deduce from Eq.(l), and values of
AU0, AI0, Av.
The velocities uncertainties (see Fig 2) are quite small (3%,
or ± 1.5%) in the greater part of the enclosure, i.e. the part
affected by the air flow. In the top right and bottom left
corners of the enclosure, where the velocities
~

Let us consider the CFD code 3 termed BRIVE-CFD. The
numerical results given by 3 can be grouped together in the
vector S, whose components may for instance be air
velocity and turbulent kinetic. This vector may be expressed
in the form of a non-linear relation 3 between the input data
and the control parameters of the model, according to the
following general expression: S = 3{ E, C) where S = [si,
s2, ..., Sq]7, being the vector of the output data, whose
dimension is q, and E = [e h e2,..., e n ] r , E being the vector of
input data, whose dimension is n. All the physical and
geometrical data of the configuration studied are included in
E. C = [c1,c2,...,cm]r, being the vector of the control
parameters, whose dimension is m. E and C constitute the
data. The representative function
The output uncertainty interval, which indicates the
reliability of the results, is therefore a function of the way
in which disturbances in E and C affect the different
components of the output S. The most direct method of
making the distinction in question is to attach a variation
interval to each e( and cf component:
e; e [ e( - Ae,, e( + Ae; ] and Cj e [ Cj - Ac; , c, + Ac, ].
Thus, the problem consists of calculating a fluctuation
interval ASJ for the output Sj of the vector AS:
AS = 3(AE , AC ), AS = [ AS[, As2,..., ASj,...., Asq]r

a vit

V

vit + Svitl
l

.

-vit

-,

5U n

5 vit

/it + Svit
5L
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-vit

(2)

,

r

and so on for

3k

3k 3k

,—,
3U0 5v 3I0

[4] AUDE, P., Contribution a l'ame'lioration des protocoles
de validation des modeles nume'riques de comportement
thermo-aerauliques des batiments, These de 1'Institut
National des Sciences Applique'es de Lyon, France, 1998.

are small (stagnant region: ~ 0 m/s), the uncertainties of the
velocity magnitude are much greater than in the core region
(about 10%, or ± 5%). These uncertainties are also rather
important in the inlet and outlet regions.
In the core region, the uncertainties of turbulent kinetic is
small (see Fig 3). However, they are very large in the top
left corner of the enclosure, in the vicinity of the inlet: 40%
or + 20%. For the two-dimensional ventilated enclosure, the
uncertainties turn out to be large in the stagnant regions in
the top right and bottom left corners, and in the jet region.
To obtain accurate information on these regions, the
prediction of the dynamic variables in the jet region needs
to be improved, and perhaps also that of these variables in
the stagnant regions.
CONCLUSION
This paper presents an economical method for the
determination of uncertainty domains in numerical results
using a time consuming computer code. Normally, a
relationship would be established between this domain and
the uncertainty interval of the corresponding experimental
results. In the present case, however, the validation
procedure is not given in its entirety; the accent is placed,
rather, on the determination of the uncertainty domain by
Finite Difference Differential Analysis. The result given by
this method was that the predicted uncertainty domains
were found to be slightly larger than those given by a study
using a reference statistical method of the Monte-Carlo type
[3]. But such reference methods cannot cope with the
volume of calculations involved in Computational Fluid
Dynamics; therefore, determinist methods such as those of
Finite Difference Differential Analysis will need to be
further developed.
For the configuration dealt with in this paper (i.e. a twodimensional ventilated enclosure), it was found that the
uncertainties in the numerical results were at times quite
high. The next stage would theoretically be to compare the
uncertainties of the experimental and the numerical results;
in which case, the experimental and numerical uncertainty
domains would be expected to overlap, thus constituting a
validation of the code. If the domains do not in fact overlap,
then, assuming that the experimental results are valid, this
must mean that the model needs to be revised. The analysis
set out in the present paper contains some suggestions for
improvements in models and calculation methods, and also
for better ways of validating the required computer codes.

*:>
Fig 2. Isocontour map of uncertainties of velocity
magnitude 2Avit/vit
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Fig 3. Isocontour map of uncertainties of turbulent kinetic
energy 2Ak/k
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step is a local stress analysis to the component
of interest Since the deflection and stiffness
are significant only in the normal direction,
the component lead wires are modeled with
linear springs acting in the normal direction.
This step relies upon knowing the deflection
of the PWB in the component region from the
overall finite element analysis. The deflection
and stress in the leads are computed and the
highest stressed lead is identified. Finally, an
estimation of the vibration induced fatigue life
of the critical lead wire is made.

Abstract
Electronic packages often experience
dynamic structural loads in addition to
thermally induced stresses. This
paper
discusses an algorithm for predicting the
fatigue life of surface mount components
(SMC) mounted on printed wiring boards
(PWB). Due to the operating environment of
the electronic system, the PWB is subjected to
random acceleration. The algorithm is based
upon stress analysis that does not require a
detailed finite element analysis (FEA), nor
does it reduces the problem to a simple "rule
of thumb". The goal of the new algorithm is
to make fatigue life assessment available to the
electronic packaging engineer as early as
possible at the design process.

Global Analysis
Spectral FE model of
the PWB
Frequency response
analysis

Introduction

Component Level
Local stress analysis

Rigid body motion of
the component
Lead wires elongations

The rapid advancement of electronic
technologies have placed increasing demands
on electronic packaging in terms of reliability
requirements (Ohayon 1998). Electronic
packages often experience dynamic structural
loads, such as random acceleration, that occur
during the electronic system operation. The
imposed random acceleration give rise to
dynamic stresses in the lead wire connections
of the electronic components mounted on the
PWB, causing fatigue failures. Failure of one
electronic component could lead to a failure of
the electronic system. Prediction of the
dynamic stresses is especially important for
military and commercial avionics products
that are subjected to vibration during vehicle
operation. Previous methods for evaluating the
fatigue life of SMC include a simple "rule of
thumb" (Steinberg 1988), or a detailed finite
element analysis.
The new algorithm meets three objectives as
shown in Fig. 1. First, a dynamic analysis is
performed for overall response of the PWB,
through statistical concepts. This is executed
by spectral finite elements based upon the
Reissner - Mindlin plate theory. The second

Critical Lead Analysis
Critical lead wire
stress distribution

Critical lead wire

Fatigue life estimation

Fig. 1: Fatigue life estimation for SMC

Global Frequency Response Analysis
A typical PWB populated with
components
is a complex
structure.
Consequently, there is a desire to efficiently
and accurately model these systems. To reduce
the complexity of the model, "smearing"
techniques will be used to determine effective
homogenized properties for the leads,
components and PWB (Pitarresi and
Primavera 1992). The equivalent sandwich
plate is modeled by spectral elements based
upon the Ressiner-Mindlin plate theory
(Zrahia
and Bar - Yoseph 1995). The
amplitudes of the vibrations at the free edge
are reduced by stiffening beam (Fig. 2). Finite
elements implementation of the Reissner142

Mindlin theory takes the displacements - w
and rotations - e x , e y of the mid-surface as
independent variables, therefore only C°
continuity between the elements is required
(Hughes 1987).
FWB

Fig. 3: Rigid component mounted above
deformed PWB
be^un elerof n $

PWB FE model

The elongation of each lead can be determined
from the force equilibrium:

i
plate elements

where K is the spring's stiffness, AL; is the i

Fig. 2: PWB spectral FE model

th lead elongation, h is the lead height, 5 is
the rigid body motion of the component, n is
the number of lead wires of the SMC and dj
is the PWB deformation. Each lead wire
deflection can be computed by equation (6)
and the highest deformed lead is found. The
lead elongation and rotation (which is known
from step one) are imposed motion boundary
conditions for the critical lead analysis.

The semi - discrete formulation leads to a set
of matrix ordinary differential equations:
Md+Cd+Kd = f
(1)
where M is the mass matrix, C is the damping
matrix, K is the stiffness matrix and f is the
force vector. The damping matrix represents
the Rayleigh model for the dissipation
mechanism. The damping matrix is given by:
C = OCK+PM

Critical Lead Wire Analysis

(2)

The coefficients a, P are selected to fit the
structure under consideration. The transfer
matrix between the generalized structural
displacements and the external forces is
obtained by Fourier transform of equation (1):
X(<o) = H(<a)F(co) = [-w1 M+ i <DC+ K]"1 F(to)

A lead wire is modeled with two elastic
beams. The lead is clamped at it ends. As a
result of the imposed motion (deflection and
rotation), reactions are developed at the lead
base (axial force - P, shear force - V and
bending moment - M), see Fig. 4. The
unknown reactions are found by the strain
energy - U. The total strain energy in the lead
can be expressed as:

0)

The response power spectral density (PSD)
matrix is given by:
O x (to) = H(co)3>p(o)H*(co)
(4)
where the PSD matrix of the excitation is:

U

= U

Extension

+ U

Shear

+ U

Bending

(7)

Minimization of the strain energy - U leads to
a system of linear equations for the reactions.
The lead wire stress distribution is found by
the reactions. For vibration induced fatigue
life prediction, the Pahngren - Miner criterion
is used (Crandall 1958). Information about
uniaxial fatigue behavior of the lead wire is
available in the form of S - N curve:

(5)
and E[ ] is the mean operator (Crandall 1958).

Local Stress Analysis
Fatigue calculations of SMC is made by
the maximum stressed lead wire. Local stress
analysis is done relying on the deflection of
the PWB in the component region. Few
simplifying assumptions are made: (1) the
component is rigid, (2) all deformations are
in the PWB and the lead wires, (3) the
component lead wires are modeled with linear
springs acting in the normal direction since
the deflections are significant in the normal
direction only. Fig. 3 is a schematic of a rigid
component supported with simple linear
springs above deflected PWB.

NS Y = c
(8)
where c and y are material constants. This
relationship implies that any stress level above
endurance limit produces a damage. For
complex load histories commutative damage
analysis is made:

D = £-2i7N
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(9)

x 10"

where—— is the damage produced by n, cycles
N

i

at stress level S j .

0

100

200
300
Lead number

Fig. 4: Lead wire analysis summary

Fig. 6: Lead elongation

Failure occurs when the total damage reaches
D=l.

Conclusions

400

1. The model is based upon boundary
conditions, geometric and material
properties and not upon a specific
component design.
2. Each step of the procedure were validated
against test cases, the results were in good
agreement to those obtained by a
commercial FE code.
3. Using the failure model can prevent SMC
failures that could lead to failure of the
whole electronic system. It can give the
designer an estimate of the component's
fatigue life almost interactively.

An Illustrative Example
Consider a PWB with dimensions:
length - 0.22 m, width - 0.15 m and thickness
2 mm. The boundary conditions for the PWB
are: simply supported base and two clamped
edges (dotted lines), see Fig. 5 for PWB
configuration. The PWB's response is found
by equation 4.
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Fig. 5: PWB configuration

A square SMC (40 mm length and n = 400
leads) is mounted at the center of the PWB.
The lead elongation are found by a local stress
analysis (equation 6). As can be seen from
Fig. 6, the most deformed lead wire is the one
at the center of upper edge (lead number 250).
The imposed displacement and rotation serve
as boundary conditions for the critical lead
model. The reactions at the lead base and
stress distribution are found upon which
fatigue life prediction is made (equations 8-9).
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ABSTRACT
Throat-hinged
geometrically
variable
converging-diverging thrust-vectoring nozzles
directly affect the jet flow geometry and
rotation angle at the nozzle exit as a function
of the nozzle geometry, the nozzle pressure
ratio and flight velocity. The consideration of
nozzle divergence in the effective-geometric
nozzle relation is theoretically considered here
for the first time. In this study, an explicit
calculation procedure is presented as a
function of nozzle geometry at constant nozzle
pressure ratio, zero velocity and altitude, and
compared with experimental results in a civil
thrust-vectoring scenario. This procedure may
be used in dynamic thrust-vectoring nozzle
design performance predictions or analysis for
civil and military nozzles as well as in the
definition of initial jet flow conditions in
future numerical VSTOL/TV jet performance
studies.
NOMENCLATURE
A - area (m3)
c - nozzle planar control area (x-y, x-z
planes) (m3)
M - Mach
NPR - Nozzle Pressure Ratio
r - radius (m)
TV- Thrust Vectoring
Vc - divergent nozzle control volume (m3)
x - nozzle expansion length (m)

e
G
t
y
z

- exit
- geometric
- throat
- yaw direction
- pitch direction

INTRODUCTION
To predict the exact moments and forces
available from particular Thrust Vectoring
(TV) hardware an explicit method to calculate
performance capabilities is needed for both
military and civil TV nozzle configurations.
Although numerical and TV modeling studies
have been pursued (Carlson [1], Gal-Or [3],
Matesanz et al. [4], and Wilson [5]) an
explicit
calculation
procedure
for
two-dimensional converging-diverging and
axisymmetric
TV-nozzle
performance
predictions has not been openly published.
In this study, an explicit method for the
calculation of the effective vectoring angle on
an axisymmetric TV nozzle [2] as a function
of geometry at constant nozzle pressure ratio
of 2.5, zero Mach and zero altitude is
presented for a civil nozzle configuration
(ArflAtG controlled). Through this method,
the dynamic geometry of the effective volume
within the geometric nozzle is detailed. The
effects of the dynamic TV nozzle geometry
directly predicate the exiting flow geometry
and nozzle performance capabilites.
MATHMATICAL FORMULATION
During thrust-vectoring, the nozzle control
ratio (AJAi) is maintained either as a function
of the effective nozzle areas (A^/AIE) for
military aircraft control, or as a function of the
geometric nozzle areas (AIG/AIG.) for civil
aircraft control, while the effective nozzle
metrics separate from the physical geometry of
the nozzle.
Under military control, the
effective areas are maintained constant
throughout vectoring and the geometric areas
vary. Thus, the effective nozzle x-y and x-z
planar areas (Acy, Ac) (Figure 1) and the
effective nozzle volume (Vc) must remain
constant throughout vectoring. Under civil

GREEK
- total average nozzle divergence angle
(rad)
ca - planar average nozzle divergence angle
(rad) @ i = y,z for the x-y and x-z
respective planes
nozzle
convergent angle (rad)
P
5 - vectoring angle (rad)
+sin8 Gi
@ ' = y,z
SUBSCRIPTS
7 - engine station before nozzle throat
8 - engine station after nozzle throat
E - effective
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control, the same rule is true for the geometric
planar areas and volume (Ac,, Aa, Vc). To
clarify, define the above quantities at 8G = 0
as the control area and control volume (Ac,
Vc,) where the areas in the x-y and x-z planes
are identical by symmetry in this example.
Then, for each scenario (military, j = E; civil, j
= G)

In this scenario, the planar control area is
the constant geometric planar area frm
equation (3). Thus, the elliptic geometric exit
raidii are found

(11)

and the planar average nozzle ttlvergencce
angle is

Ati+A .
V =

where the nozzle expansion length (x) is the
effective expansion length (xE)
under
military control (defined below) and the
variable geometric nozzle length conforming
to x = xa cos 8 Cl cos 8 Gy, for civil control.

The effective exit radii is found through
@ i=y,z

8G is the geometric vectoring command and
a>; the planar average nozzle divergence
angle, is assumed uniform in the respective xy or x-z plane. The nozzle geometric throat
radii and the average effective throat radii are
related by
(4)
where i = z,y andy = y,z respectively. As ?>GJ
>0 the effective throat shifts into the divergent
sector of the nozzle while the flow conforms to
the dynamic elliptic geometry of the nozzle.
This geometric-effective throat-areas relation
is written

8, = arccos - ^ -

@ i = y, z

(14)

Figure 2 demonstrates a good comparison of
the equation (14) prediction with experimental
results'[2]. Equation (14) performance at the
nozzle critical point relative to the NPR range
validates this computational procedure (Figure
3). In the future, NPR influence on nozzle
performance may be included in this
procedure for a more robust nozzle
performance prediction.
The flow coefficient is found through
adjusting the conventional value (taken to be
0.9436 @ ba - 0 and NPR = 2.5) as a function
of the effective throat area

(5)

Assuming that the exit area deviation from
orthogonality with the divergent nozzle center
line is negligible the effective expansion
length is approximated

xe = x c -2r,0.[sin8Cj +sin8 c> ]

(13)

The effective exit area in this scenario is found
through the relation A*E = nrzry, (likewise for
the geometric exit area in the military
scenario).
Having calculated the nozzle geometry for
an axisymmetric nozzle during thrustvectoring, it is assumed that the cross-section
of the exiting jet flow will conform to the
same geometry in both military and civil
control scenarios. Thus, at the critical flow
point, the geometry and direction of jet flow
must be similar to the geometric properties of
the nozzle. It is conjectured that the angular
difference between the effective and geometric
areas of the nozzle exit is similar to the
effective vectoring angle. Thus, the relation
for the effective vectoring angle prediction is

The effective nozzle throat area (A&)
including nozzle divergence is assumed to be
hinged to the geometric nozzle throat area
(Aid).
Define the geometric relation
%i = [cos8ffi + sin8 ra tanctj, where i = y.z,

+sin8 Gy tan2

(12)

a,- =arctan

@ i = y,z (3)

(6)
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resulting in a reasonable prediction (Figure 4).
The thrust coefficient proves to be virtually
unaffected at the critical point by TV.
CONCLUSIONS
An explicit TV nozzle performance
calculation procedure was presented to
calculate the dynamic TV-nozzle geometry
and performances at the critical flow point.
The geometric predictions compare well with
the experimental results for a civilcontrolled axisymmetric converging-diverging
geometrically-variable nozzle. This verifies
the geometrical predictions and may be used
in future TV nozzle design to reduce costly
experimental investigations. Further, it may
be implemented to evaluate current TV nozzle
performances to enhance aircraft and defence
simulations, as well as provide realistic initial
conditions for future numerical VSTOL/"TV
jet performance studies.

Figure 3: 8e* prediction (*) compared with
experimental data across the NPR range for
8G* = 0 deg (+), 6GZ = 10 deg (--), 8o* = 20 deg
(-.-) and 5GZ = 30 deg (...).

...NPR = 3.51

'^^^s:

-.-NPR

— NPR = 2.51

'\x
' • . ' \

. NPR =2.00
IS
KGil |d<«]

Figure 4: Flow coefficient prediction (CDS)
across the vectoring range.
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Figure 1: Geometrically-variable TV nozzle
schematic in unvectored (1) and vectored (2)
positions.
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Figure 2: 5E* prediction compared with
experimental data [2] for 0 < 8G* < 30 (deg).
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by a bubble, or based on a trigonometric series. The
types of infinite elements are thus termed 'linear,' ''enriched," and "trigonometric.v A more elaborate elucidation of these concepts can bo found in Harari et al. [3,o].

Abstract
Exterior problems of time-harmonic acoustics are addressed by a novel infinite element formulation, defined on a bounded computational domain. For twodimensional configurations with circular interfaces, the
infinite elem.ent results match well both analytical values
and those obtained from, other methods like DlN. Along
with the numerical performance of this formulation, of
considerable interest are its complex-valued eigenvalues.
Hence, a spectral analysis of the present scheme is also
performed here, using various infinite elements.

Nunierical Exj)erimerits
In order to validate the procedure outlined above, we
consider problems of infinite circular cylinders of radius
a, to which analytical .solutions exist. Soft boundary
conditions are specified on the wet surface. A circular
interface is located at R = 2J>a. Linear quadrilateral
finite elements mesh the inner domain and infinite elements, linear unless stated otherwise, the outer domain
(Figure 1). The geometrically non-diinensionalized wave
number is ka = 1 and the resolution is approximately
13 nodes per wavelength in the finite element mesh.

Introduction
Numerical methods for solving exterior problems of
time-harmonic acoustics are based on either integral representations (surveyed by Shaw [6]) or domain-based
computation (see [4]). Here, a novel approach to the
latter method, with infinite elements, is evaluated.
Infinite Element Formulation
The exterior boundary-value problem of acoustics involves finding the spatial component of the acoustic
pressure, which satisfies the Helmholtz equation in an
unbounded domain. It is further subject to specified
boundary conditions at inner boundaries and the Sommerfeld radiation condition at infinity.
To obtain a solution to this boundary value problem,
the unbounded domain is partitioned by a smooth artificial boundary into a bounded inner domain and its
unbounded complement, the outer domain. The original solution is similarly decomposed into inner and outer
fields. The inner field is approximated by standard finite
element functions, and the outer field by unconventional
infinite element functions. A simple functional is defined
to weakly enforce continuity between the two fields at
the interface. By setting its first variation equal to zero,
a symmetric formulation is obtained [2,3].
In this formulation, infinite elements mesh only the
finite, element interface. Further, weak continuity between the finite elements and the infinite elements at
the artificial boundary is automatically ensured within
the framework of this scheme. Consequently, the infinite
elem.ent mesh need not be the restriction of the finite element mesh to the artificial boundary. This flexibility
may offer a significant advantage in practice.

Figure 1: The-computational domain
1. Circumferentially harmonic radiation
For a circumferentially harmonic load cos?i0, the exact solution is u = //',"(A;?-) cosnfl///,'"(ka).
For the
fifth circumferential mode, n = 4. we present contours
of the real parts of the analytical and numerical solutions in Figure 2 for linear infinilc elemeuls. The inner
and outer solutions along the interface are compared to
DtN [1] in Figure '.'>. Both these figures demonstrate the
good performance of the formulation.
2. R a d i a t i o n from a s e c t o r of a c y l i n d e r

Next we consider the problem with a constant, inhomogeneous loading on a sector of the cylinder. For
our comparisons, an arc of 40° is considered. Figure 4
shows the contours of the real parts of the analytical and
numerical solutions, while Figure 5 depicts the solution
along the interface. The accuracy of the formulation is
well manifest in these figures.

The infinite element approximation of the outer field
is achieved by means of continuous outgoing interpolate ry functions which satisfy the homogeneous Helmholtz
equation exactly. The basic approximation is piecewise
linear in the circumferential direction. For higher order
approximations, the basic interpolation can be enriched

The errors relative to interpolated analytical solutions
a1, measured in the energy norm, arc tabulated in Table 1, corresponding to various infinite elements.
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Spectral Analysis
A spectral analysis of a numerical formulation establishes how closely if represents certain physical char148
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Figure 4: Radiation from a sector of a cylinder (solid
contours represent numerical solution, dashed contours
represent analj'tical solution)

Figure 2: Harmonically loaded cylinder (solid contours
represent numerical solution , dashed contours represent
analytical solution)
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Figure 5: Radiation from a sector of a cylinder: pressure
at the interface
Figure 3: Harmonically loaded cylinder: pressure at the
interface

The eigenvalues of the previous problem of an infinite circular cylinder are examined. Figure. 6(a) shows
the eigenvalues of the full and condensed matrices for
the linear infinite element. A comparison of eigenvalues
between the linear infinite element (condensed) and the
DtN scheme in Figure 6(b) reveals the qualitative agreement of the two methods. As required by the physics
of the problem, the eigenvalues of both these methods
have negative imaginary components.
Higher-order infinite elements are also studied. The
eigenvalues from the full and condensed matrices of
higher-order infinite elements are compared to those of
the linear infinite element in Figure 7. It can be seen
that the eigenvalues of higher-order infinite elements
possess a few positive imaginary parts, which is uncharacteristic of the continuous problem. Attempts continue
to explain this spurious behavior, given the numerical
accuracy exhibited by these elements.

acteristics of the problem it models. It can be shown
that the complex eigenvalues of continuous problems in
bounded domains, which are equivalent to exterior problems, have negative-definite imaginary parts, related to
proper enforcement of the radiation condition. The performance of iterative solvers on the matrix equations,
depends on the condition number and, more generally,
the clustering of eigenvalues.
An eigenvalue analysis of the present scheme is
conducted in comparison to the well-established DtN
method [1]. Two forms of the coefficient, matrix are considered. The eigenvalues and condition number K of the
full matrices are relevant to the performance of iterative
solvers. Due to the weak coupling, the terms related to
the infinite elements are statically condensed out of the
coefficient matrix, before investigating the sign of the
imaginary part of its eigenvalues.

Conclusions
A novel infinite element approach to solving exterior
problems of time-harmonic acoustics is investigated and
validated. Numerical results demonstrate the good performance of this scheme. Linear infinite elements exhibit
the proper spectral behavior. Attempts continue to understand the seemingly spurious eigenvalues of higher-

Table 1: Relative errors in energy norm
DtN
Problem
Lin.
Enr.
Trg.
Harmonic 5.56%
5.52%
6.03%
5.62%
Sector
10.98% 10.85% 11.90% 10.86%
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ABSTRACT

w h e r e x { t ) 6 3 i ' \ u(t) G ?)<"". y(t) G W a n d m a t rices

This paper investigates robust stability (RS) of uncertain sampled-data (SD) control systems with generalized
sampled-data hold functions (GSHF). A new sufficient
condition for robust stability of such systems is developed.
Unlike that of most of the previous works, it directly uses
the data of the continuous-time plant and therefore it is
less conservative. The condition is expressed in terms of
the spectral radius of a certain matrix and is shown to
be a unimodal function of a free parameter. Thus standard one-dimensional optimization algorithm can be used
to perform the proposed test.

UNCERTAIN PLANT

u(t)
, B(w). C)

HOLD

H(t)

PROBLEM STATEMENT
We consider a finite dimensional linear time invariant (LTI) uncertain plant described by (see Figure 1)

i = A(w)x(t) + B(w)u(t),

y(t) = Cx(t)

(1)
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THE OVERALL CONTROLLER

INTRODUCTION
A SD control system consists of a continuous-time plant
controlled by a computer. Generally, if the matrices in a
state space description of a continuous-time plant are uncertain, then the resulting discrete-time system possesses
an exponential-like uncertainty structure. Existing methods, such as [5,6,8] are inadequate in analyzing such systems because they do not directly handle this structure.
A notable exception is the quadratic stability approach of
Bernstein and Hollot [3] who developed a RS test which
exploited that structure. However, they only treated SD
system with zero-order hold (ZOH). Besides, they did not
give out any reliable algorithm to perform their test. This
paper is motivated by their work and the development
of the GSHF which offers many benefits that cannot be
achieved by ZOH; see [1,4,7]. The purpose of this paper
is to develop a RS test for SD systems with GSHF.
In the sequel, the following notation will be used. For
A" G 3? n x n , X' reads the'transpose of X, p(X) denotes
the spectral radius of X and A' > 0(> 0) means that A' is
positive definite (positive semi-definite). The Kronecker
product and Kronecker sum is written as <g> and © respectively. In addition, the operation of forming a vector
by stacking the columns of a matrix is denoted by "vec",
and its inverse operation, "vec" 1 "; see [2]. Proofs of all
lemmas and theorems are omitted owing to space limit.
Interested readers are referred to [9].

COMPUTER SAMPLER!

Figure 1: Setup of SD control system
A(w), B{w), C are of appropriate dimensions. The matrices pair (A(w), B(w)) belongs to a set. I' given by
U±{(A(w),B(w)):\\iv\\2<
«

1}

(2a)

'i

A(w) = A + J2 u>iAj. B(w) = B + J2 "•> B' C-;b)
where A, B are nominal values of -4(u>)- B(u-) respectively,
A{'s and 5,:'s reflect the "structure" of the uncertainly,
and ti>j's are the uncertain parameters.
The plant is controlled by an overall controller which
consists of an ideal sampler (sampling period T ) . a computer (static gain m a t r i x A") and a generalized hold / / ( / ) .
The overall controller may be described by
u(t)

= H{t)Ky{t)

= F(t)y(t),

1 G [k-T. (k- + I )T)

(3)

where k = 0,1, • • • and F{t) = H{t)K. Instead of specifying H(t), we assume that F(t) G 3iv"x;l is a T-periodic.
integrable, bounded function. F(t) is referred to as a
GSHF. Upon closing the loop, we obtain an uncertain
discrete system
xk+1=
Now the problem is: Given an uncertain plant (!)-(:})
and a GSHFF(t), is the closed-loop system asymptotically
stable for all w such that \\w\\., < [f Equivah nily. is ilx
uncertain discrete system (•{) robustly stable r1

RS TEST: LTI HOLD CASE
To solve this problem, we start with the LJLI hold iunction which is a GSHF of the following form

Now assume (10) holds for some o > 0. from L<>mma 2.
equation (9) has a solution P — P' > 0: hence using (9)
and (8) yidds

VV{w:P)

^ 'Q~

Lf

'

- P< - Q

(5)

for all w such that ||u'||., < 1. This proves the following

where Afj ,BJJ,CH are constant matrices of appropriate main result.
dimensions.
According to Lyapunov theory, a discrete system
Theorem 1 (main result) Givtn a F(/) in Ihc form of
Xk+i - $(w)xk

(6)

is robustly stable if there exists a P — P' > 0 such that

(5), the uncertain discrete system (•{) is robustly stable if
there exists an a > 0 such that (>{Mn) < 1 irhert .1/,, is
defined by (11).
RS TEST: ARBITRARY GSHF CASE

= <S>(w)P$'{w)-P <0, Vtu

(7)

Since a GSHF is a T-periodic. iutegrable and bounded
function, it can be expressed as a Fourier series. This
implies that any GSHF can be approximated by a LTI
hold function with arbitrary accuracy. In other words,
any GSHF can also be regarded as a LTI hold and all the
results on LTI hold are also true for GS'HF [9].

Although to verify whether there exists a P — P' > 0
that satisfies inequality (7) for system (4) is very difficult,
following the argument of [9], we can find a parameterindependent upper bound (PIUB) on the left-hand side
of (7). To formulate this upper bound, let a scalar a > 0
be given and define
T h e o r e m 2 ( m a i n - r e s u l t ) Given

a GSHF F[t). tin
system (4) is robustly stable if then (rists an n > 0 such
that p{Ma) < 1 where Mr, is given by

Aa=A®A + aI+-'
a

Mio + .1/..,.
with

with
BCn

and

J
BH

eA°{T-T] B2a[(F{T)C)

H]

Lemma 1 (PIUB) If P = P' > 0 and a > 0,

eAair~T}B3«[(F(T)C)

A/3a = /

J

Vi)

(F(T)C)}(II

(8)
/or

•

Aa = A -• A + -

Now consider the right-hand side of (8), formally set

[J 0]vec-V° T vec(np)] [^1 _ P = LUJ

Bla = In

^

R

3a

Lemma 2 (SRC) G«wra a Q = Q' > 0 and an a > 0,
the matrix algebraic equation (9) has a unique solution
P = i " > 0 !J9"

n

Remark:

,AaT

•

T

—•£>'.'

in

a

~ a La >

- '

i

3 a
For any
specific
form of F ( / ) . th<> int<-grals (13)
~

(10) can be easily computed to derive explicit expressions for
Mia-M3a\ for instance, the piecewi.se constant (PWC)
h o ] d ;

I
BHC

D

(lo)

^
&2a

where Ma is defined by

B,.
/ = (!

When does (9) possess a solution P = P' > 0? Our
next lemma gives a necessary and sufficient condition—
the spectral radius condition (SRC).

p(Ma) < 1

^

sic]) <n>
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COMPUTATIONAL ISSUES
In the previous sections, we have seen that the RS condition p{MQ) < 1 contains a free parameter a. How to
verify whether there exists an a that satisfies this condition? To this end we have the following theorem.

p(Mo.) = 38.0766 > i
. a" = 1.9148

T h e o r e m 3 Given a GSHF F{t), p{Ma), in which Ma
is defined by (12)-(15), is a unimodal function1 of a on
(0,+oo).
This theorem tells us that we can use standard onedimensional optimization algorithm to find the minimum
of p(Ma) on (0,+oo) and we just need to check whether
its minimum value is smaller than one.

Figure 3: p(Mo)
CONCLUSION

EXAMPLE
Consider a second-order SISO plant with

and C - [1 0], controlled by a PWC hold (T = 0.5s)
shown in Figure 2. The nominal open-loop system is un-

A new sufficient condition for robust stability of SD
control system with GSHF has been developed. It is expressed in terms of the original data of the continuoustime plant, thus reducing the conservativeness. The result can be applied to any form GSHF including multirate sampled-data systems. A numerical example demonstrates the advantages of the proposed test.
REFERENCE

F(t)
/o

/o

h

/l

1

,

T
2T
Figure 2: A PWC hold function
stable. However, by an appropriate choice of (/o,/i),
we may assign the two poles of the nominal closed-loop
system arbitrarily [1]. For instance, when /o = —26.11,
/ i = 20.15, the two poles are (0, 0). For this PWC hold,
p(Ma) v s ex is plotted in Figure 3. Its minimum value is
38.0766 > 1, hence we conclude that no such a exists for
||«)|| 0 < 7 = 1. On the other hand, the maximum RS
radius is found to be ysrc = 0.1042; see Table 1. Comparing with that obtained by the method of J.H. Su and
I.K. Fong [6], 7 = 0.0142, the ratio 7 ^ / 7 = 7.3, our
result is obviously superior.
Table 1: Comparison of RSR
Case

Act. RSR*

(/o,/i)

lact

Thm. 2

J.H.Su[6] Ratio
Isrc/l
7
a
0.3505
0.1042
0.0142
7.3
b
0.1457
0.0800
0.0015
53
c
0,3485
1.9e-4
0.0377
198
a.(-26.11, 20.15), b.(-33.04, 21.58), c.(-32.09,14.45)
* Obtained by griding the uncertainty set
fSrc
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A unimodal function has a unique (global) minimum.
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Abstract
Control goals defined both in continuous and discrete
time arise naturally in many sampled-data tracking
control problems. The design methods found in the
literature deal with each kind of those control goals
separately, over-emphasizing one kind at the expense
of the other. We formulate and solve these tracking control problems as an H2 optimization problem with a mixed continuous/discrete performance
criterion. It is argued that the proposed setup enables tradeoff between the various control goals in
a natural manner and thus leads to better tracking
characteristics.

1

Introduction

The conventional design of sampled-data tracking
control systems uses a pure discrete-time design approach, basically motivated by the difficulties in dealing with their continuous-time behavior and is based
on discretization of both the plant and control goals.
The design of sampled-data control systems (SDCS
in the sequel) using the same control and sampling
rates is simple but encounters many problems in
dealing with non minimum-phase discretized plants,
which is a common case in many applications. The
resulting controllers, like the one step ahead controller or the reference model controller [4] offer unsatisfactory solutions. A major breakthrough was
made by Ortega and Kreisselmeier [8]. Using a control rate n-times faster then the sampling rate (where
n is the plant degree) they developed a controller
that ensures discrete-time perfect tracking for both
minimum- and non minimum-phase plants but at the
cost of a very oscillatory inter-sampling output behavior. Effective treatment of continuous-time specifications was achieved only at the beginning of the
last decade, with the introduction of the lifting techniques [2], which exploits the periodicity of the timevariance in the SDCS to reduce the control problem to a time-invariant discrete problem in the lifted
domain. Using this continuous-time approach it is
possible to design single-rate [1] and multi-rate [9]
SDCS which exhibit satisfactory inter-sampling behavior (H2 or H°° optimal), but leads to a conser154

vative design of the discrete-time performance, that
might be not good enough in some applications, like
in the firing machine control problem — an analog
system with a main discrete-time tracking requirement defined in the firing instances.
In 1991 Mirkin [6] showed that the discretetime perfect tracking controller suggested by Ortega and Kreisselmeier is not unique and found
the family of all peace-wise constant control signals that ensure discrete-time perfect tracking after
a general bounded reference signal, for LTI, SISO
plants. Trying to combine the benefits of both design approaches, Kahane [5] extended these results to
MIMO plants, found the family of all discrete-time
perfect tracking controllers and used the continuoustime design approach to choose from this family the
controller with the best (H2 optimal) inter-sampling
behavior. Simulations of this method show great
improvement in the inter-sampling behavior (sometimes still unsatisfactory — especially when dealing
with non minimum-phase plants), usually at the cost
of using large control efforts.
Recently, Mirkin and Palmor [7] pointed out the
need for a unified framework for mixed discrete/continuous requirements which enables tradeoff between
the continuous and discrete-time behaviors, and offered a solution to the H2 problem, also based on
the lifting techniques. Encouraged by their results,
we use this new approach in the design of multi-rate
SDCS in order to reach a more suitable solution for
the tracking control problem. The purpose of this paper is to develop a general class of H2 optimal tracking controllers as a function of two weighting parameters that emphasize three "open-loop" control goals:
the discrete-time tracking error, the inter-sampling
behavior and the control effort, without deteriorating
the closed-loop properties (e.g. stability, robustness,
noise rejection) of the control system. An illustrative
example shows that with a right choice of the weighting parameters it is possible to reach a considerable
improvement in two of the goals at the expense of
only a small deterioration in the other one (for example, one can achieve a better inter-sampling behavior
using a smaller control effort by a small relaxation of
the discrete-time perfect tracking requirement).
The notation used throughout this paper is fairly
standard. B' means the transpose of a matrix B.

2/r

n

UhSh

h/n

function used define the control effort (for example
G{zn) = 1 — z~x defines the control effort as the
change in the control signal between two control instances).

V

Figure 1: Standard two degrees of freedom control setup.
Discrete-time signals and operators are highlighted
by a bar (like £). Transfer functions in both the sand ^-domains are de.nqted_in terms of their state
space realizations as C D
Finally, the following operators will be used throughout the paper:
Sh the ideal sampling operator: {ShQ [k] = £(kh)
Tik the zero order hold operator: (HhO (*) = £[k]
Uh the forward shift operator.
Owing to space limitation, we only outline the development steps and give the final solution of the optimal controller. Interested reader is referred to [5]
for a complete proof and computational issues.

2

Problem formulation

In order to keep the discussion simple, we present
only the formulation and the solution to a dual rate
control problem, by assuming that the reference and
output signals are sampled with the same rate as dictated by the discrete-time tracking specification. An
additional assumption on the control rate being ntimes faster then the sampling rate (where n is the
plant degree) is made only in order to be able to compare our solution with the performance of the multirate, perfect tracking controller suggested by Ortega
and Kreisselmeier. We also assume (as in most control applications) that the A/D and D/A converters
are the ideal sampling operator and the zero order
hold operator, respectively. These assumptions are
unnecessary for the applicability of our approach.
The dual-rate H2 tracking control problem is defined in terms of the standard two degrees of freedom
\ A

T$ "1

control setup in Fig. 1, where: P(s) = -7=r-rf- is
a continuous-time LTI, MIMO plant described by a
minimal realization; h any given non pathological
sampling period; yr the reference signal — digitally
measured (yr); C\, Ci the closed-loop controllers; and
K the pre-filter.
Our goal is to find C\, C% and K (dependent on the
weighting parameters v and p, to be chosen in each
application) that minimize the cost function:
= \\y - V

rWl

+ v\\y - yr\\\
li\\G{zn)u\\l,

3

Problem solution

It is easy to see from Fig. 1 that the closed-loop performance of the control setup depends only on C\
and C2 and not on the choice of the pre-filter K (as
long as it is stable). Moreover, it is well known [10]
that for a special partition of the set of all stabilizing
controllers into C\ and £2, the tracking performance
of the control setup is not affected by the particular
choice of those controllers. This partition completely
separates the tracking design from the closed-loop
design and prevents the control setup to ensure good
tracking specifications at the cost of robustness. This
way, the closed-loop design may be treated in a more
suitable fashion, like H°° for example, and we can
concentrate on the design of the pre-filter K — the
only degree of freedom which influences the "openloop" behavior of the control setup.
By using discrete and continuous lifting techniques, it is possible to find the closed-loop transfer functions between the digitally measured reference signal and the discrete- and continuous-time
output and the control signal, in the lifted domain.
Upon substitution of these relations into the cost
function (1) and by using the isometric property of
the continuous and discrete-time lifting operators,
we reduce the H2 optimization control problem to
an LTI model-matching problem, in the lifted domain. This problem, although defined in the lifted
domain, can be solved with the same tools as any regular pure discrete-time model matching problem [3],
using only state-space machinery. The solution involves an inner-outer and a co inner-outer factorizations and a projection into the space of all realrational, proper and stable transfer matrices [11].
The only difference is that some of the matrices involved in the final computations are obtained from
multiplication of two or more infinite dimensional operators. These matrices, however, are finite dimensional and can easily be calculated via the matrix exponential approach (see [5] for a full discussion and
solution of all computational issues).
Theorem 1. The unique pre-filter JCopt (stable, real
rational and proper) which minimizes the performance index (1) is:
AG + BGFG
FG

-L

A
(1)

Cs

and provide good closed-loop properties for the control setup. G{zn) is a frequency modulating transfer

-1

Ds - B'GZL

'

where: FQ and L are the gains related to the stabilizing solutions of two discrete algebraic Riccati
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equations and Z is the solution of a Silvester equation. The index G denotes parameters depending
on the control effort definition and the index T denotes parameters depending on an additional plant
that models the target behavior between the sampling
instances. The other matrices and the coefficients
of the mentioned equations are closely related to the
plant parameters and weighting parameters v and \x.

:/
/

V

C0.6

Remark 1. The explicit computation of the three
components comprising the cost in (1) is advantageous in a tradeoff analysis. It also enables resolving
such questions as: "what is the best achievable intersampling behavior, having a limit on the control effort?" or "what is the cost of achieving a certain
sampling-time tracking precision?". That computation requires the solution of three additional discrete
Lyapunov equations.
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instant, which requires only 50% of the control magnitude used by the other methods). It is worth mentioning that by setting the weighs to v = 9999 and
\x = 0 it is possible to achieve almost discrete-time
perfect-tracking (less then 0.1% error in any sampling instant) with a fair control effort and a quite
good inter-sampling output behavior (a 35% overshoot and the same settling time). Much better results can be achieved by using higher rank and more
sophisticated models of the target plant, but at the
cost of implementing a higher order pre-filter.

the response of the plant
*° a u n '^ s*'eP reference signal, controlled by three different methods:
P(s)

•

\

Figure 2: Plant response to unit step reference signal.

An illustrative example

Fig. 2
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*
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Remark 2. Note, that no restrictions were imposed
on the plant parameters. Hence, this method is applicable to any continuous-time, LTI, MIMO plant
(unstable and/or non minimum-phase also). Solvability of the optimization problem requires stabilizability and detectability of the plant, and solvability
of the discrete-time algebraic Riccati equations.
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1. CTOP — the _ff"2-optimal, multi-rate tracking
controller with a continuous-time cost function
based on the inter-sampling output behavior.
2. OKC — the discrete-time perfect tracking controller suggested by Ortega and Kreisselmeier.
3. MCDPS —the H2-optimal, multi-rate tracking
controller with mixed continuous/discrete performance specifications, proposed in this article.
All methods use the same sampling interval
h = 0.1[see] and the same control rate (twice faster
then the sampling rate). The additional parameters
used by our approach were set to be: G(zi) = 1 - z^1,
i/ = 0.25 and /i = 2.4- 1CT8.
The OKC method ensures discrete-time perfecttracking but the inter-sampling behavior is highly
oscillatory. The CTOP method ensures a good intersampling behavior (a 10% over-shoot) but the resulting discrete-time tracking error may be unsatisfactory in some applications (35% error in the first
sampling instant and 3% error in the Second one).
Using the MCDPS method it is possible to find a
good tradeoff between the various open-loop control
goals (we chose to present a 13% over-shoot response
with only a 10% tracking error in the first sampling
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constant part. The aim here is to study the possibility of
controlling the vibrations by varying the bending stiffness of the beam and to demonstrate a technique of direct separation of fast and slow motions coupled with a
Green's function method in the case of a fast modulation
of the stiffness. Parametric control of beams and strings
is usually considered in connection with a time-varying
axial force or a moving boundary (see for example [6],
[7], [8]). The technique of direct separation of fast and
slow motions coupled with a Green's function method
used here, permits us to analyze the more general case
of stiffness perturbation with a periodic function of time
and arbitrary function of space. The concept of 'hidden
motions' [5] provides a theoretical basis for the above
separation of constant and variable components of the
bending stiffness.

ABSTRACT
The dynamics of a Euler-Bernoulli beam with a timeand space dependent bending stiffness is studied. The
problem is considered in connection with the application
of noise control using smart structures. It is shown that
a control for the vibrations of the beam can be achieved
by varying the bending stiffness. The technique of direct separation of fast and slow motion coupled with a
Green's function method is used to analyze the dynamics of the beam with high-frequency modulation of the
stiffness.
INTRODUCTION
The use of "smart materials" in various areas of engineering has received much attention in the literature.
One of the specific aims in using smart materials is the
optimization of structural performance for a wide range
of loading parameters. To this end, structural acoustics
presents a rich field of implementation for smart materials in order to efficiently control noise and vibration
characteristics of structures. A general idea of active
control of noise and vibration is based on use of compensatory input into a controlled system is commonly implemented by optimal spacing of sound sources or forces.
This formulation appears to be very fruitful for various
practical applications. A theory of such kind of control
is given for example in [1]. Semi-active dynamic absorbers with adaptable stiffnesses based predominantly
on piezoactuators ([2], [3], [4]) give promising results for
vibration suppression and have a number of advantages
in comparison with passive or pure active control ([3]).
On the other hand, composite materials, mainly sandwich structures with micro- or macro-inhomogeneous
(honeycomb) core components permit changing the distributed stiffness parameters and extend the use of parametric control of structures with distributed control elements.

FORMULATION
Consider a beam of finite length, /, whose forced motion is described by the well known equation,
[D(x, t) w"(x, t)]" + Mow(x, t) = q{x, t),

(1)

where w(x, t) is the displacement of the beam, Mo denotes mass per unit length, which is taken to be uniform
and q(x, t) is a driving load. Here and below, primes and
dots denote derivatives with respect to the coordinate a;
and time t respectively. The boundary conditions corresponds to the simply supported beam
= 0

x = 0,

x =

(2)

The bending stiffness is represented as the sum of a
constant component Do and a variable perturbation
Dx{xtt):
Di (x, t) = Di (x) cos
tot,
(3)
where the time-dependence here has been chosen for
simplicity to be harmonic with circular frequency fi.
We also assume the driving load to be harmonic, i.e.

To demonstrate the effects of time- and spacedependent stiffness parameters upon structural dynamics, we consider an Euler-Bernoulli beam where it is assumed that the beam is composed in such a way that
its bending stiffness contains a time-varying and spacedependent component in addition to its principal time-

q(x,t) = q(x) cosojt,

(4)

with circular frequency, u>. In order to explore possibilities for active control of vibrational response w(x, i) by
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modulations of a frequency fi, we examine the stationary response of a linear system, defined by Eqs. (1-3),
to the driving load (4).

(11)
n=l

and obtain an analytical expression for the 'slow' An
and 'fast' Bn amplitude of displacement which correspond to the n—th mode. We introduce dimensionless
frequency parameters for 'fast' 0f and 'slow' 0S motions:

RESULTS AND DISCUSSION
We present here some results for the vibrating beam
B with a bending stiffness varying with a given highfrequency. For a bending stiffness whose time-dependent
variation is a given function, the problem becomes a linear problem of parametric vibrations. The averaging
of high frequency 'hidden' motions of elements of the
beam's microstructure over the period of overall bending
motions (having much lower frequency) formally results
in a so-called vibrational force which may effectively control the generation of bending waves.
The problem may be analyzed by a method of direct
separation of the motions of a system (see [5]). To apply
the above method, it is essential to restrict our consideration according to the assumption u -C ft. Thus, the
dependence upon time of the function D\ is taken as
'fast', while the driving load is treated as 'slow'. We
define
w(x,t) = W(x,t) + *(x,t),
(5)

= 7 T 4 ^ , (12)

and dimensionless displacements, an = AnD0/(qJ'i),
and bn = BnD0/(qJ4), where qt - ||9|| = ( E 9n) 1/2
is the norm of the driving load. The vibrations response,
w{x,i), is then conveniently re-written as
w{x,t) =
n=l

Do

IV

Do W

qn

which govern fast and slow motions respectively. The
second term on the right-hand side of equation (7) is the
so-called 'vibrational force' [5], averaged over a period
of fast motions. Note that we have not assumed here
that fi = -Di/JDo is small. Using the Greeen's functions
method the system Eqs. (6,7). can be reduced to an
integro-differential equation with respect to the function
of slow time; i.e.
d4W

1

d2

J

'dx2

(8)

Here G(x,£) is the Green function of vibrations of a
simply supported beam. The time-dependence of W =
W coswt is explicitly formulated.
Consider, first, the case of pure time modulation of
the stiffness when D\{x) = D\ = [IDQ = const. For a
case of a driving load given by the Fourier series,
s m

0)

,
On =

fj. {rnr)4
qn
2
q, [(HTT)* - 0 ] [{n-KY -0}]-

1/2

8,,2 '
(mr)V

An elementary analysis shows that high-frequency
modulation of the beam's stiffness has a strong influence upon the amplitude of vibration. Namely, highfrequency modulation of the bending stiffness of a beam
in the vicinity of the n-th mode eigenfrequency, u>n =
riTT, suppresses the 'slow' motion and excites the 'fast'
motion at a specific mode. As is clearly seen from the
above analysis that fast modulation of stiffness in time
cannot decrease the kinetic energy of a vibrating beam,
yet it can effectively re-distribute this energy in a frequency domain, i.e. by exciting vibrations at higher frequencies than the frequency of a driving force. This may
be favorable from the acoustical standpoint. Indeed, this
mechanism permits a shift to a high frequency by tuning
of the vibration frequency away from the sound range or
from the frequency of a driving load. The advantage of
this kind of control is its low sensitivity to the frequency
of the excitation since the control must be in tune with
any n—th eigenfrequency of the structure and not with
the frequency of the driving load.
Secondly, the possibility of 'fast' motion excitation of
a specific mode can be employed. For example, directivity diagrams of a beam vibrating on first, symmetric (monopole), and second, skew-symmetric (dipole),
modes are essentially different; skew-symmetric motion
is preferable from the radiation standpoint.
The effect of coupling distinct vibrational modes by
parametrical variation of moment of inertia is associated

2 dx2

'"da-5"

(TITT)4 -

an = q. {{rrnY - ft} [ [nnY - 0) ] - 1/2 (rnr) V 2 '

cosQt, (6)

*" ]" cos Ut >, (7)

+ Mo W = q cos wt- <

n—l

where

and arrive at the following system of equations:
1W"]"

[an cos(ujt) + bn cos(Qt)} sin ( T^L j , (13)

(9)

n=l

we seek a solution in the form
(10)
n=\
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with the spatial dependence of D\. For example, if
D\ (a;, t) — JJLDQ cos vx cos Clt,

(14)

the equation for 'slow' motions of a beam clearly indicates coupling of symmetric and skew-symmetric motions.
As an example, the problem has been solved for
the simplest case of the purely symmetric driving force
q(x) = qx sin(nx/l) and purely skew-symmetric stiffness modulation v = TT using a two term approach,
m — 1,2. The following expressions for slow and fast
amplitudes has been obtained:

b2 =

£

0.5

2/U7T 4

4.25

and &i i O , 02 = 0. As a result of modal coupling,
the 'fast' stiffness modulation in the vicinity of the resonance of the skew-symmetric mode 62 —> 0 suppresses
both symmetric and skew-symmetric 'slow' amplitudes.
The motion of the beam becomes dominantly skewsymmetric which, as noted above, is preferable from the
radiation standpoint. It should be mentioned that the
excitation of 'fast' motion is non sensitive to the frequency of the driving load and control can be implemented in a large frequency range. To illustrate the
modal coupling, in Fig.l amplitudes the of vibration of
the beam at the mid-span x = 1/2 and at x = 1/4
are presented versus 'fast' frequency. Increase in amplitude of vibrations at x = 1/4 and decay of amplitude
at the mid-span show strong participation of the skewsymmetric mode.
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GROUND QUALIFICATION TESTS OF FLIGHT CONTROL SYSTEMS FOR USE IN CIVIL AIRCRAFTS.
by * Jacob Postolsky - Ground Test Center, Engineering Division , Israel Aircraft Industries Ltd.
period of 30 seconds. The applied load was then released
to 40Kg and the length of the chain was measured again.
A calculation of the permanent chain elongation was
made and its value was recorded. The maximum
elongation allowed was 1.2 mm. Permanent elongation
above this value was considered as plastic deformation of
the chain. The reason for that strict requirement is due to
the need of a positive chain motion (without sliding) to
avoid moment transmission losses of this power control
component.
ENDURANCE TEST.
The objective of the endurance test was to prove that
the chain assembly withstands a required life endurance
without wear or deformation of the chain and sprocket
under nominal operational mode.
Test Set-up.
The tested chain assys. were mounted on a test fixture
specially designed for the simulation of their operational
mode. The test fixture consisted of a loading rig composed
of three pairs of preloaded springs. Each pair of springs
was connected to both ends of the chain via end fittings
while the other ends were attached to a rigid plate.
The springs were designed to have a Load vs. Deflection
characteristic similar to the artificial feel sensed by the
pilots during flight operation. (See fig. 1).

This article presents the ground qualification tests
performed on two flight control system components to be
used on the GALAXY aircraft. These tests are mandatory
for the certification process. The purpose of the ground
qualification tests is to determine satisfactory operation of
the flight control units in all expected environmental
conditions of the A/C and to certify them as airworthy for
use in civil aircrafts.
During the ground qualification tests the flight control
system components are subjected to a series of tests
including performance, endurance, environmental and
ultimate static load tests.
This article describes the ground qualification tests
performed on two flight control components: the Chain
Assembly - Wheel Control and the Disconnect Unit
Assembly.
CHAIN ASSEMBLY - WHEEL CONTROL
QUALIFICATION TEST.
The pilot input to the control wheels is transmitted
through a sprocket attached to the wheel shaft on which a
chain assembly is installed. The chain assembly consists
of a special chain with end fittings on either side. One end
of the control cables is connected to the chain through
turnbuckles. The other end of the control cables is
connected to the aileron quadrant (part of the lateral flight
control of the aircraft) forming a continuous loop. The
function of the chain assembly is to convert the rotary
motion of the wheel control to linear motion of the rod
connected to the aileron quadrant.
The qualification test consists of a performance,
endurance and ultimate static load tests.
The test specimen consisted of three sprockets and eight
chain assemblies selected randomly from the batch.
PERFORMANCE TEST.
The purpose of the performance test was to qualify an
industrial batch of 120 to 250 chain assemblies as
airworthy for use in civil aircraft.
Test Set-up.
The test set-up consisted of a standard uniaxial
"INSTRON" model 1344 loading machine controlled by a
Computerized Control System. The tested chain assy, was
mounted on the loading machine with one end connected
via a load cell to the upper buck of the loading machine
for the measurement of the tension force. A dial indicator
was attached to the lower buck of the loading machine in
parallel to the tested chain for the measurement of the
resulting chain elongation.
Test Procedure.
The chain was loaded with a tension load of 40Kg and its
length was measured. The applied load was gradually
increased to 430Kg and maintained at this tension for a

Fig. 1: Set-up for the qualification tests of the chain assy.
Electrical Control System.
The electrical control system consisted of a forklike
device with three prongs mounted on the rotating shaft in
parallel to a rigid plate attached to the rig test. The rigid
plate contained five proximity switch sensors
semicircularly positioned (see fig. 2), a Programmable
Controller and a Data Acquisition System. The rotation
direction and stroke limits (degree of rotation) were
monitored by the proximity switch sensors. Each time one
of the prongs passes in front of a proximity switch during
its rotation an electrical signal is transmitted by the later
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to the Programmable Controller. According to the
sequence of the transmitted signals the Programmable
Controller identifies the rotation direction and the degree
of rotation. The rotation rate was controlled by the flow of
oil supplied to the hydraulic rotary cylinder. The applied
load was measured by a Torque sensor which
continuously sampled the overall load of the springs. A
rotary potentiometer was intermittingly connected for the
sampling of the degree of rotation. Hard copy of the data
was made at the beginning and end of each cycle.

The disconnect unit is a power control emergency device
with its mechanism acting like a clutch unit. It consists of
two input levers each of them being connected to a push
pull rod of the respective control channel in the aileron or
elevator system. The input levers (movable lever &
restrained lever)
are interconnected by two teeth
preloaded by a spring. One lever is fixed on the main
shaft and the other lever may axially move on the shaft by
the action of a disconnection arm. In case of emergency
the actuation of the disconnect mechanism is performed
by pulling a "T" handle of a flexible cable control
connected to the actuating lever, against the preloading
spring which assures the connected mode in normal flight
control operation. The disconnect unit includes also a
Locking Mechanism Assy. (locking hook) actuated by a
Solenoid, which prevents the pilots to disconnect the unit
in case of hydraulic pressure loss. (See fig. 3). In the
absence of hydraulic pressure the power control system
stops functioning and the flight control surfaces are no
longer held in position against the strong aerodynamic
pressures, which tend to incline them upwards, making it
impossible for the pilots to disconnect the unit if needed.
When the system is in the connected mode, in case of
hydraulic pressure loss, both pilot and copilot control
channels are balanced and the force applied by the pilots
to keep the flight control surfaces leveled is small.

Fig. 2: Electrical control system of the Chain assy.

Test Procedure.
Three sprockets engaged with chains were
simultaneously tested on a common shaft rotated by a
hydraulic rotary cylinder. The chains were operated for a
total of 500,000 cycles in five layers of 100,000 cycles
each. At the end of each layer the chains were removed
from the test rig and submitted to the performance test as
described above. Before resuming the endurance test the
chains and sprockets were inspected for possible damage.
The chains were operated at the following test conditions:
a. 25,000 full strokes - sprocket rotation of 75 deg.
b. 125,000 half strokes - sprocket rotation of 37.5 deg.
c. 350,000 one tenth strokes - sprocket rotation of 7.5 deg.
The number of strokes for each test condition was in
accordance with the life operation mode of the chain assy.
A full stroke is performed once on the ground before take
off. Half strokes are performed several times and one
tenth strokes are the most frequently performed for
corrections during flight.

Fig. 3: Disconnect unit assy.
PERFORMANCE TEST.
In state of emergency one of the pilots might apply a
maximum force of up to 75 Kg on the lever, thus,
increasing the disconnection force. The purpose of the
performance test was to check whether the disconnection
force, under the above condition, does not exceed the
rupture force of the actuator arm flexible cable.
Test Set-up.
The test set-up for the performance test consisted of a
loading system which incorporated two pneumatic linear
cylinders, load cells for load measuring and microswitches to control the actuating arm and the movable
lever strokes limits.
Test Procedure.
The disconnect unit assy, was mounted on the loading
fixture. (See fig. 4). The restrained movable lever was
rigidly anchored to the test rig. The loading forces applied

DISCONNECT UNIT ASSEMBLY QUALIFICATION TEST.
The disconnect unit assembly in its normal position, links
the pilots control channels for mutual activation of the
flight control surfaces (aileron & elevator) by both pilots.
Its function is to disconnect the link in case one of the
control channels is jammed and prevents the remaining
control channel from being activated.
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to the free movable lever and to the actuating arm
(flexible cable) were provided by the pneumatic linear
cylinders and monitored by load cells connected in series.

Electrical Control System.
The electrical control system consisted of a
Programmable Controller, programmed according to the
logical operation mode of the unit, and a Data Acquisition
System. The stroke limits were controlled by
microswitches positioned at the extreme stroke distances
of the movable lever in the axial and vertical direction.
Each time the movable lever reached the limit in a given
direction an electrical signal was transmitted to the
Programmable Controller by the appropriate microswitch.
The disconnection sequence was monitored according to
the sequence of the transmitted signals to the
Programmable Controller.
ENVIRONMENTAL TESTS.
The qualification of the disconnect unit assy, demands
also a series of environmental tests. These included
functional operation while exposed to extreme low and
high temperatures ranging from -54°C to +70°C,
humidity test and a vibration test along each of the three
mutually perpendicular axes. Fig. 5 shows the disconnect
unit installed on a rigid plate which was mounted on a
vibration exciter for the vibration test. The environmental
tests was conducted according to STD-RTCA/DO-160C.

Fig. 4: Set-up for the qualification tests of the
disconnect unit assy.
The disconnection loads of the actuating arm were
measured under a series of loads applied to the movable
input lever which was loaded gradually with a tension or
compression load until the load on the actuating arm
exceeded 45Kg, or up to a maximum load of 75Kg. The
Locking Mechanism Assy, was tested by energizing the
solenoid with a voltage of 24VDC and checking that the
locking hook prevents disconnection of the unit under a
maximum load of 46Kg applied to the actuating arm.
ENDURANCE TEST.
The objective of the endurance test was to prove that
the disconnection unit assembly withstands a required life
endurance without wear or deformation under nominal
operation mode.
Test Set-up.
The test set-up of the endurance test was the same as
the one used for the performance test described above (see
fig. 4).
Test Procedure.
The disconnect unit was operated for 1250
disconnection cycles under nominal compression loads on
the movable input lever. The air pressure supplied to the
pneumatic cylinders was adjusted according to the loads
measured by the Load cells. The sequence of the
disconnection cycles was monitored by an electrical
control system. Each disconnection cycle consisted of
loading the movable lever with a compression load,
pulling the actuating arm until full disconnection,
unloading the movable lever and rotating it back to 'zero'
position to allow reconnection, releasing the actuating
arm until full engagement.

Fig. 5: Disconnect unit installed on a plate for the
vibration test.
LIMIT LOAD TEST.
The objective of the Limit Load test was to check
whether the friction force alone is sufficient enough to
hold the unit in the connected mode when an opposing
load of ±452Kg is applied to the movable lever.
CONCLUSION.
The ground qualification tests proved to be
indispensable for the appraising of the flight control
performance and airworthiness. The qualification tests
were carried out under the same conditions and mode of
operation as encountered by the tested devices on the
aircraft. During the ground qualification tests the tested
devices were submitted to ultimate conditions encountered
only in state of emergency which could not be tested
otherwise during their life time operation on the aircraft.
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ABSTRACT
The Technion has contributed much to pioneer
the introduction of stall/spin-free Thrust Vectoring
Flight Control (TVFC) of future aircraft. Within
these efforts this paper shows that the fundamental
and critical performance effects of new advanced
TVFC during unprecedented high-alpha, post-stall
combat maneuvers depend, inter alia, on engineinlet ram drag and engine gyroscopic effects. These
have been demonstrated in this paper for the case of
F-15B.
THE MATHEMATICAL FORMULATION
We consider the aircraft as rigid body with 6
degrees-of-freedom under the assumption of a flat,
non-rotating Earth and a uniform gravitational field.
The aircraft orientation in space is mostly
determined by the body-axes Euler angles: y , 0 and
<)> [7]. Although these have a simple physical
interpretation, they generate singularities at
9=90 deg or p=90 deg. Quaternions may then be
used as state variables instead of the Euler angles.
Disadvantages of the quaternions are complicated
physical interpretations.
In this work we confine ourselves to angles 8<90
deg. Hence, the Euler angles are applied [4].
In comparison with our previous publications we
use here mathematical formulations to which we add
fundamental and critical gyroscopic effects and inlet
ram drag during high alpha and sideslip values and
rate maneuvers. To implement these modified new
equations we have supplied them with data for each
engine, e.g.,
- High Pressure Compressor / High Pressure Turbine
and Low Pressure Compressor / Low Pressure

Turbine shaft-engine spools rotational speed (for
calculation of gyroscopic moments)
- mass flow (for ram drag forces calculations)
- fan/core rotating jet moment.
The TV pitch, yaw and roll moments created by
each engine are represented by equations in which
DXi Dy and D z characterize the location of discharge
points from the engine relative to aircraft center of
gravity. Their values and signs are determined by
the coordinates in the body system.
THE SASCOM CONCEPTION
To compare Aerodynamic-only Flight Control
(AFC) aircraft performance and safety levels with
those of TVFC-based counterparts, and to compare
one TVFC design to another, we have previously
introduced Standard Agility Safety Comparison
Maneuvers (SASCOM) [2]. Pitch (or yaw)
SASCOM covers a wide range of a (or P) angles,
while the commands correspond to time-suboptimal
flight control [5,7].
A TWO STAGE PARAMETRIC
OPTIMIZATION ALGORITHM OF A SUBOPTIMAL SOLUTION FOR A MINIMUMTIME ORIENTATION PROBLEM
The complexity of our generalized mathematical
formulation restricts our efforts to sub-optimal
solutions. A two-stage parametric optimization
algorithm for obtaining a sub-optimal solution of
minimum-time orientation problem has been
employed here [5,6,7]. It enables to allocate controls
without simplification of the mathematical
formulation.

KiH

This constitutes 13% of the maximum yaw TV
moment . In this case 6max=77.4°, which is by 3%
higher than that for the Basic Model. Here o w
remains almost unchanged. The errors involved are
O
Vmax =19.9°and(p max -21.5 .

ENGINE RAM DRAG/GYROSCOPIC
EFFECTS
The fighter aircraft F-15B with 2 F100-PW-200
engines operating at 100% PLA is defined by
aerodynamic data of [7]. The calculations are
performed for:
M=14,500 kg; Ix=34,500 kgm2 ; Iy=225,900 kgm2;
Iz=223,400 kgm2; IJCC=-1335 kgm2; b=13.05 m;
c=4.86 m; IHP=5.690 kgm2; Iu»=7.040 kgm2;
COHP=12,91ORPM; C0LP= 10,080 RPM; KJ=1;
H=5,000 ft; Initial Mach Number = 0.33;
-30°<5r<30°; -30°<Se<30°; -30°<8.<30°;
-30°<52<30°; -30°<5y<30°.
Our study has been conducted in 5 stages, each of
which is represented by a single column in Table 1.

Computer simulation 4 with both Ram Drag
and Gyroscopic Effects. Both ram drag and engine
gyroscopic effects have been added to the Basic
Model. The resulting pitch ram drag moment is
53,100 Nm, the maximal engine gyroscopic
moment 39,400 Nm, the maximum yaw asymmetric
moment 110,000 Nm and the maximum pitch (or
yaw) TV moment 303,000 Nm. Under these flight
conditions GmM=77.4° and ou«=67.8 0 . This is 3%
and 7%, respectively, higher than that for the Basic
Model. The errors involved have been considerably
increased: Ymax=29.3° and (fw=30.6°. This
constitutes an increase by a factor 13.3 and 10.5,
respectively, in comparison with the Basic Model
wich does not account for these effects.

Basic Model Computer Simulation 1 with
forebodv asymmetric vortex effects. Minimumtime pitch reversal SASCOM has been effected by
suboptimal TVFC [5,6]. The aircraft reaches
emax=74.9° in 1.88 s at amax=63.5°, P=1.6° and
errors: yma,=2.2° and <fw=2.9°. Maximum
asymmetric moment created by vortex effects is our
104,156 Nm, which constitutes 34% of the
maximum Yaw TV moment under these flight
conditions. Our suboptimal algorithm
'has
allocated' yaw TV commands which create a yaw
TV moment that counteracts these highly adverse
asymmetric vortex effects.

Computer Simulation 5. The mathematical model
is the same as in Computer Simulation 4. Correction
of the yaw TV commands (approximately 1.5°) leads
to considerable error drop: \|/max=1.6° and <pmM=l.r .
The errors are reduced by a factor of 1.4 and 2.6,
respectively, in comparison with Computer
Simulation 1.
The duration of the maneuvers has not been
changed: topt=1.88 s. This conclusion means that the
obtained AFC/TVFC may be fairly close to suboptimal(5,6).

Computer Simulation 2 with ram drag effects.
Ram drag equations are added to the Basic Model.
The maximum pitch ram drag moment is equal in
this case to 53,177 Nm. This constitutes 17.5% of
the maximum pitch moment. 0max=79.1° and
amax=67.9°, which are found by 6% and by 7%
higher than the respective parameters of the Basic
Model Simulation 1. qmM has been increased by 3%.
The increase in 9max, ( W and qmax values is due to
pitch ram drag moment direction coinciding with
the pitch TV moment within the time intervals from
the maneuver start to t= 1.88 s. The errors involved
are \|rmax=5.1° and <fw=6°.

CONCLUSIONS
Fundamental and critical performance effects of
new advanced Thrust-Vectoring Flight Control
aircraft nprecedented high-alpha, post-stall combat
maneuvers depend, inter alia, on engine-inlet ram
drag and engine gyroscopic effects. These have been
demonstrated in this paper for the case of F-15B.
The inclusion of ram drag forces may lead to an
increase in undesirable yaw angle by a factor of 2.3
and of bank angle by a factor of 1.9. Ram drag
moment provides a coinciding direction with
elevator/pitch TVFC moment within initial time
intervals. Maximum angle-of-attack and pitch rate
increase by 7% and 3%, respectively. The inclusion
of engine gyroscopic effect results in a drastic

Computer Simulation 3 with Gyroscopic effects.
Engine gyroscopic effect equations have been
added to the Basic Model. The resulting maximal
value of the yaw gyroscopic moment is 38,400 Nm.
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increase in maximum yaw angle by a factor of 9 and
of maximum bank angle by a factor of 7.4. This is
attributed to coinciding gyroscopic moment with
asymmetric moment during nose-up maneuvers.
The influence of engine inlet ram. drag, gyroscopic
and asymmetric moments at high angles-of-attack
and sideslip angles" is shown to be eliminated by
advaned yaw-pitch-roll TVFC.
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Table!: Summary of Computer Simulations
Basic ModeL
Pitch SASCOM
Maximum
Parameters

Suboptimal Contr.

Computer Simulat.-*Alpha.deg
Beta,deg
Theta.deg
Psi.deg
Fi,deg
q,deg/s

•

2

63.5

67.9
1
79.1

1.6 •

T..2
.

r,deg/s
p,deg/s
V,m/s
Yaw Asym.Mom.,N/Tri
Pitch Gyro Mom.,Nm
Yaw Gyro Moirt.Nm
Pitch Ram Drag Mom
Yaw Ram Drag Mom
Pitch TV Mom.,Nm
Yaw TV Morn.,Nm
Optirnum-SASCOM

Suboptimal Contr.

1

74.9

••

• Basic Model+
Ram Drag Forces.

2.9
72.8
-1* .
-1.8"
86*
104000
0*
0
0
0*
303000
-84300
1.88

'

Basic Model+
Gyro Effects.
Suboptimal Contr.

3
63.4
1-7
'77.4
19.9
•21.5
72.S
2.6
71
86*
' 110000
-909 *
38400
0
0*
303000
-84300
1.88

5.1 •

5.6
74.8
-0.6*
-1*
84.6*
10500
0*
0
53ZOD
-910 *
303000
-84300
1.88

Parameter corresponds to Theta max.
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Basic Model +
Ram Drag Forces +
Gyro Effects. •
Suboptimal Contr.

Basic ModelSR a m Drag Forces-f
Gyro Effects.
Yaw T V Corrected
Suboptimal Contr.

'4

5

67.8
1.5
77.4
29.3
30.6
74.7
2.6
7.1
84.7"
110000 '
-1160 » '
394OD

67.9
-0.4
79.1

SyiOQ
-1380^
303CO0'
-84300
1.88

•'

1.6
1.1-.
'74.7

2.2
0.3
84.7 *
92SCO
338"
3 94 DO

53/00
375*
3030CO
-84300
1.88 .
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ABSTRACT
Electro-hydraulic servo drives are used in many
complex applications like aerospace or robotics. Due to
their non-linear characteristics, a model for simulation the
system's behavior is useful for both experiments and
controller design. In the paper, the non-linear equations of
the electro-hydraulic system are deduced and the model is
simulated. The simulation results are analyzed emphasizing
the specific behavior of the system. A way of simplifying
the model by liniarization of the steady slate characteristics
in the working point is finally indicated.
INTRODUCTION
A hydraulic actuating system is composed of a
proportional type servo valve and a hydraulic motor that is
in most cases a hydraulic cylinder. The main advantage of
such an actuating system compared to an electrical one is in
its liigh power/weight ratio. Depending on (he required
accuracy and the speed of response, the user can choose
between a proportional servo valve and a proportional
valve with electrical command, [1], (Mazilu et al. [2]). The
actuating system contains in its structure non-linear
essential elements. In the paper, a mathematical model of
the electro-hydraulic actuating system is determined.
MATHEMATICAL MODEL OF
THE ELECTROHYDRAULIC SYSTEM
In Fig. 1, the main scheme of a hydraulic actuating
system composed of the power hydraulic cylinder (HC),
the distribution valve of the fluid flow (DV) and the
electromechanical system for valve command (ES) is
presented. The following nomenclature was used:

r =0

Lj^LrTriJ

v, v

Lrr

ES

p denotes the fluid pressures in different points of the
system; O denotes the fluid flows, m is the mass of the
elements in translation reduced to the shaft of the hydraulic
cylinder; qe and q-t the loss coefficients of the fluid flow
through tightness system. The products qe-p\, qe-P2 anc^
lj(P 1 ~ Pi) a r e equivalent to flows, v is the volume of the
working chambers of the hydraulic cylinder, F^p is the
stiction force at the hydraulic cylinder shaft, FR is the
resistant friction force. With 1, 2, 3, 4 there were denoted
the nodes of the hydraulic network. The input measure of
the system is the electrical signal s. The output signal
denoted as x is the position of the hydraulic shaft. The
position of the sliding valve was denoted by y. The main
disturbances of the system are the resistant force F^j and
(

the friction force Fj^, Modelling the system represented in
Fig. 1 the following issues were considered: the static
diagram of the valve, the continuity equations of the fluid
flows for the chambers of volumes vj and v 2 , the force
equilibrium equation at the level of hydraulic cylinder and
the equation of the electromechanical system for valve
command. Kirchoff law is used for the flows in nodes 3
and 4 with the assumption that Qm\ = Qm2 = Qm, and the
equations (1) result:

Qm=Q\-Q4'-

Qm=(.h-Q2

(i)

For an ideal valve. O, = Od = 0 and it results:

Qm = Q \ =

2
— (A) - Pi ) =

(2)

where: a represents the flow coefficient of hydraulic
resistance, A { and /1 3 arc the areas of the resistances and p
is the fluid density. If it is considered the steady-state
working point M: y = 0, p] -p2 = p0 /2, kp= px-p20,
and rectangular flowing orifices with theoretical' flow
section a-y (a is the width), the static characteristic of the
valve is a non-linear function (3):

P)
P
Figure 1. The scheme of the electro-hydraulic system

The continuity equations of the fluid flows for the
chambers v, and v2: arc the followings:

v 10 dp]

</V|

dv2

"IF

'20

E

Fp = ApA = m

(4)

dp 2
dt

(5)

v2 =

FR (x) = ex + (Fc + FH e~Cilil Jsignf x) ,

In the nominal working point it is defined the average flow:
Q,>,l+Qm2

(8)

ii m — '

(11)

where c is the viscous friction coefficient, Fc the Coulomb
friction coefficient, FH and c^ the stiction coefficients.
The equation of the Electromechanical system for valve
command; Practical considerations and experiments (Marin
et al. [4]), (Pal et al [5]), justify the remark that the natural
frequency of the overall system ( cylinder-load) has values
with at least one decade less man the natural frequency of
the electromechanical command system. With this remark
the dynamics of the system will be given by the cylinderload assemble. Equation (12), where KFS is the gain factor
is considered for the electromechanical system:

(6,7)

-Ax.

(10)

where F is the pressure force. For the friction force the
following relation is indicated, [3]:

In the equations above, E is the Young elasticity
modulus, and V10= V20 = vo= V/2, where V is the total
volume of the hydraulic cylinder. Considering as reference
for position displacement x, the median position of the
piston inside the cylinder and denoting by A the piston
area it results:
=v]0+Ax,

d2x

If the values of Qm] and Qm2 obtained from equations (4)
and (5) are introduced in equation (8) and with:
2<7; + <7e = 2<7, the equation (9) is obtained:

(12)

y=

THE BEHAVIOR OF THE ELECTROHYDRAULIC
SYSTEM IN THE REAL CASE
The behavior of the electro-hydraulic system is
described by the mathematical model in the equations (3),
(9), (10), (11) and (12). The block diagram of the nonlinear
model
is
presented
in
Fig.2.

„
. dx
.
v dAp
(9)
Qm -A — + qAp +
—.
dt
4E dt
The above equation represents the dynamics of the flows in
the valve. The equilibrium equation of the forces at the
piston level is:

'

K

ES

y O =f(yAp)
m

1
V

+

Air

s +q

ST

J
Ap
A -

J

'

X

1
ms

W

1
s

FR(x)
4

«*

Figure 2. The block diagram of the electro-hydraulic system
The non-linear model in Fig. 2 was simulated in case of
a real electro-hydraulic system with the following
parameters:

4

KES = 0. \m / A, ay = 2.25.10 ~ m ,

a = 4.58. i(T 2 , p0 = 5. l06kg/s2m,
p = 850kg/m2,

300

2

\
\

Ap = 2.106 kg / s2m,

v = 7.85. W~3'm3,q = 2.1.10"I0/w4A' /kg ,

E = L2.1O9 kg As2 m, A = 7-&5.lO~*m2. Step variations
were considered for input and the disturbance force with
amplitudes e =150 mA and FST=1000N,
respectively. The
parameters of the friction force are: c =100Ns/m, Fc=10(W,
FH=200N and c^ =50s/m. The graphic of the friction
variation function the piston velocity is presented in Fig. 3.

S -100
•200

\

-0.2

-0.1
0
0.1
velocity cMdt [mfc]

Figure 3. The friction force variation
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0.2

The simulation results arc presented in Figs. 4-6.

working point M, 11|, (Mazilu ct al. [2]) and the following
linear equation is obtained:

Qm =Ko.v-K

0

0.02

004

0.06

0.08
Time [s]

where: KQ is the gain coefficient of the flow and K$ is the
gain coefficient of flow-pressure. When a linear behavior is
considered, the relation (11) is reduced only to its first term
(the viscous force). Applying the Laplace transformation to
the equations (9), (10), (12), (13) in the above conditions
the block diagram of the electro-hydraulic system
presented in Fig. 7, is obtained

0.1

0.12

0.14

01

0.12

0.14

.•3

.x10

15
10

-5
"0

0.02

0.04

0.06

008
Time[s]

(13)

Figure 4. The variation of piston velocity and position
In Fig. 4, damped oscillations of the piston velocity are
emphasised. The amplitude of these oscillations increases
when the value of the resistant force FST increases or the
load mass decrease. The frequency of the oscillation
depends on the mass load. This dependency for "the
simulated system is indicated in Fig. 5.

Figure 7. The diagram block of the linear model
CONCLUSIONS
The model of an electro-hydraulic system considering
the essential non-linearities is presented. The model
simulation emphasises the damped oscillations of the
piston velocity in normal technical conditions. The
influence of the load mass on the oscillation frequency is
indicated. The presence of these oscillations is a drawback
that can conduct to mechanical resonance of the actuated
system. This effect increases when air volumes are
presented in the hydraulic installation. In the paper is also
presented a way for obtaining the linearized model of the
actuating system. This model can be used for the design of
the controller so that the emphasised oscillations to be
reduced.

400
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Figure 5. Load mass dependency of velocity oscillations
Due to these oscillations the mechanical resonance of
the actuated system can appear. Moreover, if volumes of
air are introduced during the working regime the equivalent
elasticity module decrease and the system can become
oscillator)'. This situation, in case of an equivalent modulus
of elasticity E=0.2 .10ykg/s2m is exemplified in Fig. 6.

1.
2.
3.

4.
0.1

02

0.3

04

0.5

Time [s]

Figure 6. The oscillatory regime of piston velocity

5.

In some cases a linear model of the electro-hydraulic
system is necessary for simplifying the controller design.
The non-linear function (3) can be linearized in the

lf)8
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PROPAGATION OF A PLANE CRACK WITH IRREGULAR
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SUMMARY
.- A plane crack in three-dimensional medium
is considered. Contour of the crack differs
from a circle. Normal load is applied to the
break surface. The problem is transformed to a
two-dimensional singular integral equation.
Numerical procedure is suggested for solving
the equation. A stress intensity factor at the
edge of crack and the maximal position of the
crack propagation are determined.

3

1 1-

1-5'

and two first coefficients in (2) are b j = 1
and^ Kb-> =

3 1

2
- g —.

For any common case of (2), we define

INTRODUCTION
The investigations of three-dimensional
(3D) problems in the linear fracture
mechanics are commonly restricted to break
surfaces of circular or elliptical shapes. Cracks
in 3D medium with irregular boundary are at
the earliest stages of study and, therefor,
suggestions of the effective methods for these
problems are of increasing interest.
The present paper suggests a method for
determination of a stress state in 3D medium
weakened by a plane crack of noncircular
boundary. The stress intensity factor (SIF) at
the edge of crack is determined. The dynamics
of crack propagation is considered.

The stress components can be represented as
the surface integrals, in which kernels are
expressed in terms of fundamental solutions of
equations of the theory of elasticity [1]. In
particular.
1+ v

If
(y

do
2 + zq>3 ]

(3)

Here E, v are modulus of elasticity and
Poisson's ratio respectively.

MATHEMATICAL MODEL
Consider a plane symmetrical break surface
CO in 3D medium, which contour satisfies the
following equation in cylindrical coordinates
r. 9 , z
r(9) = a[l + eb(9)],z=0

s=

a=

91*92 9^3 a r e unknown functions to be
determined to satisfy boundary conditions.
Solution (3) must obey the following
boundary conditions
a z = P f ( r , 9 ) , Trz = x 9 z = 0 for z=0.
Than, we obtain singular integral equation

(1)

where a is a constant, e is a small parameter,
M

b(0) = £ b k Cos2k9, |b(9)| < 1 (2)
k=l
and 9 is an angle between the chosen
direction and the largest diameter of ©.
For example, ellipse with the semi-axes
a e , b e (5 = b e / a e ) features

0

0

"KVV

E(l-2v)

Let us expand — in a series with respect
to s. We seek the solution of (4) in the form

KiS)

After equating coefficients with equal
powers of e and equal terms of cos(2k9)
one obtains a set of integral equations. A
method
for
solving
equations
and
determination SIF K ( 9 ) can be found in [2].
We have

circle x(Q) = 1). In Fig. la are shown
contours of cracks for 0 < 9 < 7C / 2 and n= 1
(initial),

n=3,

(5 = 0.7, 0.9097, 0.9377)

n=25
and in Fig.

1b x(Q) for the same 9 and n (cun'es 1, 2, 3
correspondingly).
2. Crack which contour is described by
equation
r(9) = (1 + s cos 49) /(I + e ) .

m=0

(5)

Initial

P. M. Scott [3] described the straight crack
growth rate in plane as

da
dt

= c(K-K cr ) m

values:

cAt = 0.8,

(6)

'max

Xl,rmn=Xl(0) = 0.477,

Xl,max = X l ( ^ / 2 ) = 1.7874.

Ultimate

where a is a length of crack, c and m

value Xcr

(m= 1.16) are constant, K c r is ultimate stress

Fig. 2a is shown

intensity' factor.
Taking into consideration, that propagation
direction and strain rate of a break surface are
determined by dependence SIF on angle 0
and introducing in (6) a factor L proportional
to length of arc part, which satisfies
K ( 9 ) > K c r , one can reduce (6) to the
following form
d

contours of cracks for 0 < 9 < 7t/2 and n=l
n=25
and in Fig.

Results for elliptical crack for different 8
repeats well-known data [4].
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An iterative process for determination of 5
based on (7), can be written as follows

Xn.max

In Fig. 2a are shown

2b x ( 6 ) for the same 9 and n (curves 1, 2. 3
correspondingly).

dt

where

assumed to be equal to 1.1. In

(initial),
n=3,
(5 = 0.7, 0.8964, 0.9491)

where
Y(9)

was

n

is

= m a x

a
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of
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iteration,

Xn (9) > At is increment of

a time.
RESULTS
1.Elliptical crack. Initial values: r m a x = 1,
51=0.7,

cAt = 0.8.
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Then

Xl,min=Xl(0) = 0.5606.
Xl,max = Xl O t / 2 ) = 1.5187.

Ultimate

value X c r was assumed to be equal to 1.1 (for
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Fig. 1 Elliptical crack.
(a) - contours, (b) - stress intensity factor
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ABSTRACT
A survey is presented of theoretical investigations
conducted at the Institute for Industrial Mathematics,
Beer-Sheva, concerning engineering problems of highspeed penetration. A general, problem-oriented approach
is applied to the analysis and examination of this field in
(he wide-range research ordered by the Israeli Defense
Industries. In the framework of the approach, advanced
straightforward models are developed resulting in
empirical, analytical and computer solutions, intended for
firsthand use in practical work of armor designers. Some
examples of obtained results arc presented.

projectile and target materials that allows the sizes of the
crater and the mushrooming head of the eroded projectile
to be determined. The model is based on taking into
account (a) the localization of the thermoplastic shear
resulting in separation of backward moving plastic jets of
the projectile and target materials, and (b) the resistance
to the plastic flow under forward-to-back transformations
of jets. The geometry scheme of the flow see in Fig. 1.
IMMOBILE TARGET MATERIAL

1 INTRODUCTION
rojectile backward jet

Many works have been devoted to mathematical
models and algorithms describing impact and penetration
regimes for several physical and geometrical properties of
projectile and target (see, for example, [2, 3]). However,
although this subject has at least an ancient history, no
finally completed penetration theory has yet been
developed. This is due not only to the complexity of the
processes, but also to permanent improvement and new
design of projectiles and targets. Mainly, there are three
types of penetration description: empirical dependences,
semi-analytical relations based on relatively simple
models of the related processes, and computer codes based
on the general theory of continuous media and some
empirical constants. Still, many aspects of this
complicated process have not been adequately studied.
Besides, the presence of empirical values which can vary
with changing armor and projectile parameters is a
weakness of the existing theoretical descriptions.
In this paper some new approaches, models and results
arc briefly described concerning adequate presentation of
engineering problems of penetration in the framework of
the extensive research conducted recently (1995-1997).
Some results of the research can be seen in [4 - 7].
The following problems and results are discussed here:
- penetration: kinetic energy projectiles vs metal slabs,
-penetration: small projectiles vs metal slabs,
- perforation: small projectiles vs thin metal plates,
- perforation: small projectiles vs metal-fabric armor.

velocity V +

Fig. 1 Steady-state penetration model: flow of projectile
and target materials in coordinates moving with point O.
A mathematical model produces a governing system of
integral-differential equations which are solved on the
basis of the method of successive approximations by a fast
computer algorithm. The corresponding software is
designed for numerical simulation of the process. In Fig. 2
a calculation example is presented.
Penetration depth:
H = 1.03
Penetration time:

t = 38 mcs

R

mm—
<—

V=

900 ITI/S

t = 62mcs
V = 1200 ni/s

Fig. 2. Crater formation. Projectile: steel Cl I0W2. d =
5.4 mm, L = 54 mm; target: steel St-37 (all geometry
parameters are related to the projectile radius r = 2.7mm)

2 LONG ROD PROJECTILES VS METAL SLABS.
AN ANALYTICAL MODEL. SOFTWARE.
A new dynamic plastic-flow model of high-speed
penetration has been created [4, 7), based on the
conservation laws with regard to plastic flow resistance.
An advancement is the presentation of constrained flow of

In Table 2 the ratios range of calculated values of the
crater depth, diameter and volume (P, D and Q) to
experimental ones are for some projectile-target pairs (see
172

approach enables an uniform description of data to be
achieved. A number of different empirical formulas are in

Table 1, ov is the yield limit) at various values of impact
velocity, V. Experimental data were used, originally
obtained by Hohler and Stilp are presented in [3].
Table 1

Projectiles:

3

target/projectile materials

22

d (mm) L/d P(kg/m ) aY(N/mm
.(N/mm );
p, - Steel C110W2 2.5,4.3,5.4 10
7850
770
p — Densimet D17
10.4
17000
750
2.8,
6.0
?
Targets:
tl

- Steel HzB20

b - Steel St-52
^ - Steel St-37

projectile geometry

P (cm)
a •

7850
7850
7850

1000
610
500

2

j*|o|O|a|D|
selected pairs
•K

o

Table 2
pair: pi/t,
pi/t 2
pi/t 3
p 2 /t 3
V(m/s) P D Q
P D Q P D Q P D
Q
1200 .86 .88 .92 .82 .92 .73 .97 .96 .95 1.17 1.15 1.05

1500 1.03.90 1.06 .95 .96 .87 1.10.98 1.00 1.06 1.14 1.08
1800 1.07.91 1.03 .92 1.00.91 1.00.98 1.00 .95 1.12 1.18
5000 ^

2100 1.00.91 1.12 .88 1.00.90 .931.01 1.03 .91 1.09 1.16

Fig. 3 Original test data for the penetration depth

2400 .94 .91 1.21 .87 1.02.90 .91 1.03 1.08 .87 1.03 1.03
3 SMALL PROJECTILES VS METAL SLABS.
DIMENSIONAL ANALYSIS.
Treatment of experimental data requires, in particular,
the knowledge of the so-called "effective dynamic
hardness" (EDH) of the materials. In contrast to static
hardness, EDH is not a well-defined material constant.
This raises significant difficulties in data processing.
In this work, EDH is obtained on the basis of similarity
analysis. The main dimensionless parameters are revealed
using the K-theorem, the concept of EDH existence as a
parameter of the target material. A software was designed
to process data for numerous projectile-target pairs at a
wide range of impact, velocities. As a result, the master
curves have been built for crater parameters: P, D and Q.
In Fig. 3 the original data taken from [1] - [3] are
presented for the penetration depth, P vs the impact
velocity, V. The data consist of about of 300 shots.
Materials of the projectile and target (Cu, Al, Pb, different
kinds of steel), also projectile shapes and sizes are shown
in the right part of the picture. Projectiles are solid spheres
(marked in the picture by circles) with diameters, d = 16,
56, 127 mm and cylinders (marked by squares) with
lengths equal to diameters: L= d = 56, 127mm. Note that
color assignments are lost here which define materials of a
projectile-target pair in the software interface.
In Fig. 4, the master curve for P is depicted as a result of
data processing. Analogous master curves have also been
designed for D and Q. In case of relatively large impact
velocities ( v > 1 0 ) the obtained results lead to the wellknown empirical formulas for hyper-velocity impact
presented in [2].
..
The main sense of the conducted research is not only to
obtain empirical dependences, but notably to determine
EDH under the condition of existence of the universal
master curve for the set of considered materials. This new

Fig. 4. Master curve for penetration depth, P:
P = P-d-(p t / Pp )°- 9 , V = v-VEDH/pt, d = V6q/^ P, and p p
are target and projectile densities, q is the projectile volume.
practical use (see [2, 3]), in which various conventional
stress parameters (Young's module, the yield stress, the
strength limit, etc.) are employed instead of EDH. In
practice, this approach provide for the determination of an
unknown EDH related to an EDH for a material chosen as
the reference by a unitary experiment.
4 PERFORATION: BULLETS VS THIN METAL
PLATES. AN EMPIRICAL MODEL.
On the basis of energy considerations, simple formulas
for ballistic limit, VBL and residual, Vres velocities are
designed to fit the test data. In Fig. 5 the scheme of the test
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is shown. The energy relation, steps to obtain resulting
empirical formulas and the formulas themselves can be
seen in Fig. 6.
The formulas are well confirmed by independent
experiments (including test data obtained by the Rockets
System Division of TAAS) with perforation by bullets of
thin armor plates of various hardnesses and thicknesses.

that of the rigid one (a). In Fig. 8, the configuration is
shown of the armor with N,, = 40 plies of Kevlar-29 under
penetration by an M-16 bullet.
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Fig. 7 Stopping power of composite targets
0.002 - 0.008 m

AK-47
V - lOOOm/s 740 m/s
M-16

0.022 in
0.0076
m
d = 0.0056 m
M = 0.0036 kg 0.0097 kg
L = 0.015 m

O

= 300 - 600
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Fig.5 Scheme of lest and parameters of bullets and plates

DATA

PROCESSING

Fig. 8. M-16 bullet vs composite armor.
Steel: H = 4 mm, BHN = 500: Kevlar-29: 40 plies
Impact velocity: 1000 rn/s
Bullet stopped at 77mcs
Residual velocity after steel perforation: 755 m/s

31 plies are broken through

ENERGY BALANCE

a

rl.57 (M-16)
- I 1.24 (AK-47)
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Abstract
An experimental and theoretical study of the
stretching of disturbed jets is presented. A typical
jet has an axial velocity gradient, from about 2Km/s
to 8Km/s. The particulation time of such a jet
depends on this velocity gradient. It was found
experimentally that disturbed jets, having a smaller
velocity gradient, break earlier. The experimental
and theoretical study presented here, shows that the
particulation time and the final length of a
disturbed jet segment are shorter than those of a
long jet.

disturbed segmented jet. The questions addressed
to here are: How much do fragmented jet segments
contribute to residual penetration? How much
stretching can be obtained in a short jet segment?
Experimental Setup and Results
The experimental setup is shown in Fig. 1. We
used an 85 mm diameter precision shaped charge
at a standoff distance of 600 mm from the witness
plates. Armor elements of various design were
positioned 200 mm ahead of the charge at 30°
inclination. The elements were designed to achieve
different degrees of perturbation of the jet. After
the interaction with the armor element, the
perturbed jet was examined using flash X-ray at the
same time in all shots, and the residual penetration
in RHA witness plates was measured.

Introduction
Shaped-charge jets have an axial velocity
gradient that causes them to stretch. The stretching
of a jet continues until the jet breaks up into small
droplets (see Walters & Zukas [1]). The average
velocity difference between two adjacent droplets
is typically about lOOm/s. As soon as the jet
particulates, each droplet maintains a fairly
constant length.
The penetration of a jet is generally
proportional to its length. As long as the jet is
stretching, the penetration increases with increasing
stand-off distance (SO). Following jet particulation,
the penetration depth does not increase with higher
SO. Moreover, jet imperfections induce small
misalignment of the droplets, and hence reduced
penetration. This process is well known
experimentally, and the penetration depth can be
estimated using simple formulations, provided the
breakup time is known []].
Assuming a steady-state penetration process,
the penetration dP of a rod of length dL and density
Pj into a target of density
is:
dP = <

= dL/ Y

Fig. 1 - Experimental Setup
Perturbed jets from three experiments, after the
interaction with the armor element, are presented in
Figs. 2 a-c. The residual penetrations of those jets
are presented in table 1. It can be seen that the
higher the perturbation of the jet the lower the
residual penetration.

(1)
a) Test 1

It is noted that (1) is valid only for jet segments of
uniform velocity. The total penetration of. a
stretching jet is obtained by suitable integration of
O)(see[l]).
When a jet encounters a moving armor element
(e.g., reactive armor), some jet segments may be
disrupted while others are barely touched. The
residual penetration is. due mostly to those
untouched segments. In this study, an armor
element is employed as a means of producing a

b) Test 2

c) Test 3
Fig. 2 - Jet Shadowgraphs of the Three Tests
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Test No.

1
2
3

Residual Penetration [mm]
Experiment

Evaluation

103
80
45

110
73
50

L

-• x

Lo =20 mm (300 cells)
Fig. 3 - Numerical Simulation's Initial Configuration

Table 1 - Experimental and Calculated Results

The following
initial conditions were
determined
analytically
by requiring an
incompressible flow of a uniformly stretching
cylindrical segment:
r d\
()
(2)

Analysis
To evaluate the amount of stretching of the
perturbed jet after the interaction, an indirect
approach was used. The basic idea in this approach
is to correlate the observed residual penetration of
the jet with the cumulative penetration of the
axially-aligned jet segments according to eq. (1), as
measured from the flash X-ray photograph. It is
assumed that no segment stretching takes place
between that moment and the moment of
penetration. The summation is performed from the
jet tip up to the cut-off point, which is defined as
the position in the jet corresponding to the cutoff
velocity [1]. The relation between the residual
penetration calculated this way and the measured
one is an indication of the post-particulation
stretching of the segments.
The (Lagrangian) position of the cutoff point xc
was evaluated from the undisturbed jet velocity
distribution (assuming a linear one), the disturbed
head velocity Vd and the cutoff velocity Vc. Due to
lack of space, further details of this procedure are
relegated to a future publication.
The residual penetration thus calculated is
presented in table 1. The estimated errors for the
calculated and the experimental penetration are
about ±10mm and ±5mm, respectively. The
correlation with the experimental values is
satisfactory and supports the contention that jet
segments do not stretch significantly after the
interaction with the armor element.

2 dx

(3)

p(x,r) =

(4)

ci?

Yo = 0.1 [GPa] is the yield strength in uniaxial
stress, (u,v) are the (r,x) velocity components. It is
assumed that the jet is in a fully plastic condition
under Von-Mises yield condition.
O v = 0 , Cf,T=aQe, CT.j^S.-j-P.

o and S are the total and deviatoric stress tensors, P
is the hydrostatic pressure, p 0 = 8.9 [gr/cm 3 ] is
the reference density, Co = 3.96 [mm/u.sec] is the
bulk sound speed, and R is the initial radius of the
segment. The initial stress state was set according
2Y
to the relations: S x x =
3
"

Sn. = S e e =

Y

3
The velocity distribution was taken relative to a
stationary segment center of mass. The segment
initial length is Lo, and its free endpoints are
initially located at x = ± L 0 / 2 . The left and right
endpoint
velocities
were
thus
v ( - L 0 / 2 , r ) = - V 0 / 2 and v(L 0 /2,r) = V 0 /2 .
To investigate the dependence of segment
elongation on its initial length, three cases of equal
initial velocity gradient ( V o / L o ) were considered,
as shown in table 2. The basic segment was case 1.
In cases II and III the axial grid consisted of 600
and 900 cells, respectively, in order to maintain
uniform numerical resolution.
Jet particulation was triggered by introducing a
periodic initial perturbation. We chose to perturb
the axial velocity according to the expression:

Numerical Simulations
The two dimensional version of the
AUTODYN hydrocode was employed to simulate
the stretching of the jet. The Lagrangian processor
was used to describe the stretching of a short
segment of the jet. Final lengths of jet segments,
having free boundaries and various initial
conditions were calculated.
Initial Setup
Our basic jet segment was a copper cylinder of
2mm radius and 20mm length (Fig. 3). The mesh
consisted of 300x20 cells (x x r).

v(x)A + A.^.,nM.

(5)

where A =0.1 is the perturbation amplitude and
A. = 2 0 / 6 m m . Thus, in cases I, II, III, there are
initially 6, 12, 18 perturbation waves.

17ft

E c and E s are given by:

Results
The simulation results of cases I, II, III are
shown in Figs. 4 a-c and in table 2. The number of
droplets was determined by the number of regions
within the segment with a zero velocity gradient,
including the free ends. The calculation was ended
when the necking diameter was one third of the
current segment diameter.
In Case I no droplets evolved, because the
initial conditions were below the particulation
threshold, as will be explained below. In cases II
and 111 the total number of droplets was 6 and 10,
respectively. In these cases, the free ends of the
segments deform in a different manner than the
inner ones, due to the free end boundary condition.
For analysis purpose, we thus define a central
portion of the segment in which a repetitive shape
of the droplets is observable. The number of
droplets within this region in cases II and III can be
clearly seen in Figs. 4b,c. In this region, the
average velocity difference between two adjacent
droplets was approximately 35m/sec in both cases.
~~~—-—____
case
par.
—-—_______^

I

II

III

Lo [mm|

20

40

60

Vo |m/sec]

200

400

600

0

6

10

Total AL/L0

17%

65%

93%

Elongation, Eq. (7)

15%

60%

135%

No. of central droplets

—

4

8

Central AL/L0

—

127%

140%

Total No. of droplets

;E = — M(Av)2
(6a,b)
s 24
where M is the segment mass, Vc is the velocity of
the center of mass of the segment and Av is the
velocity difference between its endpoints. Es is the
energy available for deforming the jet segment, and
it is proportional to the initial velocity gradient
squared.
In case I, Es is entirely transformed into plastic
work of elongation and no particulation is obtained.
Using eq. (6b), the uniform final elongation of such
a segment would be:
Ec = -

._ 1 f p o - V p '

e=-

(7)

which results in an elongation of =15% compared
to 17% in the simulation. It is concluded that in this
case Vo is too small to cause a particulation of the
segment.
In cases II and III, the stretching is somewhat
more complicated since it is far from uniformly
cylindrical and involves necking. Comparing the
number of droplets in the central region of the
segments shown in Fig. 4b,c one can see that the
number of droplets in case III is doubled compared
to case II. In addition, the initial length of this
region in case III was twice that of case II. This
seems to indicate that for a given geometry and
velocity gradient, the number of droplets per unit
length is constant.
Summary
Experiments and analysis were conducted on a
jet disrupted by moving armor plates. A good
agreement was obtained between the experimental
and the estimated residual penetration in three shots
(table 1). Since the estimates are based on the
assumption of no post-segmentation stretching, this
agreement lends credence to that assumption.
Numerical simulations and simplified analysis
show that the particulation process of stretching jet
segments is controlled by the kinetic energy
relative to the segment center of mass. The
simulations help to explain the low level of ultimate
stretching obtained in short jet segments. They also
demonstrate the existence of some "critical" length
of a stretching segment, below which further
fragmentation does not take place. These results are
rather preliminary, and additional study is required
in order to establish a relationship between the
parameters involved in the process of stretching
and fragmentation of a segmented jet.

Table 2 - Initial Conditions and Simulation Results

a) Case I
•BBBHI
b) Case II
•MM
c) Case III
Fig. 4 - Graphical Representation of the Simulation
Results for the Different Cases
Discussion
Consider the motion of a uniformly stretching
jet segment having free endpoints. The total kinetic
energy of this segment is Ek =E C + E S , which is
the sum of two terms. Ec is the energy associated
with the motion of the segment center of mass, and
E s is the energy associated with the motion of the
(stretching) segment relative to its center of mass.
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PENETRA TION OF FAST RODS AND JETS INTO FINITE
THICKNESS TARGETS OF VARIOUS DENSITIES
M. Mayseless
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Abstract
(1)

The penetration of high velocity rods and
jets into various targets is examined. Tests'
results using two flash X-ray tubes to examine
the shaped charge jets emerging behind
various perforated targets are presented. Two
dimensional numerical simulations using the
Eulerian processor of the AUTODYN code are
employed to examine the penetration velocity.
It is shown that the steady-state assumption,
although not accurate, gives very good results
in determining the penetration velocity of fast
rods and continuous jets into thick targets.

where:
(2)

and the depth of penetration of this portion is:
(3)

In reality a shaped charge jet can be
characterized by the velocities of the tip - Vo
and that of the tail - V,. The jet is stretching
while penetrating the target and its length is
therefore not constant in time. The erosion rate
and the final length of the jet depends on jet
velocity and target characteristics. The
penetration of a real jet should therefore take
into account the stretching process of the jet.

Introduction
It is commonly assumed that the
penetration of very fast long rods into
semi-infinite targets can be analyzed as a
steady-state phenomenon. One of the
consequences of this assumption is the
closed-form formulation of the penetration rate
and depth. The penetration depth comes out to
be inversely proportional to the square root of
the target density. However, shaped charge jets
are fast moving rods with axial velocity
gradient causing them to stretch while moving
and penetrating. Therefore, the steady-state
assumption is not valid for analyzing the
penetration process of the jets. Nevertheless,
this assumption is widely used for analyzing
the penetration of stretching jets as well.

Since the spatial distribution of the velocity
of most of the jets is linear the existence of a
virtual origin from which the jet emerges can
be assumed. Following these assumptions
Allison and Vitali [1] derived the penetration
equation for a continuos jet as:
Pj = S [ ( V 0 / V m i n ) " i r - I ]

This presentation examines the validity of
the steady-state assumption in the case of
penetration of continuous jets. After presenting
the theoretical background the experimental
results of jet penetration into targets made of
various materials and thicknesses, as well as
the numerical simulation results, will be
presented.

(4)

S is the standoff measured from the virtual
origin to the target. Vm,n is the lowest jet
velocity that contributes to penetration. (Vmin >
Vt). If the target has a finite thickness D, one
can compute the new tip velocity of the jet that
emerges from the back of the target - Vout (see
for example [2]):

Theoretical Considerations
Voul = V 0 / ( D / S +

Consider a small portion of a shaped charge
jet with length L (with uniform axial velocity)
and density pj penetrating a monolithic target
of density p,. Neglecting strength effects, the
steady-state penetration velocity is given by:

(5)

By measuring the out coming jet velocity
one can examine, although indirectly, the
validity of the steady-state assumption that
underlined the derivation of Eq. (5).
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Experimental Setup
The experimental setup is shown in Fig. 1.
An 85 mm diameter precision shaped charge
(SC) was used in all the tests. Different targets
were placed 200 mm ahead of the SC. The
targets were made from various types of
materials and had different thicknesses. The jet
emerging from the target was examined using
two flashes of X-ray and the residual
penetration in RHA witness plates was
measured.

copper jet density is: pj =8.94g/cc. In each one
of the tests the jet emerging from the target was
X-Rayed twice. Hence we could measure the
new tip velocity Vout -E, and the emerging time
of the jet from the back of the target. In
addition we could examine whether the jet
emerging from the back side of the target is
still continuos or particulated.
Numerical Simulations
Two-dimensional numerical simulations
using the AUTODYN code were conducted.
The Eulerian processor was used to simulate
the interaction between the jet and the target.
The jet had no velocity gradient and it was
moving with a constant velocity of 6 Km/s.
Two cases were examined, impacting water
and steel targets. As a result of the penetration
the jet is eroded and flows sideways, as seen in
Fig.2. The particle velocity close to the
jet-target interface is not constant, and
decreases as we move sideways from the axis
of symmetry or along the this axis away from
the jet-target interface, as can be seen in Fig.3.

Experimental Results
No target was used in the first test. This test
was performed to examine the characteristics
of the jet before hitting the target. It was found
that the velocity of the tip of the jet is
Vj =6.95+0.05 Km/s, and the tail velocity is
V, =1.95±0.05 Km/s. The virtual origin was
found to be 40mm away from the charge cone
base, towards the cone apex. The breakup time
of the jet varies along the jet and is about
130jis at the center of the jet measured from
the virtual time. Ten additional tests were
performed using various targets, as presented
in Table 1.

witness plates

target
jet out

jetm

T I T TI

Fig. 1 -Experimental Setup
Test

Target

D
[mm]

Jet velocity &
Emerging Time
V
v

1
2
3
4
5
6
7
8
9
10

RHA
RHA
RHA
RHA
MS
MS
Al
Al
Poly.
Water

40
80
203
320
80.5
206
232
115
494
573

F

out

^

6.02
5.20
3.65
2.60
5.22
3.63
4.65
5.57
4.62
4.61

T

F

x

E

out

Fig.2. Numerical Simulation Result of a Jet
Penetrating into Water.

47
62
121
215
61
123
102
64
159
176

Table I - Experimental Results.
RHA stands for Rolled Homogeneous
Armor Steel (p, =7.86g/cc), MS is Mild Steel
(pt =7.86g/cc), Al is Aluminum (p, =2.75g/cc),
and Poly, is Polyethylene (p, =0.945g/cc). The

Fig.3. Numerical Simulation Result of the
Velocity Field of a Jet Penetrating Water.
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It is practically not possible to follow
continuously the interacting interface. Hence,
to measure the penetration velocity we had to
stop the runs whenever we wanted to examine
the flow field every microsecond. By doing so
it was found that the penetration velocity is not
constant. The initial shape of the front part of
the cylindrical jet that was used for our
simulation was flat. The initial penetration
velocity was therefore high, in accordance with
the planar shock loading of the target at this
stage. Soon after the rarefactions from the free
boundary reach the axis of symmetry, typically
less than one microsecond, the penetration
velocity drops down to about 4.3Km/s and
2.9Km/s for targets made of water and steel
respectively. As penetration proceeds the
penetration velocity increases slowly. The
penetration velocity of a target made of water
reaches 4.32Km/s after 7(j.s while that of the
steel fluctuate somewhat and reaches 3.1Km/s
after 3[xs. Those values should be compared to
the penetration velocities calculated by Eq.(I),
assuming steady-state penetration: 4.5Km/s for
water and 3.1km/s for steel.

penetration velocity (hypervelocity in this case)
is smaller than the expected one, by about 5%,
although it is exactly the same according to our
experimental results.

FINAL JET VELOCITY

Fig.4. Jet Velocity vs. Plate Thickness:
Computed (Solid lines) and Experimental
Results (Marks).

Test

Target
[mm]/Type

JET

Discussion

Jet velocity &
Emerging Time

v out -c

To examine the experimental validity of the
steady-state assumption we compared the
experimental results presented in Table 1 to
those that are computed using Eq.(5). The
computed results are presented in Table 2 and
in Fig.4. It can be clearly seen that the
experimental results are well predicted by Eq.
(5). However, as soon as the jet starts to
break-up it is expected that the above
formulations will not be very accurate since
one of the assumptions of this penetration
model is the jet continuity. Nevertheless, since
most of the penetration was performed by the
continuous jet, it is found that even in the cases
where thick targets were used, and the jet
emerges from them broken, the deviation is
small. Yet, in the case where the target was
made of water, the thickest target used, the
calculated
value
coincided
with
the
experimental one although we expected it to
deviate. As for now we do not know the reason
for that agreement.

1
2
3
4
5
6
7
8
9
10

40 / RHA
80 /RHA
203/ RHA
320/ RHA
80.5 / MS
206 / MS
232 / Al
115 / Al
494 /Poly.
573/Water

C
C
C/B
B
C
C/B
C

c

B
B

6.02
5.31
3.91
3.14
5.30
3.89
4.78
5.59
4.83
4.62

T
1

C

out

^

47
60
113
178
60
115
99
64
152
176

Table 2 - Calculated Results. C-Continuos Jet,
B-Broken Jet.
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Summary
The validity of the steady-state assumption
in deriving the penetration equations of fast
rods and jets is examined. Following numerical
simulation and experimental results it appears
that the penetration velocity is very close to
that expected by the simple steady-state theory.
In the case of water target the simulated
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Abstract
Inner surface cracks often develop in cylindrical vessels
due to pressure fluctuations, temperature gradients, stress
concentrations and a corrosive environment. Mode I
Stress Intensity Factors (SIF) for 3-D internal surface
cracks resulting from autofrettage residual stress field in
a thick-walled cylinder are evaluated in this work. The
3-D analysis is performed via the finite element method
with the submodeling technique. Autofrettage is
simulated using equivalent temperature load. More than
200 different configurations were solved for vessels of
different autofrettage levels containing up to 180 cracks
in an array with a wide range of crack depth to wall
thickness ratios - a/t (0.05-0.6) ,and ellipticities a/c
(0.2-1.5). The results clearly indicate the importance of
autofrettage in decreasing the stress intensity factors, and
thus slowing down crack grow rate.
Introduction
Reactor pressure vessels, chemical reactors and gun
barrels are only a few examples for the industrial use of
thick-walled cylinders. These cylinders are usually
exposed to high pressure, heat, corrosive environment,
etc., which leads to crack initiation and fatigue crack
growth. In order to increase the maximum allowable
pressure in the vessel and to reduce the vessel's
susceptibility to cracking, desired residual stresses are
introduced to the cylinder usually by the autofrettage
process. For accurate calculations of crack grow rate, and
the total fatigue life, in an autofrettaged gun barrel, one
must be able to find the SEFs resulting from three
different loads: K^ - caused by pressure; Kn- - due to
temperature gradient, and KIA - The negative1 SIF
resulting from the autofrettage residual stresses.
In the past, due to the geometric complexity of the
cracked cylinder problem, 2-D models of radial cracks
were mostly examined. K^ in 2-D problem was solved
first by Parker and Farrow [1] using a temperature
function to create the desired residual stresses. Perl and
Arone solved the 2-D K& [2] and K^ [3] problem for up
to 1024 cracks in an array. The 2-D crack model actually
represents a 3-D infinitely long crack, thus the 2-D Ki is
an upper limit to the finite 3-D Kr. Therefore, a 3-D
analysis is essential for accurate fatigue and fracture
analyses.
Until recently, only a few 3-D analyses were
available for Kff. Raju and Newman [4] evaluated the

SIF for two internal and external cracks in a cylinder
with free ends conditions for various loads using the
FEM and the nodal force technique. Perl et al. [5]
calculated the SIF for large arrays of cracks, for a verity
of ellipticities and depths, using the submodeling
technique. To the best of the authors knowledge, no 3-D
KIA values are presently available. It is therefore the goal
of this work to study the behavior of the KIA distribution
along the crack front for a wide range of crack
configurations for different levels of autofrettage.
Three-Dimensional analysis
The 3-D analysis is performed for an autofrettaged
gun barrel made of steel. The model consists of an elastic
cylinder of inner radius, Rj, outer radius, Ro, wall
thickness, t, (Ro/Ri=2, t=R;) and the length, 2L. The
cylinder contains n identical, evenly spaced, inner radial,
semi-elliptical cracks of length, 2c, and depth a. L/c is
taken to be 10 in order to avoid end effects.
Finite Element Model
Due to the various symmetries of the problem, only
part of the cylinder must be analyzed (Fig.1). The
autofrettage residual stress field is applied to the cylinder
by an equivalent temperature field [6].
The model is solved using the standard ANSYS 5.3
FE code [7]. The analysis is divided into two main parts
for refined results - modeling and submodeling. In the
first step, a global half-automated mesh of the entire
section is created using 10-nodes tetrahedron elements.
Near the crack front the elements are chosen to be small
and far enough from the vicinity of the crack they are
larger. A typical mesh contains 7000-8000 degrees of
freedom. The results of the displacements from solving
the model are kept for the submodel step. In this step, a
submodel is created covering the crack front area with
three layers of elements (Fig.2). The first layer consists
of 160 20-nodes isoparametric elements, that are
collapsed to form singular elements wedges at the crack
front [8]. The second and the third layer are containing
320 elements, large enough to avoid the influence of the
high stress gradients near the crack front. The
displacements obtained from the model serves as
boundary condition to the outer surface of the third layer.
The SIFs were calculated from the results of the
submodel using crack-face displacement extrapolation.
The distribution of the SIF is calculated every 4.5
degrees along the crack front for <t>=0-90o.

'Proffesor and graduate student respectively
"Conference lecturer
'A negative SIF can only exist in the context of superposition.
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Fig.5 - SIF variation for arrays of n slender semi-elliptical cracks
prevailing in a folly autofrettaged cylinder (a/c=0.5, a/t=0.05)
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Fig.6 - SIF variation for arrays of n slender semi-elliptical cracks
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?'&» " SIF variation for two carcks prevailing in different levels of
autofivuaged cylinders (a/c=0.2, aA=0.2, n-4)

Results and discussion
SIF distribution for semi-elliptical and semi-circular
cracks arrays containing n=l-180 cracks with ellipticities
ratios a/c=0.2-1.5 and a/t=0.05-0.06 were solved2 for
autofrettage levels of s=60%, 100%.
All SIFs obtained are normalized with respect to:

Kn =

> K Q

(1)

actual level of autofrettage for s=60%-100%, Therefore,
e=60% was chosen as a typical case.
KIA curves for the various levels of autofrettage as
depicted in Fig. 8 follow the same pattern and only differ
in magnitude: i.e., the larger the level of autofrettage the
larger Kr is. For example, the ratio found between the
SIF's distribution for e=100%, and e=60%, is almost
constant, « 0.8. Therefore, KIA distribution for any level
of autofrettage can be approximately evaluated from the
fully autofrettage case.

where P is the internal pressure (which was assumed as
6000 atm), pR/t represents the average circumferential
Concluding remarks
stress in the cylinder wall, and Q is the shape factor for
Mode I, stress intensity factors, for 3-D cracks
an elliptical crack [4].
prevailing in a thick-walled autofrettaged cylinder, were
evaluated for more than 200 configurations. The effect of
Fully autofrettaged cylinder
number of cracks in an array n, the crack ellipticity a/c,
The results are divided into three main groups: crack depth a/t and e the autofrettage level, on the SIF
semi-circular (a/c=l), slender semi-elliptical (a/c<l), and variation were extensively examined and discussed For
transverse semi-elliptical (a/c>l) cracks.
most results, the n=2-8 case bears the largest SIF, thus
KIA for semi-circular surface cracks of relative depth mostly contributing to slowing the crack growth rate. A
a/t=0.2 in arrays of n cracks are given in Fig.3. K^ consistent similarity could be detected between the
distribution along the crack front for this case as well as patterns of the fully and the partially autofrettage results.
for the other cases not shown herein has a typical
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Due to a lack of interest in certain cases, not all the possible
combinations were solved

183

ON THE RESEARCH OF THE MATERIALS CORROSION STABILITY
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ABSTRACT
The contact of chemically active working medium with
machine parts results in their corrosion damage. The
problem is especially actual when a plant destined to work
with another medium is used. Protracted reliable operation
of these machines can be guaranteed only by a correct
selection of part materials which ensures both their high
corrosion stability in the given medium and necessary
strength under working conditions. Resistance of materials
to corrosion (including that are known as rust-resisting ones)
essentially depends on the reagent type.
Literature contains limited amount of information about
materials behavior in the given medium. Necessity of such
information even on the initial stage of design demands an
effective method of the fast corrosion stability examination.
The low rate of the chemical reaction under normal
conditions leads to difficulties while discovering such
method.
This paper is dedicated to solution of the foregoing
problem. Theoretical grounds, descriptions of experimental
plant, and results of the test are adduced.

If a process foresees for working liquid temperature /w,
and while testing solution temperature is tt, then reaction
speed up due to this factor is
_ i (n-iv/yio

_— «
vt —

Common process speed-up because
independent factors is equal to the product
_

i

v = vr v, = kt

(ft-/w)/IO ,

r,/rw.

of these two

(4)

DESIGN OF EXPERIMENT
Inevitable evaporation of solution in the process of work
demands application an initial concentration, which is still
far from saturated one. Besides that, preparation of
unsaturated solution is simpler. So the water solution
concentration for test was established 13.5% - three times
more than at operation (and 3.5 times less than for saturated
one), that is
vr = 3.

INTRODUCTION
Chemical reaction rate of the liquid reagent with the
materials that are considered as corrosion-stable ones is very
low by normal conditions. Therefore test of materials by
operating temperature rate and low reagent concentration is
a protracted process, and its duration is commensurable with
a period of guaranteed reliable work of the plant.
However, it is known that chemical reaction rate is
proportional to a product of concentrations of the reacting
substances, in our case - to a concentration of working
medium. Let rw be its concentration while working, and rt is
the same while testing. Then the process acceleration is
evaluated as

(5)

Under other equal conditions (external pressure, motion
of gaseous phase over surface, etc.) increase of solution
temperature leads to increase of evaporation speed.
Elasticity (pressure) of saturated steam increases
according to exponential law [2, p.223]
(6)
where C is a constant, q is a molecular heat of evaporation,
R is a gassy constant, T is an absolute temperature
(correlation (6) is the integrating result of Clapeyron Clausius's equation). So excessive rise of temperature leads
to pressure rise in the chamber and to increase of steam
escape out of plant volume. For its compensation if is
necessary either to take special measures to ensure
hermetically chamber seal or to control solution level
constantly and to fill up its volume.
Continuous or periodical control of solution level (that is,
its concentration) is rather difficult. So I decided to limit
myself not to natural temperature limit of water-solution
evaporation (slightly more 100°C), but to value

(1)
Speed-up of the temperature rate gives incomparably
more considerable acceleration of reaction. The number
characterizing acceleration when heating by each 10°C is
often called the velocity temperature coefficient. In the
most cases this coefficient is in the following limits

[l.p.129]:
2 < kt < 4.

(3)

(2)

U = 80°C.

(7)

Working temperature of solution in our plant is equal to
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/„ = 0°C.

(8)

Out of prudence in estimation, the low boundary of
possible values of velocity temperature coefficient (2) is
accepted in the character of its calculated one:
= mm

(9)

It's possible now to definite the calculated value of
reaction velocity increase in our test, substituting parameters
(5) and (7-9) to the expression (4):
v = 3 * 2 8 = 768.
So carrying out the test, for example, within a week, we
obtain an information about state of details or materials in 15
years, that is more than any reasonable guarantee period.
EXPERIMENTAL PLANT
The plant must answer the purpose - to keep constant
temperature and solution concentration the whole time of
experiment. The scheme of the plant is represented in the
Fig. 1.
Bath 1 with solution is placed in the constant-temperature
nearly sealed cabinet 2 and installed on the heat isolated
plate 3. Heating circuit coil 4 with connecting pipelines 8,
which covered with heat lagging 9, form heating circuit.
Tested specimens 6 are placed on the separating lattice 5
intended for exclusion contact of a coil 4 with specimens 6
made of heterogeneous materials.

Plastic foam crumbled into small particles is utilized as
anti-evaporative protection 7 and covers surface of solution
completely*. Thermostat 10 (HAAKE K.-20) is furnished
with pump, heater and temperature regulator (to within
0.TC).
Coil material does not interact with solution reagent, and
two-stepped sealing - layer 7 and cabinet cover - almost
exclude evaporation as experiment showed.
Plant regulation consists in selection of water temperature
in the heating contour on leaving the thermostat 10. Constant
temperature has been settled approximately in an hour after
plan engaging. Temperature difference on the thermostat
outlet and bath was less than 2°C (losses in connecting
pipelines). Therefore thermostat was tuned on 82°C.
TEST RESULTS
Working solution was 13.5% NaCl one. Test continued
for 7 days uninterruptedly. There were tested small parts and
materials of large parts - steels 302, 304, 316; welded seams
fulfilled of stainless electrode, and bushings of bronze
SAE65.
Test showed the following:
- corrosion signs (brown spots) on the ends of parts of
steel 304 which are taken away by means of soft paper;
- slight corrosion signs on the roughly machined part end
of steel 316;
- surface of bronze bushings turned green, but without
friable layer formation on this surface.
Thus: parts were in a good condition and retained
able-bodied as before. Working solution volume almost did
not diminish. It testified that bath-sealing system was
reliable, and concentration of solution was practically
constant in the process of the test.
CONCLUSIONS
1. Accomplished experiment showed sufficient corrosion
stableness of tested parts and materials on the temporal base
15 years.
2. Considerable speeding of the corrosion process
permits to realize research of new materials quickly and to
expand their range.
3. It makes sense to research not only specimens of
materials but also combinations of different materials.
4. There is parts movement in the working medium of
real machine. Time scantiness and complicity of realization
did not permit to model this rate: a special pump for
pumping over the solution is necessary.
5. In the operating process of real unit its working cavity
is drained from time to time. During these stops the parts

Fig. 1. Scheme of the experimental plant
1 - bath with reactant solution
2 - constant-temperature cabinet
3 - heat insulation of a bath base
4 — heating circuit coil
5 - separating lattice
6 - tested specimens
7 — anti-evaporative protection
8 — connecting pipelines
9 - heat lagging
10 —thermostat

*) This idea is proposed by Dr.Alexander Shapiro.
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come in contact with air that often quickens to corrosion.
This condition is modeling with great difficulties and was
not realized.
However author knows how to create plant where
requirement items 4, 5 will be an answer.
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actual dimensions and tolerances of an inspected part
[6]. Waldele et al. [7] showed that software packages of
various CMM manufactures can reach different results
when analyzing the same data set of point on a
geometric elements, even when all using the same
method. Others invesigated the curve fitting algorithms
[6,8] or the CMM performances [9]. However, for
arbitrary curve profile the crucial error will be in the
contact point measurement and calculation. Various
studies in this field deals with three dimensional bodies
[2-4] with no special reference to the uniqueness of the
surface of revolution. Evaluation of the measurement
accuracy is essential for the comparison between the
manufactured and designed part and affect the error
compensation of the production.

Abstract
The aim of the present work is to investigate the typical
errors in the measurement and the dimensional
characterization of rotational bodies when using CMM.
Probe radius compensation error and section error were
geometrically analyzed and mathematical simulation of
the measurement and calculations procedure were
carried out to evaluate the error at different conditions.
Using probe radius and measurement pitch with values
smaller then tenth of the radius of curvature is
suggested as a thumb roll for ascertaining compensation
errors below 1 micron.

Introduction
The Probe Radius Compensation Error

The manufacturing of precision revolutionary parts by
lathes has long reached the ability of optical quality
surface. Diamond turning production is employed for
IR and aspheric optics, scanner mirrors, contact lens
molds, scientific tools and many other applications.
Interferometric and light scattering methods are usually
used for optical characteristic measurements, but for
many other cases dimensional inspection need to and
can be performed by means of a coordinate measuring
machine (CMM) [1]. CMMs are used in common
practice to asses the geometric surface of sculptured
bodies [2-4], The collected data can be used for
re-engineering or tolerance inspection during the
production process [5] .

When a probe with a spherical tip is approaching the
surface of a concave or convex body, the contact point
should be calculated on the base of the probe center and
a compensation of the probe radius. The compensation
should be in a direction normal to the body contour at
the contact point. From fig. 1 it can be seen that if the
probe is moving toward point M with direction p, the
actual contact point will be at A. If the probe radius
compensation will be performed in a direction deviating
from the normal nA (the approaching direction or any
other one), the calculated contact point - C will be with
an error e from the actual contour. The error will be
larger for convex surface and smaller for concave one.

The working principle of the CMM is manual or CNC
approaching, of a touch trigger probe, to the surface of
the scanned body and registering the coordinate of the
probe center at contact. The probe is constructed from
a precise ball (typical accuracy of lum) at the end of
metal stylus. A predetermined deflection of the stylus
generate a contact signal to the CMM. Special assigned
software is used to calculate the contact point
coordinates and, in case of a CNC system, also the
probe path. On scanning function the software usually
perform measures at uniform pitch along the contour
with approaching direction based on the normal to the
gradient between the last two points [3]. The
contribution to the measuring error can therefore be
from the machine and probe accuracy limits and from .
the calculations, algorithms. In order to calculate the
contact point it is necessary to compensate the probe
center with the probe radius in a direction normal to the
body surface.

stylus

Compensation
direction

Convex contour
Fig. 1: The probe radius compensation error
From analytic geometrical relations it can be shown, for
concave contour, that the dependence of the error in the
probe radius - Rp, the contour radius of curvature - Re
and the deviation of the compensation direction from
the contour normal - A6 is

Even though the modern CMMs reach highly degree of
accuracy, there are still some uncertainties about the
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(1)

e/Rp = {1- [1 - 2 x((RP/ I Q - (RP/ R,)2 ) x

f'cw This expression can be valid also for a convex contour
by defining the radius of curvature as negative for such
case. For a straight contour (Re -> » ) the expression is
minimized to

were fF and fB
derivatives.

e/Rp = 2 x sin (A9/2).

Even though it seems, from the theoretical approach,
that the smallest possible probe is the better, other
consideration leads to a recommendation for larger
probes [10]. Therefore a closer investigation of the
problem is required.
Figure 2 present the above relations for concave,
straight and convex contours. It can be seen that for a
noticeable range of radius of curvature eq. 2 can be a
fairly good estimation for the error. For example, for a
probe with Rp=2 mm and contour with Rc=20 mm, the
estimated error according to eq. (2) will deviate with
less then 10% from the exact solution of eq. (1).

The examined algorithm was one of the simplest one
can think of and obviously more accurate result could
be obtained by using more data for each calculated
point.

— O — RfVRc=0.5, Concave
O Rp/Rc=0,25, Concave
A Rp/Rc*0.1, Concave
^ ™ " " Rp/Rc=0, Plane
• Rp/Rc--0.1, Convex
—X—Rp/Rc=-0.25, Convex
—CH-Rp/Rc=-0.5, Convex

4

are the forward and backward

Simulation software was written to calculate "actual"
contact points and probe center points for probe
positions at equal distances along a contour. Then, the
weighted derivation method was used to calculate the
contour normal and the probe radius compensation for
the "compensated contact point". The error of the
compensated points was defined as their distance to the
"actual" contour. Different contour with radius of
curvature of 25-200 mm were used as case study. The
result shows that even for huge probes with Rp=9mm
and wide measuring pitch of 10mm the errors for the
compensated points are generally in the order of 10'2
microns and always less then a micron.

2

(2)

- Xj _ j

The Alignment Error
Under the assumption of a perfect surface of revolution,
only a single contour line scanning is needed. However,
that scanning should be performed on the symmetry
plane. Any deviation from that plane will cause a
measurement error composed of: (a) section error and
(b) compensation error. The section error (fig. 3)
depends on the deviation (8) between the plane of
symmetry and the scanning plane and the local radius of
the body. Its magnitude is

A9

Fig. 2: The relations between the compensation error,
the probe radius, the contour radius of curvature and
the deviation angle.

!i

The Deviation Angle of the Compensation Direction

I •

The main source for the compensation error is the
deviation angle - A8 [1]. This deviation is an outcome
from calculation errors of the contour normal at the
contact points. The question in mind was how accurate
those calculation can be?
Since the surface contour and the curve of the probe
centers are parallel lines with equal distance of the
probe radius between them, the compensation direction
can be derived from the normal of probe center line at
the probe center measured point. The normal is
perpendicular to tangent which can be calculate by
numeric methods. To demonstrate the simplicity of
such calculation the central derivative of the first order
method was chosen. Such derivative, for the function
f(x) is normally performed as

(3)

Scanning Plane

8£
Symmetry PI

:-:

I

x.

Fig. 3: The section error (ecut) and its dependence on
the deviation between the symmetry and scanning
planes and the local radius.
(5)

fc=

esec=R(z) * [l-cos {sin-'(6/R(Z))}].

Practically, this error is negligible. Consider, for
example, a case with a large 4mm probe radius and
small convex body with radius of R=5mm. For 8 up to
0.1 mm the section error will be in the limit of 1 micron.
Practice showed that alignment can easily be achieved
with such accuracy. Such error are usually smaller or of
the same order of the machine accuracy.

AX— Xj+i-Xj=Xj-Xi_i

Here, since the measured points are not distributed
equally along any one of the coordinate axes, the
derivative was based on a weighted central derivative
(f we) which in fact is a weighted average of the
forward and backward derivatives:
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The alignment error is also a source to another
contribution to the compensation error. The deviation
angle A9 as in fig. 3 adds a component to the normal
vector which enlarge the total deviation. For the above
example AQ will be 1.15 degrees and with Rp=2 mm the
error for this deviation alone will be 0.5 urn (but will
increase to 5 urn, if a probe with 9mm radius will be
used).
In general the combination of deviation in two planes
should be considered, however practically, in many
cases the error will be less than the machine accuracy
and therefore can be neglected.

Conclusions
The compensation error in CMM measurement depends
almost linearly on the probe radius and on the square of
the deviation angle. It also depends on the surface
curvature. For convex surface the error will be larger
than for concave one.
Weighted central numerical derivative of the probe
center curve used to calculate the compensation
direction. The resultant deviation angles were small
enough, causing errors smaller than a micron, even for
large measurement pitch.
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ABSTRACT
developed to predict the time-dependent diamond
In this study, cutting tests of Magnesium
tool vibration, and the cutting forces involved.
parts as well as Aluminum and Copper parts, with
single crystal and polly-crystal diamond tools, were
carried out in order to elucidate the basic
Experimental setup and cutting conditions
micro-machining process from the viewpoints of
cutting forces and process dynamics. A computer
Tool
Multichannel
simulation program was developed and used in order
Charge Amplifier
Kistler - Quartz
to predict the time-dependent diamond tool vibration,
Force Transducer for
and the cutting forces involved. Examples are
3-component Cutting
presented for comparison with experimental
Force Measurment.
I
PC Computer
A-D
measurements. Experiments are compared with
computer simulations showing good agreement in
cutting forces.
Fig 1: Schematic diagram of the 3 dimensional
cutting forces measuring system
Introduction
High-precision single point diamond turning
A set of diamond turning experiments was conducted
of metal mirrors, and other precise components, as a
on a Hembrug-Super- Microturn -CNC. An Al &Cu
final machining operation, for
space and air
part with the geometry shown in figure 2, used in
applications, as well as vehicle components could
order to get a known shape response in unidirectional
save machining time, money, improve the
cutting
operations, as well as a Mg part with the same
aerodynamic properties , and reduce the weight of
shape
.
In this set of experiments a 3 directional
the parts using diamond turned Magnesium mirrors
cutting
forces
measurements were taken with the
for example.
Kistler
-Quartz
dynamometer
(Fig. 1.). Two types of
The turning forces are strongiy influenced by
cutting
tool,
PCD
(Poly-Crystal
Diamond) tool, with
the condition of the tool edge turning [1,2]. Cutting
nose
radius
of
0.6
mm,
and
SCD
(Single Crystal
forces deviations in diamond turning operations,
Diamond)
tool
with
the
same
radius,
and some
could give a very accurate indication for uncertainty
combinations
of
cutting
parameters
were
used, in
operation and poor results. Three dimensional forces
order to determine the high-precision cutting
determination in the high precision turning process is
mechanism in the AL and Cu as well as in the Mg
very important from the point of view of:
parts. All of the experiments were made without
•
The development of dynamic model of the
using
cutting fluid.
diamond turning process,
•

Optimization of the cutting process in order to
avoid chatter vibration, too! wear, and poor
surface roughness.
The diamond tools are used when good surface finish
and dimensional accuracy are required, particularly
with soft nonferrous alloys and abrasive nonmetallic
materials.
Cutting tool characteristics, cutting
parameters, workpiece material and geometry,
machine
tool
characteristics,
and
process
technological aspects will significally effect the final
surface results.
Sets of cutting tests of Aluminum , Copper ,
and Magnesium parts in a special shapes, with single
crystal diamond tools SCD, and PCD tools, were
carried out in order to elucidate the basic
micro-machining process from the viewpoints of
cutting forces, surface roughness, and process
damping. . A computer simulation program has been

Fig 2: Al+Cu part.
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Experimental results

Y harmonic
oscillation in
faceing

process

fime[n

Fig 3: The forces due to the dynamic response of the
tool post in 3 directions, while face cutting of Al+Cu
part, with SCD tool. Tool nose radius, 0.6 mm, depth
of cut, 0.1mm, feed rate, 0.02 mm/rev, cutting
velocity, 95 m/min.

Fig 5: Dynamic model of the turning process
The structural dynamics of the tool
are represents by a single-mode lumped parameter
model with mass m, stiffness ksp, and damping
coefficient csp. The equation of motion of the system
can be written as:

4
3

2f-

Be

1

Fz

0_

•

,

.

.

31.85

32.10

32.33

32.58

[1]

where F(t) is the external forces working on the tool,
which are the principal cutting force and the nonlinear
process damping force. The cutting forces Fz(t) are:

M042XW.T

!

mZ + cZ + kZ = F(t)

32.82

time[rrinj

Fz{t) = Kc(t)

Fig 4: The forces due to the dynamic response of the
tool post in 3 directions, while cylindrical cutting of
AZ-91D part, with SCD tool. Tool nose radius, 0.6
m, depth of cut, 0.2 mm, feed rate, 0.01 mm/rev,
cutting velocity, 95 m/min.

Ai(t) - Fd{t) [2]

Kc(t) is the shape constant, 0 when the tool is out of
the part , and 1 when the tool is in the part. Kr is the
cutting resistance or specific cutting force, Ai(t) is the
instantaneous chip area. The process damping force
Fd(t) is considered to be proportional to the relative
velocity between the tool and the workpiece. If. the
relative velocity between the tool and the workpiece
is grater then the cutting speed then Fd equal zero,
and if the relative velocity is less then the cutting
speed then, Fd is:

Dynamic model
To further understand the effect of the uncut
chip area, the cutting parameters, and the tool and
workpiece characteristic on the dynamic response of
the system, a two dimensional model of the cutting
dynamics for a turning operation on a lathe was
developed.
The single degree. of freedom
model (Fig 6), deals with the dynamic response of the
tool in the vertical direction , due to the harmonic
oscillations of the tool in the horizontal direction.
The model developed in order to calculate the tool
vibration caused by the changing in the main cutting
force which is considered to be proportional to the
chip cross-sectional area.

Fd(t) = Kc(t) x a x v1 (0

[3]

Kc(t) is the shape constant, a is the damping
constant, v'(t) is the relative velocity between the tool
and the workpiece.
The uncut chip area calculations are based
on integral calculations of the area between the nose
radius circle of the current position of the tool and the
previous position of the tool one revolution back.
The tool movement in the Y direction during face
cutting ( The tool movement in the X direction during
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cylindrical cutting), effect the instantaneous depth of
cut, and the tool movement in X direction (and the
tool movement in Y direction during cylindrical
cutting) effects the tool nose radius center position,
from the previous position, to the current after one
revolution of the spindle. The variation in the chip
area caused by the variation of depth of cut, will
efFect the cutting force, and the tool dynamic
response as seen from equation (1),(2).
The
harmonic oscillator will simulate a source of depth of
cut fluctuations by moving the tool in Y direction
instead of moving the depth of cut line each time step.
Fig 7: AZ-91D Cutting force (Fz), simulation output
without harmonic motion of the tool in the Y
direction, first set of parameters:, tool nose=0.6 mm,
depth of cut =0.02 mm, feed rate= 0.01 mm/rev,
cylindrical cutting.

Computer simulation
The model in fig 5, was written with the Advanced
Continuous Simulation Language (ACSL) for the
dynamic part , and with Fortran subroutines for the
area calculations.
Fourth order Runge-Kutta
integration routines are used to solve the equations of
motion. Total simulation time 0.25 sec, Integration
time step Se*4 sec. Too! effective damping, 15.0
N-s/mm, process damping, a, 1.6 e"4N-s/mm, specific
cutting force (Al), 1.6 KN/mm2. As a second
test-case the dynamic characteristic components of
the tool (ksp,csp,m), will be taken as there values
from analytical equations such as:
Ksp = 3EI/L3

Experimental and simulation results comparison
Table 1: Experimental
comparison
Material

Tool

R
nose
ram

feed
rate
ram/re

and

Simulation

Depth of
cut jmmj

V

AZ-91D
AZ-91D
AZ-91D
Cu
•AZ-91D
AZ-91D
Al
Cu

[4]

for a clamped-free cantilever beam with the
dimensions mention above, Ksp=3.4e3 N/mm. The
effective mass will be m=1.7 gr, Kr= 5.0e3N/mm2 for
Gu. In figures 6,7 two simulation runs for AZ-91D
turning , are shown , with many different parameters
combinations. In table 1. the cutting forces results
are shown. The ratio between the specific cutting
force of Al and Mg is 1.6:0.87 [3], so the specific
cutting force, Kr = 0.87 KN/mm2 .

SCD
SCD
SCD
SCD
PCD
SCD
SCD
SCD

0.6
0.6
0.6
0.6
0.6
0.6
3
3

0.01
0.03
0.03
0.02
0.01
0.05
L 0.015
0.015

0.2
0.2
0.1
0.1
0.02
0.02
0.01
0.01

results
Cutting Force

IN]
Experim
ental
1.4-1.5
4.5
2.6-3
10-11
*0.4
0.7
0.29
0.79-0.81

Simulation
1.7
5.2-5.4
2.65 -2.7
10
0.17-0.18
0.87 - 0.9
0.3
0.76

* The simulation output is for SCD tool and not for
PCD tool as in the experiment.
Conclusions
A mathematical tool for simulating the effect of
diamond turning process parameters, was developed.
The simulation program could give a good prediction
for the dynamic response of the cutting system, and
the main cutting force for different materials.
The cutting forces (Z direction) are about 0.25 of the
cutting forces in Cu, and about 0.7 of the cutting
force in Al.
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Fig 6: AZ-91D Cutting force (Fz), simulation output
without harmonic motion of the tool in the Y
direction, first set of parameters:, tool nose=0.6 mm,
depth of cut =0.2 mm, feed rate= 0.01 mm/rev,
cylindrical cutting.
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Use of empirical models in the prediction of acoustic noise and vibration induced by turbulent
flow
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Abstract
Use of empirical models is described in the
prediction of acoustic noise generated by
turbulent flow and the induced vibration at the
location of a sensitive element. The principle of
the models and the result of their application are
presented.

In the early development stages of a system,
it was required to predict the acoustic noise and
vibration at the location of a component susceptible to these loads. A schematic description of
the system appears in Fig. 1. Two major sources
of acoustic noise and vibration exist in the
system, a hot gas ejection system (E) and a water
cooling system (C). Both sources affect the
sensitive element (S). Vibration is induced at the
sensitive element due to the acoustic noise
generated by the ejected gas and the acoustic
noise and vibration generated by the flow of
cooling fluid. The paper will relate to the first
source and will describe the use of empirical
models in. the prediction of the acoustic noise and
of the related vibrations, at the location of the
sensitive element. After the presentation of the
acoustic noise model and of the results of its
application to evaluate the acoustic field, the
vibration prediction model is presented, followed
by the results of its use in the vibration
prediction. Several concluding remarks summarize the paper.
The acoustic noise model

r}= —

—

0)
with t] the acoustic efficiency coefficient. The
mechanical power can be determined from the
relation:

(4)

with Ka the coefficient of acoustic power («10"5)
[1] and M the stream Mach number relative to
the ambient gas. According to [2] another model
for the acoustic power is expressed by the
relation:
Wa=0.005*ntlL

(5)

with t; the thrust of a single nozzle. The power
level in dB is calculated from the acoustic power
using the relation :
Lw=101og10(Wa)+120

(6)

and based on Lw, the Overall Sound Pressure
Level (OSPL) at a distance r (m) from the
nozzle and at an angle 8 relative to the stream's
axis (Fig. 2) can be determined using the
relation:
Lp=Lw+DI-101og,o(4rcr)2

Acoustic noise generated by turbulent flow is
the result of partial conversion of the flow
mechanical power Wra into acoustic power Wa
according to the relation [1]:

(Watt)

(3)
The acoustic efficiency is determined by the
relation:

Introduction

Wm=pUe37id2/8

with Ue the speed of the gas flow; p the gas
density and d the diameter of one nozzle. For a
multiple case of n nozzles, an effective diameter
is used, calculated from the relation [2]:

(7)

DI is the directivity factor, values of which are
presented in Table 11.12 of [1]. The spectrum
of the acoustic noise was calculated using data
from Fig. 11.2 of [1]. The figure presents for
each octave frequency band the values to be
substracted from Lp, to obtain the sound pressure
level in the given band.
Acoustic power values
The acoustic power was calculated from (1)
and (5). In the implementation of (1),
calculations were performed for several values of

(2)
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the acoustic efficiency coefficient r). Several
values of r| were tested. The results of the
calculations from the two models (described by
(1) and (5)) are presented in Table 1.
Table 1: Acoustic power values determined from
models (1) and (5)

Model N o
1
1
1
5

Acoustic
power
(Watt)
0.64
2900
5800
2800

Acoustic
power
dB
118
155
157
154

The Overall Sound Pressure Level was
calculated from the values of the acoustic power
presented in Table 1 along the system's axis for
several distances from the nozzles. The
calculations were for two directions, downstream
(0 deg.) and upstream (180 deg.). The results
appear in Table 2.

DI

157
155
118
157
155
118

0
0
0
180
180
180

0
0
0
-17
-17
-17

1
2
OSPL(dB)

3.7

159
157
120
130
127
90

126
124
87

G(f)=p2Q2(A/W)2*P(f)

(8)

(3- an acousto-mechanica! conversion factor
Q-an amplification factor
A-the structure's surface area
W-the structure's weight
P(f)- PSD of acoustic noise

Distance (m)
0.05

An empirical model [3] was implemented to
evaluate the vibration regime induced by the
acoustic noise at the sensitive elements.
According to this model the power spectral
density (PSD) of the acceleration at frequency f
on a structural element, resulting from an
acoustic excitation is given by:

with

Table 2: Values of the Overall Sound Pressure
Levels (dB)

e

Under the above assumptions, the spectral
content of the acoustic noise at 0.05m, lm and
3.7 m from the nozzle, upstream of the system
(180 degrees relative to the flow axis) is as
appears in Fig. 3. These results were obtained
under the assumption that the entire system is
under free field conditions. In reality the sensitive
element, at the 3.7 m location is in an enclosed
space. Due to reverberation considerations a
value of 6 dB was added to the level at that
loction resulting in a total of 122 dB.
Vibration regime at sensitive elements

Overall Sound Pressure Levels

dB

The spectral content of the acoustic noise
along the system

Based on [3] values of (3=2.5 and Q=5 were
used. The PSD of the acceleration and derived
displacement on the sensitive element were
calculated, using the PSD of the acoustic noise,
predicted for the distance of 3.7 and corrected for
reverberation effects. The results are presented in
Fig. 4

123
121
84

Summary
The calculated results were evaluated relative to
some previous measurements for a similar flow
regime. The OSPL measured at the location
above the nozzle, in a closed space was 160 dB .
The closest values to this result are 159 and 157
dB in Table 2. It must be taken into account that
for an acoustic noise measurement performed in
an enclosed space, the measured level is higher
by upto 6 dB relative to the measured value
under
free field conditions. Considering this
fact, the source level at 0.05 m downstream in
the case treated here was taken as 154 dB for free
field conditions. The calculated OSPL in Table 2
of 159 dB and 157 dB are higher but close to the
measured level.
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Acoustic noise and vibration were evaluated
using empirical models along a system, exposed
to acoustic noise generated by a turbulent flow of
gas ejected
from the system. The results
obtained by calculation for the level of the
acoustic noise were calibrated relative to measured data and the calibrated results were used for
the vibration prediction. The use of the empirical
models backed by measurements enabled a
quick and preliminary evaluation of the expected
vibration at the stage where neither measurements nor analytical evaluations could be
performed.
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Fig. 3: Spectra of acoustic noise at several
locations along the system.

S-sensitive element; C-coolingpipe;
E-ejector
Fig. 1: Schematic description of the system

Fig. 4: The PSD of the acceleration and
displacement of the excited sensitive element

Fig. 2: Schematic description of the directivityelements of the source. (Downstream direction- 0
deg. to the flow axis is down the page)
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dynamic stability in imposed working accuracy conditions
were determined.

ABSTRACT
A complex theoretical and experimental research
was achieved to determine the necessary constructive and
operating parameters of a high speed ball bearings
assembly able to ensure, in imposed working accuracy
conditions, a safe dynamic stability in the sense to avoid
the resonances. A method to determine the assembly
critical speeds is presented. For a test high speed ball
bearings assembly the optimum constructive and operating
parameters able to ensure a safe dynamic stability, were
determined.

CALCULUS OF THE CRITICAL SPEEDS OF A
HIGH SPEED BALL BEARINGS ASSEMBLY
Considered as a continuous system the assembly
shaft has a complex vibrational motion characterized by
transversal, axial and torsional vibrations acting in
interdependence, respectively. If all of tfcse vibrations are
considered in the dynamic analyses very hard solvations
could be obtained fact recognized by many authors
[1,3,4]. Due to the fact that in high speed conditions on
the assembly shaft not exist important mases in rotation
both the axial and torsional vibrations can be, to a great
extent, neglected. In these conditions the shaft transversal
vibrations can be considered as having a decisive influence
on the assembly working accuracy [1-4],
A method to determine the dependence of the
natural frequencies of a high speed ball bearings assembly
by various constructive factors was detailed presented in a
previous paper [7].
Briefly, considering a general bearings-shaft
system (Fig. 1) carrying out transversal vibrations on a
natural vibration mode in the bearings act the reactions Fri
and MO1 on radial and angular directions, respectively .

INTRODUCTION
The main job of the designer to realize a high
speed ball bearings assembly with enhanced dynamic
properties in imposed working accuracy conditions is to
avoid the resonances, i.e. the rotation frequency overlaps
on a natural frequency, that can produce a high vibrations
level, noise and excesive wear during functioning [1-4J.
To design a high speed ball bearings assembly
with critical speeds located away from the operating speed
by a safe margin the designer must take into account in the
dynamic analysis not only the imposed working accuracy
and mounting arrangement but also the rigidity and
damping characteristics of the bearings and its interfaces,
i.e. shaft/inner ring and outer ring/housing [5-8]. An
appropriate estimation of these characteristics and,
consequently, the determination of the assembly critical
speeds values nearest to the real ones are important for
start-up and shut-down phases when critical speeds are
often passed. In this case the risk of assembly failure
should be correctly estimated.
Some
results
concerning
the
dynamic
characteristics of the high speed ball bearings have been
recently published [7,8]. A dynamic model of a high speed
ball bearing is proposed. The model validation has been
achieved by a theoretical and experimental analysis of the
dynamic state of a test grinding machine main spindle.
The agreement between theoretical and experimental
results obtained highlighted an appropriate estimation of
the dynamic characteristics of a high speed ball bearing.
Considering these results a complex theoretical
and experimental research was developed to determine the
necessary constructive and operating parameters of a high
speed ball bearings assembly able to ensure a safe dynamic
stability in the sense to avoid the resonances. A method
to determine the assembly critical speeds in correlation
with various constructive parameters is presented. For a
test grinding machine main spindle the optimum
constructive and operating parameters able to ensure a safe
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Fig. 1 — Bearings-shaft system.

Using the dynamic model of a high speed angular
contact ball bearing and the results presented in [8] the
absolute values of the reactions Ij and J^ of the shaft
section (i) are given by:
M,=

(1)

where \ ,cpi and Kyi , Kpi are the displacements and
dynamic rigidities of the bearing on radial and angular
directions, respectively. According to the transfer matrix
method [7] the correlation between the eigenvectors of the
sections (0) and (n+1) is given by.
, = [M] [ml0
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(2)

or

0
0

Table 2. Theoretical main spindle critical speeds versus
bearings preload

yo

y,,,]

= [M]

(3)

0
0

70

210

350

420

560

ncr| , x 10 rpm

15.7

16.3

16.8

17.4

17.7 18.6

n

23.4

24.1

24.7

25.4

26.2 26.9

FP,N
3

where (M] represents the transfer matrix between the
sections (0) and (n+1) of the shaft.
The compatibility condition of the calculus
system obtained by developing Eqn. (3) according to the
zero therms of the section (n+1.) represents the equation of
the natural frequencies of the bearings - shaft system.
The research was achieved on a test grinding
machine main spindle of special construction (Fig. 2)
having the constructive parameters presented in Table 1.
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K can see the main spindle critical speeds
increase with the bearings preloads increasing.
EXPERIMENTAL liWESTlGATIONS
According to the theoretical results a complex
experimental program was achieved. In the experimental
investigations the following aspects were taken into
account:
1. The determination of the vibration levels of the offset
grinding wheel of the test main spindle presented in Fig. 2
versus various disturbance forces Fd (that simulates the
main grinding force), preloads Fp and operating speed n.
2. Identification of the experimental critical speeds.
3. Determination of the optimum parametrs, i.e. Fj , Fp ,
and n, considering some simple rules:
- the vibration levels do not exceed the imposed values
through the grinding quality surface;
- do not overlap the operating speed with one of the
main spindle critical speed.
The experimental results were obtained on a test
rig schematically presented in Fig. 3.

Adjusting nut
of pf elocd

Fig. 2. Test grinding machine main spindle
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Bearings 7207 CTA P4
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xio'kg
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0.53

10'°
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U

h

'4

80

33

137

33

Is
60

d,

A

28

35

44

^4

ds

35

30

Table 1. Constructive parameters of the test grinding
machine main spindle [7]

Fig. 3. Test rig and measurement chain

The preload changing the size of the loaded zone
has a decisive influence on the bearings dynamic rigidity
and. finally, on the assembly dynamic behaviour [5-7].
The modifying of the bearings preload value during
assembly functioning can change the assembly dynamic
state. In this case, the safe margin between operating speed
and critical speeds could becomes very small the assembly
failure being possible, So, in the theoretical computation
the test main spindle natural frequencies and.
consequently the critical speeds versus bearings preload
were determined (Table 2)..'

The test main spindle was mounted on a concrete bed
insulated from surrounding environment by rubber
dampers to remove possible external disturbances and
drived through belt transmissions by an electric motor.
The amplitudes of the transversal vibrations of the test
main spindle offset grinding wheel were measured by a
Bruel & Kjaer measurement chain: accelerometer type
2431. conditioning amplifier type 2626, frequencyanalyzer type 2113. level recorder type 2305.
The experimental results obtained are presented
inFis;. 4.
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The analysis of the results obtained highlighted
the following aspects:
1. The vibration levels of the main spindle offset grinding
wheel increase with versus the disturbance force F d and
preload Fp increasing.
2. There are certain preload values that ensure a higher
vibration levels of the main spindle offset grinding wheel.
3. The main spindle critical speeds experimentally
determined confirm, to a great extent, the theoretical ones.
So. using also some reccomendations concerning
the grinding regime [1], to obtain a safe dynamic stability
of the test grinding machine main spindle, the following
conditions are to impose:
1. Preload force F p : 210 N.
2. Operating speed n : 20 000 rpm.
3. Maximum main grinding force: 15 N.
50

100
150
200
250
Operating speed, x W rpm

300

CONCLUSIONS

a.

50

100
150
200 2
O p e r a t i n g speed,x10

The aim of the research was to develop a method
to determine the both necessary constaictive and operating
parameters of a high speed ball bearings assembly able to
ensure a safe dynamic stability during functioning.
Consequently, the following conditions have been
considered:
- the vibration levels do not exceed the imposed values
through the working accuracy;
- do not overlap the operating speed with one of the
main spindle critical speed.
From the theoretical and experimental results
obtained on a test grinding machine main spindle some
conclusions may be drawn:
1. A safe dynamic stability represents an essential
condition of a high speed ball bearings assembly to realize
an imposed working accuracy. By the method presented it
is possible to determine both necessary operating and
constructive parameters for a high speed ball bearings
assembly that have the critical speeds located away from
the operating speed by a safe margin.
2. To obtain a safe dynamic stability of a high speed ball
beraings assembly it is very important to realize and
maintain the determinated constructive and operating
parameters during working process.

250
rpm

b.
50
F. = 6 30 N
———-—
560N

. ——
X

^

F p = 4 20 N

:30
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Fig. 4. Main spindle vibration levels versus disturbance
force F d . preload F p . and operating speed.
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ON THE BALANCING OF ONE TYPE OF ROTORS
A.Bolotnikov
Ontec Ltd, Beer-Sheva, 84112, Israel

ABSTRACT
Complete balancing conditions of the rotor with a row
arrangement of the working parts (masses) are considered.
It is shown that systems of counterweights for even and odd
amounts of masses are different. Insignificant constructive
modification allows getting self-balancing of our system
that is to refuse the counterweights quite.

Vi, i= 1,2,..., n.

y,

(2)

C3

•c,

X

0

cn

C2

INTRODUCTION
Counterpoising conditions for machines including
rotational ones are formulated in the common form and well
known, for example [1]. It does not exclude the interest for
numerous particular cases for which specific and simpler
solution realization may be found. One of such examples is
the problem of the best balancing of the rotor with masses
placed peripherally with the equal angular steps [2], where
also the problem of self-balancing (that is balancing by
only changing the order of masses displacement - without of
counterweights) is considered.
Author collided with the problem of longitudinal shaft
equilibration, which has the working elements of the same
construction and mass. These elements are placed in
staggered rows (chessboard order) with equal steps all along
the shaft. Shaft is located in the cylinder filled with working
liquid, and working elements are intended for continuous
cleaning the cylinder, wall from the little solid parts which
fall from the liquid uninterruptedly. So it is important as far
as possible to release the flowing route and to increase an
area of its cross section under conservation of cylindrical
wall diameter.
Therefore trivial balancing method by equilibration each
working element does not seem the best solution because of
flowing route overloud. Decrease of the counterweight
amount reduces mechanical losses owing to unproductive
confusing of working liquid with these counterweights and
machine mass.

a

a

a
(n-i)a

a

Fig.l. Calculation scheme of the rotor.
Coordinate system is placed in arbitrary point O on the
shaft axis and is oriented so that centers of gravity of all the
blades are in the plane xOy and Ox is the shaft axis.
Projections of the main vector of the centrifugal forces are
(3)
where

(4)
and the moment of these forces with respect to point O is
equal to

= C[(b-a)al+aa2l

(5)

where
(6)
The further calculations may be carried out only with
additional assumptions relative about mass number n.

COMMON CONDITIONS OF ROTOR BALANCING
Rotor's calculation scheme is presented in the Fig. 1.
Position of supports is not shown here, as they have no
influence on the shaft balancing.
Let i-th blade mass be mh its center of gravity radius rx,
blade quantity n, axial step of their placing a, and rotational
frequency co (s'1). Then centrifugal force of the blade is
equal to

AMOUNT OF BLADES IS THE EVEN NUMBER
In this case n = 2k, k — 1,2,... and
=0;

a 2 = - k = - nil.

(7)

The latter result is obtained by means of mathematical
induction method. Thus
y=0;

(I)
and, according to natural assumption made in introduction,
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Mo = - Can/2

(8)

and so far as the system of acting (operating) forces came
only to a moment (that naturally does not depend on fixing
on the coordinate system, i.e. on the quantity b), it may be
balanced solely by force couple (2 counterbalances). In this
case it is preferably to move apart these counterbalances
axially as far as possible, i.e. to place them on the contrary
of the last blades - the 1st and the w-lh ones.
Taking in account (1) we receive that the mass wc of the
counterbalance placed on the already known radius r makes
mt = i Mo/[rco2 {n - \)a] I = 1/2 mnl(n - 1).
(9)
Thus when amount of blades increasing, mass of a
counterbalance approximates to a half of a blade mass from
above, that is the summary mass of the counterbalances
always exceeds the mass of one blade (in comparison with
trivial balancing of the each blade that needs the total
counterweight mass of mri).

r, = pH)M

+1= k + l.

(10)

(11)

Thus
(12)
These two expressions describe the situation of
application
Dlication of the main vector in the point which coordinate
is equal to
xc = Mo/C = b + ka,

.c

C'
a

, a

t

a

The necessary and sufficient conditions on complete
balancing of force system are equality of its main vector and
main moment to zero [1]. The first term is realized at the
even amount of blades (8), and the second one is
accomplished only in the symmetrical construction (13). It
is evident that the simultaneous carrying-out of both these
requires bring us to constructive family, the simplest model
of which represents in the Fig. 2. Naturally that symmetrical
(with respect to symmetry center O2) grafting of blades
chessboard groups does not brake system equilibration.
Thus amount of blades in this case must equal to
n = 4k, k= 1,2,...
(15)

=E'(-') M + (2k+lX-D2A =
= -k+2k

c

Fig. 2. The simplest self-balanced rotor.

AMOUNT OF BLADES IS THE ODD NUMBER
that is n = 2k+ 1, k~ 1,2,...
in this case we may take advantage of previous
paragraph's results (7):
. = £ ( - 1 ) " ' = I (-»'•'+(-»)" = i.

CONSTRUCTIVE SELFBALANCING
By force of habit [2], I liked very much to find the
solution of poising problem quite without counterweights.
As it is shown above it is an impossible thing at chessboard
order of mass arrangement. But almost chessboard order
allows obtaining such decision. The most interesting thing is
that it may be found wild no computation.

(13)

that is in the middle of the rotor (see Fig. 1).
In this case it is impossible succeed in self-balancing too,
as our system is reduced to the main vector that equals to
one blade mass. Equilibration may be always obtained if
two counterweights of mass mil are placed opposite to the
last blades as at the previous paragraph. If we are in luck a
little and amount of masses is equal to
(14)
then the problem is solved by mounting only one
counterweight with mass of m opposite the middle blade.
Trivial balancing requires as before n counterweights of
total mass nm.
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CONCLUSIONS
1. Complete self-balancing is impossible at the
chessboard order of mass arrangement in the diametrical
plane of the rotor. Total mass of the counterweights may be
reduced to one blade mass. It reduces the mass of the
machine and hydraulic resistance of its flowing route.
2. Unimportant design modification to almost
chessboard order of the mass arrangement allows obtaining
complete system self-balancing at the even amount of the
blades.
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blade profile is solved by the finite element method as an
uncoupled problem. The torsion angle includes blade
pretwist and elastic twist.
Small bending and small specific twisting angles are
assumed. Thus, the nonlinearity is caused by the finite
torsion angles accumulated over the blade length. Both
components of the twist: blade pretwist and elastic twist
are treated in a similar way. The extension-compression,
the bending shear deformation and the effect of the
twisting deplanation of the cross-section are neglected.
Application of the Euler-Bernoulli beam model can be
justified by small delflections of the rapidly rotating blade.
The model considered is supplemented by the influence of
the centrifugal forces on the increase of the bending
stiffness. The effect of the gyroscopic moments on the
blade dynamics is also studied.
The strain-displacement relations are developed in [4].

ABSTRACT
A nonlinear finite element model of a rotating bendingtwist-coupled helicopter blade is developed. The EulerBernoulli beam bending assumptions are used. Rotation
of the blades results in large centrifugal forces, and their
effect on the blade bending stiffness is accounted for. The
coupled bending and torsional vibration for the large
twisting angles is studied. The bending shape functions
used are of c ' continuity, while the twisting shape
functions have c ° continuity. The Hamilton principle is
used to establish the equations of motion. Linear and
quadratic c ° time finite elements are worked out,
considering displacements and momenta as independent
degrees of freedom.
INTRODUCTION
The bending-twist-coupled oscillations of the high
speed rotating beams are of interest in connection with
helicopter rotor blades. A general theory for the threedimensional nonlinear dynamics of elastic anisotropic
initially
straight
beams
undergoing
moderate
displacements and rotations was developed by Pai and
Nayfeh [1]. In the special cases, this theory coincides with
Euler-Bernoulli or Timoshenko's beam, third order shear
theory and the von Karman nonlinear theory.
The transformation tensor between the undeformed
blade coordinate system and the deformed blade
coordinate system is given in Ref. [2]. Aeroelastic
stability of flap and lag bending and torsion of bearingless
helicopter rotor blades in hover is investigated by Sivanery
and Chopra [3] using a finite element formulation. Nixon
[4] developed a generalized approach to the rotor-blade
assembly analysis using a finite element analysis.
Another approach to the rotor blade dynamic analysis
is developed by Rosen and Rand [5]. A nonlinear model of
a rod undergoing small strains and moderate elastic
rotations is used in order to describe the structural
contributions.
Following the main assumptions of Refs. [2] and [4] a
simplified
nonlinear
model
neglecting
tdrsional
deplanation of the blade cross-section was developed in
the present work.

e = -v"(r|cos<t> - ^ sin <j>) - w"{T\ sin § + ^c
(1)

ax.
where £ is the normal strain in the axial direction and Yn
and Y^ are torsion shear strains, v and w are lead-lag and
flap bending displacements correspondingly, <>
j is the twist
angle (including the pretwist), and<J>' is the twist angle per
unit length of the blade. T\ and ^ are cross-sectional
coordinates, measured relative to the section geometric
center, in the chordwise and normal-to-chord directions
correspondingly [4]. The warping function X(T),!;) is
related to the Prandtl stress function <£>(r\, %)

and the stress function O satisfies the Poisson equation

ANALYTICAL FORMULATION
The helicopter blade bending is treated by EulerBernoulli beam model. Nonlinear coupled twist and
bending of the blade are considered. The geometric torsion
stiffness of the blade cross-section is defined by solution
of the Poisson equation followed by the integration of the
Prandtl stress function over the cross-section area. In the
present work, the Poisson equation for the aerodynamic

3?

•=

-2

(3)

and zero boundary conditions are imposed along the
section outline.
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The nonlinear dynamics of a twisted helicopter blade is
analyzed by the finite element method, applying the
following algorithm:
1. The expressions for the specific potential and kinetic
energy (per unit length) are derived.
2. Introducing the element shape functions, the values of
displacements and velocities are interpolated for the
non-nodal points of the blade axis. Cubic Hennite
polynomials are used for interpolation of the bending
displacements, and linear Lagrangian polynomials for
the twist angles. The two-nodal beam elements with
five degrees of freedom at each node are applied: lag
and flap translatory and angular displacements and
twist angles.
3. Integrating the specific potential and kinetic energy
over the finite element length, we obtain the element
energy as a function of the nodal degrees of freedom
only. The Hamiltonian principle is applied to derive
the equations of motion. In the dynamical analysis, the
nodal momenta (partial derivatives of the kinetic
energy with respect to the nodal velocities) are
considered as independent degrees of freedom. The
twist derivatives are not degrees of freedom because
the effect of the torsional deplanation is neglected.
4. After assembling the element matrices into the global
matrix of the blade, we implement the boundary
conditions. At the clamped node on the rotor hub, the
bending displacements and their derivatives vanish,
and the twist angle corresponds to the given hub
section pretwist. All the generalized velocities at the
clamped node vanish.

response in the lag plane and the twisting angle differ from
zero despite the zero initial condition for lag and twist.
The greater is the twisting angle, the stronger is the
coupling.
Next we considered the free vibration of the same
blade but pretwisted uniformly along its length by 0.2 rod.
Rotational frequency of the rotor remained 20 rad/sec and
the same initial condition was imposed. In this case
coupling between flap and lag is more significant.
Forced vibration of the helicopter rotor blade was also
considered. Rotational frequency of the rotor was 20
rad/sec. Uniform pretwisting angle was 0.2 rod. Zero
initial conditions and nonzero external loads were applied.
Periodic external loads acted on the node corresponding to
the free end of the blade. External load changed by
harmonic law with the frequency 60 rad/sec. The
amplitude of the force acted in the flap plane was 2 kN, in
the lag plane 1 kN. The amplitude of the torque was
0.5 kNm.
Both forces and moment were in the same
phase. The time interval 36 sec was partitioned into 7200
elements. In the blade response and in the frequency
spectrum, the external loading frequency 60 rad/sec is the
most significant.
DISCUSSION AND CONCLUSION
The effect of the centrifugal forces was taken into
account by the corresponding terms in the kinetic energy.
Alternatively, it might be allowed in the potential energy,
considering the work done by these centrifugal forces on
the radial displacements of the blade elements.
Elastic nonlinearity caused by the moderate twist
angles leads to the bend-torsion coupling expressed by the
nonlinear terms in the equations of motion. Rotation of the
helicopter shaft yields the corresponding coupling between
the blade lag and flap.
The amplitude of vibration in the lag direction is pretty
small as compared with the flap direction. This follows
from relatively high lag stiffness of the aerodynamic
profile of the blade. FFT analysis clearly shows the strong
correlation between flap and twist resulting from the
nonlinear bending-torsion vibration. For the assumptions
accepted, the linear flap-twist coupling vanishes.
The time series reveals quasi-periodic vibrations
caused by the incommensurate ratio of die flap-twist
frequencies.

The obtained semi-discrete ordinary differential
equations of motion might be integrated either by classical
method, or using variational approach, e.g. time finite
elements. In this work, the latter is applied, and this
makes it possible to include momenta vs load history.
The element matrices and vectors for the linear and for
the quadratic Lagrangian time finite element are
developed. This results in a set of transcendent equations
including the trigonometric functions of twist angles.
For each time step, an iterative procedure is applied to
solve the nonlinear equation set. The solution for the
previous time step is used as an initial approximation for
the current time step. For small time steps, this is an
appropriate initial approximation, and it provides a quick
convergence.
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RESULTS
The present study is restricted to a helicopter blade
having the following data: total length 16 m, hub radius 1
m, cross-section area F - 0.213 in2, principal moments of
inertia: Jn =0.0115 m.4, Vf = 0.012 m 4 and geometric
torsional stiffness J, = 0.0037 m4 .
The free vibration of the rotating blade was considered.
Rotational frequency of the rotor was 20 rad/sec. The
initial flap velocity was 1 m/sec for the node located at the
free end of the blade. Zero initial conditions were applied
for other degrees of freedom. The time interval 36 sec was
partitioned into 28000 elements. Time series and
frequency spectrum are presented in the figure. In the case
of rotating rotor all degrees of freedom are coupled. The
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culminating with loss of periodicity (quasiperiodic beats)
and complexity (temporal chaos) for the low modes
considered.

ABSTRACT
We consider in this work the large amplitude
flow-induced vibrations in a steam blow-out line of a power
plant. A low-order, parametrically excited, coupled nonlinear
dynamical system is formulated from the describing
boundary value problem. Analysis of system response
enables identification of governing mechanisms of instability
and complex aperiodic vibrations.

THE BOUNDARY-VALUE-PROBLEM
The boundary value problem is constructed by
incorporating the balance of forces on a fluid element with
the internal weakly nonlinear longitudinal tension and
transverse shear load carried by the pipe. As the transverse
shear force in the pipe is related to the bending moment and
pipe deformation, the resulting filed equation is that of a
nonlinear beam undergoing transverse vibration induced by
paramedic excitation of the internal fluid flow. Following
Paidoussis and Issid, (1974) neglecting the gravity induced
tension force and unsteady flow effects and incorporating a
nonlinear axial force (cf. Jayaraman and Narayanan, 1996)
results in a nondimensional partial differential equation:

INTRODUCTION
In the construction stages of a power plant, the cleaning
process of the main steam lines requires generation of fast
flow from the boiler (initial velocity -58 m/s). The flow is
released to the atmosphere via a short pipe (diameter/length1/8) resulting in large amplitude flow-induced vibrations.
Recently, analysis of flow-induced vibration of similar
fluid conveying dynamical systems have been shown
analytically (Paidoussis et al, 1992) and experimentally
(Copeland and Moon, 1992) to yield complex spatiotemporal dyanmics
including
ultrasubharmonic,
quasiperiodic and chaotic responses.
A nonlinear model for transverse vibration of a straight,
tension-free fluid-conveying pipe is assumed in order to
examine the mechanism of instability that drives the
dynamics of the release pipe. The mathematical model
consists of a boundary value problem that incorporates: i)
pipe inertia, damping and nonlinear stiffness terms that are
independent of the flow, ii) centrifugal force due to
acceleration of fluid through the curvature of the deformed
pipe, and iii) Coriolis force that enables rotation of the fluid
elements with local pipe rotation (cf. Blevins, 1990).
Sensitivity of the flow is investigated by perturbing the
initial velocity by a harmonic component resembling
turbulent flow. The model is reduced via a Galerkin
approach to a small finite set of coupled parametrically
excited nonlinear ordinary differential equations which are
investigated numerically.
Results include analysis of two generating instability
mechanisms: i) self-excited oscillations via a llopf
bifurcation associated with the Coriolis force in a damped
free vibration regime, ii) period-doubled oscillations via a
Floquet instability in a forced vibration regime. Both
fundamental periodic responses undergo further bifurcations

.du =0
+8—
8

— Us

+

as 4 as 2

dsdx

d
dx

where the displacement is scaled by the pipe length (u=Y/L)
and time is scaled by a frequency parameter (x=cot).
The nondimensional system parameters include: i) Nonlinear
tension and linear structural damping

Y=:

A*L:
21

6=

cL* CO
El

(2)

where A*,E,I are the pipe cross-sectional area, modulus of
elasticity and moment of inertia respectively. The structural
frequency parameter is

El

(3)

ML*
where M=m+pA and m is the mass/unit length of the pipe,
and p, A are the fluid density and flow cross-sectional area;
ii) Linear flow-induced parameters:
where a is the centrifugal force parameter due to
acceleration of fluid through the curvature of the deformed
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The linear modes satisfying (6) are:

El

(9)

El

pipe and u is the Coriolis force parameter required to rotate
fluid elements with local pipe rotation.
The fluid velocity is:

\

(5)

m

where the time dependent flow model includes a mean
velocity perturbed by a pulsating harmonic term.
We complete the boundary-value-problem with boundary
conditions of a cantilever pipe where the displacement and
slope at the clamped end are zero and there is no moment
or shear at the free end:

ds

where

and the normalized undamped pipe eigenvalues are obtained
from the following function:

cosPmcoshpM = -1

(11)

LOW-MODE VIBRATIONS

(6)
_Q

Substitution of a single mode into the dynamical system
results in the following parametrically excited modal
equation with a softening cubic restoring force:

ds'
THE DYNAMICAL SYSTEM

x)

The dynamical system is obtained from (1) utilizing
Galerkin's method enabling a modal reduction of the
boundary-value-problem to a finite set of ordinary
differential equations. We assume a series solution form
u(s,T)=X<i,,(T)*m(s) where (^ and <J>m are the modal
amplitudes and spatial distributions respectively. The latter
are determined from the linearized undamped field equation
that satisfy the boundary conditions (6). The resulting
parametrically excited, damped, coupled, weakly nonlinear
system is:

{

(10)

coshp m

(12)

where the time-dependent restoring and damping forces are:

and

a=ap i a 1 (2-p 1 a 1 )

(14)

(7)
Analysis of (13) for steady flow (x=0) reveals the
system has an asymptotically stable trivial equilibrium
position bounded by two hyperbolic saddles. The saddles
connect to each other in the Hamiltonian subsytem (5=u=0)
via a pair of symmetric heteroclinc orbits that confines
system response in the domain defined by the saddles
(q,*=±[(|34+ft)/y]"2). Consequently, perturbation of steady
flow via a harmonic term (%cosQx) results in parametric
excitation in (13) that generates a fundamental perioddoubled solution [T=2(27i/£2)]. The stability threshold of this
solution can be evaluated via Floquet theory (cf. Iooss &
Joseph, 1980) or by asymptotic methods (for small %) to
yield an analytical threshold of vibration:

where

(8)
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CLOSING REMARKS

(15)

The onset of flow-induced vibrations in a steam blowout line has been considered analytically and numerically
via a low-order weakly nonlinear dynamical system derived
from the physical boundary-value-problem.
Results reveal that the fundamental mechanisms
governing the onset of system vibrations include: i) selfexcited vibration for steady flow for the even low-order
modes induced by a Hopf bifurcation (flutter); ii) perioddoubled oscillations for all modes induced by a parametric
time-dependent perturbation to the flow velocity.
Both fundamental solutions were found to undergo
secondary bifurcations culminating with mode-locked
ultrasubhamonics and quasiperiodic/chaotic beats.
Future work will consider additional comprehensive
space-time models for the fluid flow velocity. Consequently,
unsteady flow effects including longitudinal acceleration
terms complementing gravity induced tension force will be
incorporated and investigated.

This criteria can be simplified for the case of very weak
structural damping (8—»0) where ft < \i£l:

Q 2 -4(p 4 +a)

(16)

Thus, single-mode self-excited vibration will not occur for
steady flow. Harmonic perturbation of the steady flow will
yield parametric excitation which in-turn will cause
subharmonic vibration when the exciting frequency (fl) is
near twice the magnitude of the system natural frequency
(2[j34+ft]"2). Furthermore, we note that perturbation of the
unperturbed heteroclinc orbit will result in chaotic transients
that may evolve to unbounded solutions rendering (13)
physically invalid above a critical forcing magnitude.
Substitution of two modes into the dynamical system (7)
results in the following form of coupled modal equations
with a mixed cubic restoring force:
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Analysis of (17) for steady flow (%=0) reveals the
system has a Hopf bifurcation denoting a transition from an
asymptotically stable trivial equilibrium to an unstable one.
The criteria for the onset of self-excited vibration is defined
by a critical flow velocity. Above this critical velocity, a
stable self-excited limit cycle will evolve about the trivial
solution. Perturbation of the steady flow via a harmonic
term results in parametric excitation that generates modelocked ultrasubharmonic solutions and quasiperiodic beatinglike phenomena. The criteria for periodic mode-locking
consists of commensurate exciting and natural frequencies
(k£2~m(Di+nco2). Furthermore, we note that an increase of the
forcing magnitude may result in a breakdown of the
quasiperiodic bifurcation structure (cf. Guckenheimer &
Holmes, 1983) resulting in chaotic modal response.
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multiplier), and solve the motion equations
together with d(<j)s -eXs)/ dt. Kurdila et al
[5] extend Park's idea for holonomic systems,
introducing the 'penalized' potential and
kinetic energies. These are defined (f1pij>/2

Abstract
This work deals with the problem of
constraint violation associated with numerical
integration of dynamical equations of motion
subject to constraints. A new method for the
suppression of constraint violation is presented.
The method involves the definition of 'old'
constraints and of 'new' constraints, the
removal of the 'old' constraints and the
imposition of the 'new' constraints, and the
evaluation, after each integration step, of
changes in the integration variables resulting
from the removal-imposition process. The
method is shown to be superior to the classical
Baumgarte's method for constraint violation
suppression.

and <pTaif)/2, respectively, where /? and a
are constant mxm positive definite matrices,
and <j> = \(j\,...,(pm ; and, in the context of
Lagrange's equations, augment the Lagrangian
accordingly. Kurdila et al prove convergence
and stability of the method for certain classes
of problems. Bayo et al [6] take an approach
similar to the one in Ref. 5, however, they
suggest
a formulation
applicable to
nonholonomic systems as well. Moreover, they
develop an iterative procedure to obtain
convergence, irrespective of the values of J3
and a.
All of these methods involve modified
constraints and/or modified motion equations.
Moreover, they involve the empirical
determination of certain constants affecting the
'constraint violation measure number', a
quantity defined in the sequel. Here, a new
method for the suppression of constraint
violation is introduced, leaving the motion
equation as well as the constraint equations
intact. The underlying idea of the new method
can be discussed with the aid of the following
example.
Consider a planar, four-bar mechanism
comprising uniform links A, B, C and D (the
latter is fixed in N), of lengths lA, lB, !c and lD,
respectively, and equal mass per unit length p.
Suppose that q\, q2 and q^ are angles describing
the orientation of A, B and C in N, as shown in

Introduction
Constraint violation is a long-standing
problem associated with numerical integration
of ordinary differential equations subject to
constraints. Numerous investigations have been
carried out in an attempt to alleviate the
problem. References 1-6 form a non-exhaustive
list of such attempts, which become even more
cumbersome in view of the fact that different
researchers use different integrators. For
systems subject to m constraints, Baumgarte [1]
proposes the replacement of the 5-th constraint
equation
$,l=0{s = \,...,m)
with
Sjx + 2aJx+^^x=0,
where 5s,as and ps
are constants. For holonomic constraints
8S = 1, <ps = (/>Jq,t),
and
for
simple
nonholonomic
constraints
^ = 0,^. v = &(iA>0 • Baumgarte [2] extends
his method for holonomic constraints and
recommends the replacement of ^v = 0 with
fa+2ax$s + J3* {#„<# = 0 in connection with

Fig. 1. Furthermore, let N v c be the velocity in
N of C , an endpoint of C, noting that the

motion equations using generalized coordinates
and generalized momenta as variables. Rosen
and Edelstien [3] extend Baumgarte's idea.
They apply the variational principle to a
Lagrangian including SX0S + 2a ^ + /0,VS»
and obtain modified sets of Lagrange's
equations in addition to the modified constraint
equations. Park and Chiou [4] replace (j>s = 0
with the 'penalty form' of the constraint
equations ^v = eXx (where e is an arbitrarily

motion proceeds so that w v c = 0 . Figure 2
depicts q: as a function of time, indicating that
Q\ Lax md qt |min fail to remain constants, as
one would expect under circumstances
describes presently. Now, ideally, the motion
of B proceeds such that
•n2=0.
V n, =0
(a)
Evaluating the functions on the left-hand sides
in connection with numerical integration of the
motion equations, one finds that

small constant, and Ax is the s-th Lagrange's
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•

N

v

(where n<n) generalized speeds «,,...,«„ in
N, a Newtonian reference frame, undergoing
three phases of motion, as follows. Phase A
occurs in the time interval 0 < t <t]. The
motion of S in N is defined as unconstrained,
and governed by n dynamical equations,
namely,

(b)

c

n.

100

n.
Fig. 1 Four-bar linkage.
and that V] and V2 become larger with time,
indicating constraints violation.
-100

100

1000

Fig. 3 Constraint violation elimination.

.-100

500
t [sec]

F,+F; =0 (r = l,...,«)
(1)
where Fr and F" are the r-th generalized active
force and the r-th generalized inertia force,
respectively. Phase B, a transition phase,
occurs in the time interval t{ <t <t2, where

1000

t2-tl is 'infinitely small', e.g., compared to
time constants related to the motion of S. Then
m constraints of the form

Fig. 2 Constraint violation.
Now, consider the following idea: the
constraints in Eqs. (b), called 'old' constraints,
are removed, and the constraints in Eqs. (a),
called 'new' constraints, are imposed after each
integration step. Furthermore, changes in the
generalized speeds - the integration variables resulting from constraints imposition-removal,
are evaluated after each integration step.
Applying this idea to the problem at hand one
obtains
Fig.
3,
where
ql |max
= abs(ql |mjn) = const. In accordance with this
idea, a new method for constraint violation
suppression is set forth, merging Kane's
equation for constrained systems [7] with the
theory of imposition-removal of constraints [8],
It is the purpose of this work to present the
theory underlying the new method and apply it
to the indicated example.

Dt

are imposed on S, where
p =n~m
(3)
and Cfr and Dk are functions of qv...,qTl and
time /. In this phase, the configuration of S in N
remains unaltered, that is,
<7,('2)=<?,(O (r = l,...,n),
(4)
and the number of independent, generalized
speeds is reduced from n to p. The relations
between uk(t2)(k = p + l,...,n), the values of
the dependent generalized speeds at / = t2, and
z<r(f2)(r = 1 >-,/>). t n e
values
of the
independent generalized speeds at t -12 is
given by
V-V

The New Method
(a)
The Theory of Imposition-Removal
of Constraints: Main Results
The idea of imposition of constraints [7]
comes to light in connection with a system S of
v particles /> (7 = l,...,v) of mass w,- possessing
n

generalized coordinates qu...,q-

l,...,n)(2)

Additionally, if the magnitudes of the active
forces contributing to Eqs. (1) are all bounded,
and if particles of S exert contact forces on one
another, and possibly on particles belonging to
Rn, a set of rigid bodies with motion
unaffected by the forces exerted on them by

and n
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Next, suppose that, in the context of the
second approach, an integration step has been
completed
at
time
tu
and
that
Vk (k = p + l,...,n) were evaluated and found
to be different from zero. Then

particles of S, then the relations between «v(f2)
O = l,...,w) and »,(/,) (s = l,...,n) are given
by
\P)
Here, /«„, the element in row r, column s of
the mass matrix associated with Eqs. (1), is
defined

(see Eqs.(2)) are the constraint equations valid
from /] on. These are called 'old' constraint
equations, and imply that the values of
uk{k- p +1,...,») used in the next integration
step do not satisfy the exact constraint
equations. Thus, a desirable step would be to
remove the 'old' constraints in Eqs. (11), and
impose the exact constraints given by Eqs. (2),
which can now be called 'new' constraint
equations. The removal of constraints leaves
the values of integration variables intact, as
indicated by Eqs. (9). However, imposition of
constraints is accompanied, in general, by an
instantaneous change in the values of the
generalized speeds. These changes can be
evaluated with the aid of Eqs. (6) as follows.

(7)

mr, = - ,
p

where v ' is the velocity of P-, in N. These
w+p relations between us(t2) and «.,(/,)
(5 = 1,...,«), enable the evaluation of the
former, given the latter, with C^, Dk and
mrx(k = p + \,...,n;r,s = l,...,ri) calculated at
t=t\. Phase C occurs whenf>f 2 . Then the
motion of S in N is defined as a constrained
motion, and governed by p dynamical
equations, namely,

;• )=o

(8)

An Example and Discussion
Suppose that the constraints which force

(/" = ! P).
Equations (8) are called Kane's equations of
motion for constrained systems.
Removal of constraints occurs when the
order of Phases A, B and C is reversed. The
constrained phase (now called Phase A), the
transition, removal phase (Phase B), and the
unconstrained phase (now called Phase C)
o c c u r w h e n 0<t<tx,
t^<t<t2
and
t>t2,
and are governed by Eqs. (8) and (2), (4)-(6),
and (1), respectively, with ?, replacing t2 in

N

\ c to vanish are temporarily removed. Then
<7i, q2 and g3 become independent, and three
motion equations represented by Eqs. (1) with
n=1 can be written. Substitutions in / V v c = 0
with ur =qr(r = 1,2,3) and lA=l, /«=2/, lc=l
and lD-3l lead to two constraint equations
which, if cast in the form of Eqs. (2), read
M2 = C 2 1 « ] ,

C21 = -sin

Eqs. (5). If Eqs. (5) are satisfied both at tx and
at t2 , then
«,('2)=«,('i)-

(.r = \,...,n).

(9)

The new Method
Define
Vk (k = p + \,...,n),
'constraint
violation
measure
(CVMN), as

«3 =

-q3)

(12)

3lMl

(13)
C31 = j/«(qr,
-q2)/sin(q2-q3).
One can use Eqs. (8) with «=3, m=2 and/?=l
to generate the governing dynamical equation,
and integrate this equation together with

•

(b)

Vt=ut

C

q3)/2sin(q2

called
number'

relations obtained from Eqs. (12) and (13).
Let /=0.2m and p = 5kg/ m, and consider
a simulation starting with ql =60°,q2 = 0 ° ,

(10)

q2 = -60° and w, = -0. Irad/sec.. Under these

If

Vk=0(k = p+\,,..,n)

throughout

circumstances

the

KJ^FJ^IO"4

after IQOOsecs.,

whereas initially V2 (0) = F3 (0) = 10"18. It
should be noted that each of q\-q2, q\-qz and
q2-q-i vanish every 30secs., a fact underlying
the deterioration in the CVMNs. Baumgarte's
method with a, = a2 = -0.2 and J3t - f32=0
leads to a slight improvement, namely to

integration, the system is said to be free of
constraints violation. Otherwise, the motion
constraints
are
violated
and
v
7+
can
e
k (k = / ' , - » « )
b regarded as a
measure of the constraint violation.
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V1~Vi=\Q~i
(numerical experiments show
that /?, * 0 and /32*0 increase the CVMNs).
The new method requires the updating of
Mi, u2 and u-i after each integration step, as
follows

+ C 3 I OT 3 ),

mr =mir + C2lm2r

+C3lm}r

ur{t2) = Criul(t2)
(/- = 2,3)
(15)
obtained by substitutions in Eqs. (5) and (6)
(for «=3, p = l ) , where mrs (r,s = 1,2,3) are the
elements of the mass matrix associated with
Eq. (1); and C2\ and C3] are as in Eqs. (12) and
(13). One then has V2=V}= 1(T18 throughout
the motion. It is worth looking at the functions
and
= lAcos(q{) + lBcos(q2) + lccos(qi

/ , = KE(iil,u2,ui,qi,q2,qi).

The

former

equals lth and the latter comprises the kinetic
energy of the system. Here lD-0.6m and
££(0) = 4.8-10~4 N-m, and / , and f2 are
supposed to equal lD and KE(0), respectively,
throughout the integration. However, constraint
violation leads, after \000secs., to/i=0.5827m,
as shown in Fig. 4; and to f2 = 4.490•\0~4
N-m. Baumgarte's method yields f\ =0.591 Qm
and / , =4.647 -10^ N-m, whereas the new
method results in /]=0.5999997m and
/ , =4.79995 -lO'4 N-m. One may conclude
that, although the new method updates only the
generalized speeds, the CVMNs are small
enough to prevent significant errors in
configuration variables (i.e., generalized
coordinates). The method was applied to
additional examples with similar results.

0.575

1000

Fig. 4 Constraints violation: C migration
Conclusions
A new method for constraint violation
suppression was presented. The method was
shown to be superior to the classical

Baumgarte's method in connection with a
number of examples. The CVMNs associated
with the new method are always smaller than
those obtained with Baumgarte's method.
Moreover, the CVMNs stabilize after the first
integration step, remain stable throughout the
integration, and are small enough to allow no
propagation of configuration errors. No
integration constants, and hence no trial and
error process is involved. Such a process is
required by each of the methods referred to in
the introduction to determine values of
integration constants. Precisely the same
formulation of the new method applies to both
holonomic and simple nonholonomic systems.
Finally, the method has no impact on the
simulation efficiency (i.e., runtime).
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ABSTRACT
The vibration isolation system proposed is based on the
principles of equilibrating the static and dynamic loads
generated by kinematic excitation or vibrations and blows.
The vibration isolation system is a passive one that uses one of
the several types of forces to equalize the static force acting on
the damped body, and counteracts the dynamic load by the
adjustment of the physical distance between the damped body
and the anchor of the vibroprotccting system. The theoretical
analysis is presented and one variant of such a vibration
isolation system is discussed in details.

movement. A damping element reduces this process to a
certain extent by dispersing part of the kynetic energy of the
object movement into heat. The junction system proposed is
closer to the "ideal" one according to the principle of its
operation and can be made simple enough to operate.
THEORETICAL SUBSTANTIATION OF THE
PRINCIPLE OF THE VIBRATION ISOLATION
SYSTEM
The vibration isolating system proposed ( further on - "
VIS ") comprizes a damped body Mo and a source of

INTRODUCTION
Two ways of widening the frequency range of operation, of a
vibration isolation system are common. An increase of the
damped body weight, which is not always possible, or the
decrease of the rigidity of the elastic element of the system. In
both cases the natural frequency of the vibration isolation
system decreases, and imposes a limit on the lower region of
the operation range. The decrease in the rigidity of the elastic
element ( or increase of the damped body weight ) is restricted
by the permissible static deformation occuring by this change.
This is the reason for the requirements imposed on the
vibration isolation system to appear to be contradictory [ 1 ].
On one hand a soft elastic element leads to low natural
frequency, while on the other hand the static equilibrium
requires usually a rigid clastic element. This narrows the field
of the vibration isolation system effective application.
In general the scheme of a vibration isolation system
comprizes a damped body ( further on-"objcct" ) and a source
of disturbances which is interconnected to the object via a
junction [ 2 ].
The junction is considerd ideal when:
a) It provides static equilibrium to the object.
b) It permits relative shifts between the object and the
vibration source.
c) It returns the object to the state of static equilibrium when
the vibration source is removed.
d) It does not convert the kynctic energy of the object
movement into the potential energy of the junction clastic
deformation and vice versa, in the process of the relative shift.
In the majority of the vibration isolating systems, the elastic
and damping elements, connected in parallel!. ( Fig. 1 ), arc
used as a junction. An elastic clement (c) of such a junction
satisfies the aforementioned (a,b,c) requirements towards (lie
ideal junction. However, the junction docs not meet the
requirements (d), and in the process of the shift it converts the
kynetic energy of the foundation movement into potential
energy of the deformation of the elastic clement. The last in
its turn, converts the elastic deformations into the object

vibration from the ground side An, ( Fig. 1 ). The body Mo
and the ground A() are interconnected by means of a
junction

(C0,K0,N0)

compensator Ko

,

where

a

force

excitation

is installed in parallel! to the elastic

clement Cfl and to the viscous damping element No . The
introduction of a compensator makes it possible to eliminate
the main technical contradiction of the VIS, i.e. to
considerably reduce the vibro-isolator's elastic element
rigidity, without increasing the static deformation. The
compensator balances the body -weight Mo in the set
position statically, and adjusts the physical connection
. distances between the vibrating ground Ao and the damped
body Mo. The adjustment of the physical connection
distances is performed in synchronisation with the relative
shift of both the vibrating ground AQ and the damped
body Mo without using an active control system [ 3 ].
The force F exerted on the junction is divided into a static
component Fstat and a dynamic component Fdyn. The
static component is balanced by the force, which is constant
in respect of its magnitude and direction. The dynamic
component would be equalized by means of self-adjusting of
the physical connection distances between the ground Ao
and the body Mo. This idea of balancing the dynamic load
by adjusting the connection distance can be demonstrated by
the following example.
In coastal strips or along rivers signal buoys are applied
for designating the water-route for vessels. In order to
provide both above-water buoy position and to reduce the
dynamic loads acting on the buoy by the rope in periods of
roughness, a simple junction system ( Fig. 2 ) is used to
provide changing of the length of the connection ( anchorbuoy ) and to retrace the buoy movement together with a
wave relative to the bottom, thus equilibrating the load.
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_p2

This so-called "lift" discharging system provides a constant
static tension to the rope and the possibility of self-adjusting
the length of the connecton (rope) between the anchor and the
buoy, the potential energy in the mechanical system does not
change.
The common use of the conservative passive vibroprotec!ion
systems in many technological aspects [ 2 ], lead to a
thorough investigation of ils dynamic characteristics. The
typical C0,N0 junction has amplitude frequency relation as
shown in Fig. 3 , with a resonance frequency that depends on
the object weight Mo and the rigidity of the elastic clement

Y

(4)

Combining equations (1) - (4) yields

Mxx\ +Q(x0-x,)=k2m,x\

+M0g-hni(Q20R+^{f) (5)

Mf = Mo + k2m} is the total mass of the

where

vibration isolation system. C\ = Co —/r2/??,©2, is a total
rigidity of the vibration isolation system.
total dissipation term of the vibration isolation system.
k = So/S\ is the area ratio.
The requirement for static balance leads to
M0g-kml(a20R
=0
(6)

and equation 5 then becomes

= k2m]x] +*(r),

M[xn+Cl(x,-x])

(7)

The natural frequency of the vibration isolation system
without dissipation is expressed by
(8)
The natural frequency can be reduced to Q , = 0 by proper
selections of the parameters ( C o , C00, k, w , ) .
The amplitude ratio following [ 4 ] is

describing piston 2 resistance inside the cylinder 8 ;gpressures

- *»

above and below the piston 2 respectively. Sn -cross seel ion

e

a

_ £ _ _

(9)

are the respective amplitudes of

the shifts, occuring in the ground 8 and the damped body 1.
The equation of the forces acting on the pistons inside ihc
compensator 7 is as follows
where p4andpi

(3)

Y

$\ = Oo - x, )SQ

cylinder piston (1+2); 4> 0 (x 0 ,X,) is a dissipative term,

(PA~P^)S\

i>

r

where Mo is the mass of the body to be damped,including the

area of the cylinder. X0,xt

2g

where J - is the fluid specific weight. Ft and F2 are
dissipation functions describing the stagnation pressure
losses in the hoses.
The equation of continuity of the fluid becomes

C 0 .The effect of various damping coefficients on the
amplitude ratio is also shown [ 4 ].
Let us consider a possible variant of the VIS proposed
( Fig 4 ) where the damped body 1 and a power cylinder's
piston 2 are connected rigidly. The damped object and the
power cylinder's body are connected through an clastic
element 3, A compensator 5, can supply pressure through the
pressure hoses 4, to either sides of the cylinders piston. The
compensator is composed of a cross shaped rotary hydroulic
system 6. The pistons 7 are applying centrifugal force to
maintain a pressure difference (p4- /? 3 ) between the inner
and outer cavities, and also between the upper and lower
surfaces of the main piston 2.
The compensator maintains its constant rolaling velocity
through an external driving motor and energy source. The
fluid in the hydroulic system is incompressible. The external
inputs, either vibrations or forces, are introduced to the VIS
through the cylinder base 8.
The force balance equation for the VIS proposed is:

gravity;C o - rigidity of elastic elements; P2,P\-

__ _____ _|
Y

Y

=mxr-m^l(R

With t; = M^jmx being the mass ratio. A^the amplitude
of the damped body motion and Xx the amplitude of the
driving motion introduced to the vibration isolation system.
Q the frequency of this motion (x, = Xx s i n Q / ) ' C IS a
nondimensional resistance coefficient for a linear viscous
damper. The relation between (3 and the frequency ratio for
various damping coefficients is shown in Fig. 5.
Assuming that the resistance force O ( x 0 — x,)in equation

+ r)+<bi(f), (2)

are the peripheric and central pressures

respectively. 5 , is the sum of the pistons area. mx is the sum
of the pistons masses. G) o is the compensator rotational
velocity. R is the distance of the piston from the rotation axis
in static equilibrium, and r is the dynamic change of the
radius, ^ ( r ) is the dissipation function describing the

(7) is small enough to be neglected the amplitude ratio ( 9 )
becomes.

friction resistance to the piston motion.
The flow of the fluid in the hoses 4 that connccl the
compensator 5 and the piston 2, in the upper and lower
branches, is governed by Bernoulli's equations as follows

k1
(3 =

a
-+

a + k'

2V2

Q2
r—~—-

a + k- Q: -Q,'

(10)

with the proper choice of the parameters of the compensator,
Q , can be reduced to zero, and the amplitude |3 becomes

The above amplitude ratio depends on a — M0/m^ and
k = SQ/S^ representing the mass ratio between the weights
and the areas relationships respectively. Thus the dynamic
motion of the damped object can be selected at will by proper
choice of the compensator characteristics.
In designing a vibration isolation system with a low natural
frequency the following requirements should be observed
Mog-k
m,CD$/? = 0

u0

K

mi K

=0

'Fig. 2 The vforoprotccuon 'system of sea-buoy: (1) buoy:
ollsr.(3) rope: (4) anchor. (5) bottom; (6) load; (7) sea(2) roll
wave.

(12)

k2mjM0 « 1
"The first requirement fulfils the static equilibrium. Thesecond
one ensures that the natural frequency approaches zero and
the third one provides for a diminishing motion of the damped
object.
CONCLUSION
The" novel approach proposed offers a passive vibration
isolation system that does not require any controler or sensors.
It is useful for a wide range of frequencies as its natural
frequency can be made very small. It allows a choice of
parameters that will reduce the motion of the damped body to
any required value. The results compare well with that of an
actively controlled system, and it is simple to design and
operate.
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Fig.3 Resonance characteristics of the mass-spring-damper
system [ 4 ]': (a) magnitude, (b) phase; .Q..XX frequency
and amplitude of vibration: Q , . Xo natural frequency ana
oscillations ampliludc of the damped mass. •

Fig. I The compensator applied lo a lumped mass-springdamper system : (1) mass of proofing object. (2) ground of
VIS. (3) linear clastic clement. (4) compensator. (5) viscous
damper. / ( / ) primary force excitation.
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Fig. 4 The principle scheme of the vibration isolation system
proposed: (1) proofing object, (2) power cylinder's piston;
(3) elastic clement: (4) hoses: (5) compensator, (6) rotary.
cylinders:(7) piston-loads "compensating"; (8) ground of
power cylinder.
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Fig. 5 Resonance characteristics of the vibration isolation
system proposed: (a) magnitude, (b) phase; (1) without.
rotation
of compensator.
(2) with rotation of
compensator. Q., Xt frequency and amplitude of vibration:
H [ , Xa generalized natural frequency and oscillations
amplitude of che damped body.
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ABSTRACT
In this paper, the axially moving belt planer motion is
described by the wave phenomena, based on the exact Nonlinear equations of motion. The Axially Moving belt was
modeled as an Euler-Bernoulli beam (Forth order system).
Wave phenomena was first investigated analytically with
the linear Transverse equation of motion regarding belt
critical axial velocity and disturbance propagation velocity.
The coupled Non-linear equations of motion (Longitudinal
& Transversal) were solved next, to determine the
mechanism of wave propagation under various belt axial
velocities (lower or higher then the critical axial velocity).
Results are innovative compared to previous studies.

were:
80 =

7 Ao
T
En

The solutions of Equation (1) are:
Steady-State Solutions:
For belt axial velocities lower than the critical axial
velocities which can be expressed by:
(2)
IEo ,

INTRODUCTION
Axially moving material, such as bands, belts and fibers
have been studied since 1897. Mote [1] and Barakat [2]
were the first to investigate the influence of bending
stiffness on disturbance propagation frequencies based on
belt linear transverse equation of motion. Wickert & Mote
[3], developed the relation between belt critical axial
velocity and belt bending stiffness based on belt linear
equation of motion and dependent on belt boundary
conditions. They found unstable belt behavior under axial
velocity greater than the critical velocity. Unstability was
related to the change in the governing equation of motion.
Wickert [4], developed the belt linear coupled equations of
motion (Longitudinal & Transversal) and claimed that the
use of the linear transverse equation of motion
underestimate
belt vibration regarding lower axial
velocities (compared with belt critical axial velocity),
overestimate belt vibration regarding higher axial velocities
and limited for axial velocities near belt critical axial
velocity.
Belt unstable behavior can be physically
explained based on the exact Non-linear equations of
motion developed in [5].

(1)
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EoIo{l+£oY
poAol~

lime dependent
Wave solutions characterized by : a) Backwards wave
propagation, b) Forward wave propagation, c) Breathing
waves (amplitude depends exponentialy on the length
coordinate x), d) Wave velocities which depends on its
frequencies (unique to belt modeled as beam- Forth order
system).

NON-LINEAR EQUATIONS OF MOTION
The belt Non-linear equations of motion (Longitudinal
& Transversal respectively) are introduced in [6] as:

(3)

u. + 2«.|^it|+«.
° ( I i c)

yj

(i + .v;)

( l - « ) (l + y;)

E

,,y,y,,

pi, A,,

, ,

These are vanished for axial velocities higher than the
critical axial velocities.

i<

+ £„) )>„„ =0

s

[1 +£())£(> +4 TTn'

\Pi>

-

LINEAR TRANSVERSE EQUATION OF MOTION
The belt linear Transverse equation of motion is
introduced in [6] as:

v» +2V,,ysl +\ V,; - —

vcritical =,

'"

ii

,,y:,<

^-K^y^y,,

(i + y;) :

(l-w,)(l + y;)

stability limits (belt axial velocity), shown in Fig. no. 1, are
the same given by equation (2) for n=l.
Subcritical wave frequencies based on the linear equation of
motion (1) includes an error compared with the frequencies
based on the non-linear equations of motion. Error value
increases with the values of belt preliminary tension and
axial velocity.

(4)

OBSERVATION OF WAVE PROPAGATION
A disturbance (see Fig. no. 5) was given to the same belt
mentioned, in order to find the unstability mechanism for
the uppercritical belt axial velocities. Next figures regards a
belt preliminary tensioned to 100 (N). The axial velocity
given for the belt (to the right direction) was 50 times the
string critical velocity (as can be seen in Fig. no. 1, the belt
critical velocity for 100 (N) preliminary tension is 16 times
the string critical velocity). Wave propagation mechanism
can be seen in figures 2-4. The disturbance propagates to
both sides (right and left boundaries), but reaches the right
boundary first because of belt propagation direction. This
wave propagates to the left at a velocity higher than the belt
velocity because its velocity depends on its frequency.
This wave reaches the right boundary and vise versa. The
waves collocation causes the unstability phenomenon.

The coupled non-linear equations of motion were
derived based on the Newtonian and the Hamiltonian
approaches. They were solved numerically based on the
Mid-Difference algorithm (order 2). The numeric process
was essential for understanding the belt unstable behavior
from physical mechanism point of view. First step was to
find an equivalent term for the belt critical axial velocity.
Second step included the observation of wave propagation
along the belt, due to an initial disturbance.

BELT CRITICAL AXIAL VELOCITY
As stated before, wave propagation vanish for axial
velocities higher than the critical axial velocities. The nonlinear equations of motion were solved to find the limit to
which disturbance propagates as a wave. Belt characteristics
are presented at the end of this paper. Figure no. 1 presents
the limits to which wave propagation exists regarding
transversal waves. Boundary conditions were taken as
y x = 0 at bounderies. Belt axial velocity was normalized
to string critical velocity and wave frequencies were
normalized to a tensioned static belt natural frequencies [5].

Fig. 2. Transverse wave propagation

stability limit - O
- P- 1OOT N T S - P. 10:1:0 N - < - P- 30CO0 N

-0.04

Fig. 1. Stability limit as a function of initial belt tension
and belt axial velocity

Fig. 3. Transverse wave propagation
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NOMENCLATURE
belt's cross section
general property
Young's modulus
cross section moment of inertia
belt's length
tension
time
longitudinal displacement (x system)
belt's unperturbed axial velocity
absolute velocity along x,y,z
respectively
length coordinate (independent)
lateral displacement (x/z systems)
length coordinate- reference
coordinate (independent)
belt's mass density
initial strain
belt's inittal state

b=0.12{m)

partial derivative with respect to i

h =0.0l{m)

vector

CONCLUSIONS
(1) The phenomenon described is unique for a belt
modeled by an Euler-Bernoulli beam (Forth order
system).
(2) There is a physical description for belt unstability under
uppercritical axial velocity.
(3) This phenomenon can not be seen based on the linear
equation of motion.
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ON PARTIAL DERIVATIVES OF REPEATED EIGENVALUES AND THEIR EIGENVECTORS
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* Conference Lecturer
Abstract
Many engineering optimisation problems, for example
optimal design or model updating, lead to a sensitivity
analysis of the eigenvalue problem. The calculation of
these sensitivities is mathematically related to the corresponding partial derivatives. In the case of distinct
eigenvalues the partial derivatives of the eigenvalues and
eigenvectors with respect to a pre-chosen parametrisation can be calculated. The situation is more complicated in the case of multiple eigenvalues because the associated sub-basis of eigenvectors is only denned up to
an arbitrary orthonormal matrix. This case has been
the subject of many studies in recent years. It has
been revealed that the derivatives do not exist for any
parametrisation. Suggestions have been made as for instance to use direction derivatives rather than partial
derivatives, or to represent the partial derivatives with
respect to each parameter in different bases of the vector
space. The question of which parametrisation is permisable to ensure the existence of the partial derivatives of
the eigenvalues and eigenvectors has not yet been discussed. A remark on that issue is the purpose of this
presentation. Conditions on the parameterisation are
derived and formulated as theorems which ensure the
existence of the partial derivatives of the eigenvalues
and eigenvectors with respect to these parameters. The
application of the theorems are demonstrated by simple
examples.

case of distinct eigenvalues at q° the partial derivatives
Xtr{qo),AtT{q°) can be calculated, this is in general not
possible in the case of multiple eigenvalues. Due to
the fact that the associated subbasis of eigenvectors is
only defined up to an arbitrary orthonormal matrix,
the eigenvectors are not unique and hence X(q) not
continuous at q°. If at parameter vector q° the first
n < N eigenvalues are equal, i.e. A(q°) =

(XXr

. -l

-1

d\{q) =
r=l

J

Differentiation of eqs. (1) with respect to qr and using
the definitions
AT := XTA,rX,
and X>r{q) = X{q)Zr{q)

Br •=

(3)

yields2

[Zr• A] + A,r = Br-

A

=•

Cr.

(4)

It appears that A)T(q°) can be calculated using the diagonal of eq. (4) only, but the problem is that at q = q°
eq. (4) requires the first n-by-n diagonal block

(1)

with the real-valued symmetric and positive definite Nby-N matrices A, B and the diagonal matrix A of the
eigenvalues. If A = A(q),B = B(q) are given functions
of the parameter vector q S S C Htm such that for each
q € S decompositions (1) of A(q) and B(q) exist, then
of course the eigenvectors and eigenvalues will depend
on q. The total differentials1
X(q) =

,

r

then the primary partition X\ € Et^*™ of the matrix of eigenvectors X(q°) = [Xi,X2] is defined only
up to post-multiplication by an n-by-n orthogonal matrix 6. Indeed, the substitution X\ -» X\Q will not
affect eqs. (1), though, of course Xx ^ X\Q. This case
has been the subject of many studies in the recent years
(see for instance Andrew et al. [1], Chen [2], Choi et
al. [3], Friswell [4], Haug et al. [5], Lallement et al.
[6], Masur et al. [7], Mottershead et al. [8], Seyranian
et al. [9]). For some parameterisations one orthonormal matrix 0 can be found to ensure the continuity.
The question of which parametrisation is permissable
has not yet been discussed.
Permissible parametrisations

Introduction
This presentation considers the general eigenvalue problem which is equivalent to
A=

"
L

C? := X? {B,r(q°) - eA,r(q°))
of the partition Cr(q°) =

c

(5)

to be diagonal

for all r = 1, • • •, m. Only if this holds the associated
part of A]f- can be understood as the corresponding partial derivative. To achieve this the orthonormal matrix
Q has to be defined in such a way that X\ —> Xi® diagonalises eq. (5) for all r = 1, • • • ,m. This will not be
possible for an arbitrary parameterisation. The permissible parameterisation is characterised by the following

(2)
r=l

consist of the functions X>r, Ai?. which serve as a measure of the sensitivity of the eigenvectors and eigenvalues with respect to the parameters. Whilst in the
' T h e subscript (•••),T denotes the derivative with respect to qr
[A; B] :— AB — BA is the commutator product.

2
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Theorem 1: A necessary and sufficient condition of the
existence of the partial derivatives of A(q) at q° is
V

(6)

•,ro.

Grs = B]}s - LA\\

From basic algebra it is clear that for two matrices having the same orthonormal eigenvectors the commutator vanishes. On the other hand if the commutator of
two matrices vanishes they have the same diagonalising
matrix. Since both matrices are symmetric the diagonalising matrix is orthonormal. To extract conditions
that ensure the existence of the partial derivatives of
the eigenvectors it is worth noting that at q = q° only
the off-diagonal part (Z*1)^ of the first n-by-n diagonal
block Zl1 of Zr{q°) =

with U := (F —
) 1 . Eq. (11) represents a coupled system of n{n — 1) equations. Writing one equation for the element gikrs of Grs in row i and column
k, where i ^ k for i, k G {1, • • • , n}, and denoting the
corresponding element of Z\x by Zikr eq. (11) reads
9ikrs

is unknown. In or-

J

=

4"

Expanding this equation to m2 equations resulting from
r, s = 1,- • • , m, leads to

l

der to calculate (Zl )otc the second partial derivatives
of the eigenvalue problem are needed. Differentiating
eqs. (3) with respect to qs and eliminating Zj, Zj and
Zj,. yields

= [Zry,A] + [Zr;A,s] + [Zs;Cr] + A,r,S!

has unique solutions (Z^1)off for given diagonal matrices A1,., having distinct elements, where the matrix Grs
in eq. (11) represents all known terms of eq. (9), i.e.

Qik = ZikhJk + hikzjk,

'(7)

where the r t h element of the vector hik is Xk,r — Ai,r.
Preceding the same way with eq. (12) yields
Qik = Bik - lAik - fkajk - aikfk

with the definitions
Ars

-CjDCi-CjDCk,

'•— X j4 >r , s X, Brs ~

(8)

Theorem 2: The necessary and sufficient conditions for
the existence of a unique solution (10) of eq. (14)> where
Qik is given by eq. (15), are
rank (Qik)

(Q») off = [{Z?)oS; A^] + [(Z») off ; A]r]

Nik

il

(9)

Voff

using the first partition of A,r =

Aj r

0

(16)

= 0 V i ? 4 f c l i I k 6 { l ) - , n } ) (17)

Neither of the two conditions necessarily holds for every
parameterisation. This should be checked numerically
rather than analytically3.

. For

hk

< 2,

with Nik := Im - Pik and Pik := /iifc/i^/||/i ifc || 2 .

tinct eigenvalue derivatives eq. (9) allows the calculation
of (Zxl)off using the 'diagonal' r = s (see for instance
[4] or [6]) which yields for i ^ k
)ik

Examples
Linear parameterisation
Let A — I2 and for q = (?i,92)1" let

(10)

(18)

But it may be that this solution violates the remaining equations resulting from r ^,s. Thus it remains to
investigate eq. (9) to assure the consistency of the solution given in eq. (10). It is sufficient to show that the
system of equations (r, s = 1, • • •, m)

which leads to the repeated eigenvalue 1 = Aj = A2 at
q° = 0. Checking Theorem 1 using CX1 = Cr = Br = B>r
leads to
r

(GrsU =
3

A^s] + [(zl'U; Ay

(15)

where the rth element of the vector fk is Xktr. Even if
Theorem 1 holds, a solution for zik, i ^ k G {1, • • •, n) is
not available for arbitrary parametrisations, which motivates the following

If Theorem 1 holds the off-diagonal elements of Z*1
do not occur in the diagonal of the right-hand side of
eq. (7). Thus A)7.iS can be calculated from the diagonal
of (7). It remains to derive conditions which enable the
calculation of the unknown off-diagonal of Z\x. Since
the first partition of eq. (7) does not depend on ZTtS it
can be used to calculate (Zl1)ofi, i.e.

[(2rn)off;

(14)

r,

1 1

i 0.

(li)

For more details see Prells et al. [10]
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APPLICATION OF THE VARIABLE PROJECTION METHOD TO ESTIMATE A FOUNDATION MODEL OF
A ROTARY MACHINE USING RESPONSE DATA DUE TO UNKNOWN UNBALANCES
Uwe Prells*
*Department of Mechanical Engineering, University of Wales Swansea
Swansea, Wales, United Kingdom
the n(n + 1)(N -f l)/2 independent entries of the matrices Ar in one vector x the dynamic stiffness matrix
F(OJ, x) can be understood as a function of the foundation model. For given model parameters x it mapps
the response u(w) G C n to the forces /j,(w) £ €™ at the
bearing locations. The latter can be calculated as

Abstract
The estimation of a model of the foundation of a rotary machine is usually done by using the difference
of two sets of response data at the bearing locations
from two consecutive run-downs of the machine with
and without known unbalance weights at certain positions on two balance disks of the rotor. However, due
to practical restrictions in performing such tests (accessibility, costs etc.) there are cases in which data of
only one run-down are available. In these cases the unbalance configuration is unknown and has therefore to
be estimated in addition to the unknown foundation
model. Due to the special form of the unbalance force
this two-fold inverse problem can be solved by eliminating the unbalance configuration from the estimation
process. The remaining equation to estimate the foundation model consists of the projection of the response
data, where the associated projector depends on the
foundation model parameters. This application of the
variable projection method is essentially an extension
of the output residual method and leads to an estimation equation which is non-linear with respect to the
model parameters. First results of the application of
this method to an 660 MW turbo-generator are presented.

fb{w) = Q(w)«(w) + C(w)p

because the matrices <5(w), C(OJ) depend on the models
of the rotor and of the bearings only. The real-valued
vector p G IR represents the unbalance configuration,
and consists of the masses, the eccentricities and the angles between the positions of the masses on the balance
discs and the shaft marker. Using for u(u>) the difference
of the responses of two consecutive run-downs with and
without balance weights, the parameter vector x can be
estimated from
F(w,x)u{w) = fb{w).

(3)

This method of estimating a foundation model has been
discussed in several papers as for instance Lees [3], Vania [4], Feng et al. [5], Zanetta [6], Friswell et al. [7],
Smart et al. [8] and Prells et al. [9,10].
However, the applicability of this method is based
on two major requirements:
1. the unbalance force has to be known,

Introduction

2. the vertical and horizontal response at all bearing
locations has to be measured,
which in many cases are not fulfilled for instance due to
equipment failure, costs or accessibility.
The objective of this presentation is to explore the
possibility of estimating the model parameters x in the
case that only an incomplete set of data of one rundown is available, i.e. the unbalance configuration p is
unknown and only n' components of the n-dimensional
response vector have been measured, i.e.

The successful condition monitoring of generators in
modern power stations depends on the reliability of the
mathematical models of the rotor, of the bearings and
of the foundation. Although sufficiently reliable models
of the rotor and the journal bearing are well established
the influence of the foundation on the machine dynamics is not yet fully understood. In recent years several
attempts have been made to model ,the foundation by finite elements. But due to the complexity of the foundation those attempts reveal unsatisfactory results (Lees
et al. [1]).
In order to determine the contribution of the foundation to the rotor's dynamic the real-valued symmetric
matrices Ar of a frequency, filter model1 (see for instance
Mottershead et al. [2])

Hju(co) e Cn' ,

(4)

where Ho G lR™xn is the measurement matrix which
selects the measured part out of the complete response
vector.

The variable projection method

N

Rewriting eq. (3) to calculate the response and using
eq. (4) to extract the measured part yields

(i)
r=0

u(u>) =

have to be estimated using response data at the bearing locations during a machine run-down. Assembling
1

(2)

=:

Hj(F(u,x)
Z(uj,x)p.

(5)

Note, that in the case N = 2 the matrices Ao,Ai, A% correspond to the contribution of stiffness, damping and inertia respectively.
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For a set of discrete frequencies fi := {u>i, • • • ,cum}
eq. (5) can be extended and written in real-valued form
by doubling the order
g - V(x)p.

(6)

Here g G IR2
contains the measured responses and
V(x) € lR 2 M n ' x d i s the extension of the frequency response matrix Z(to,x). Eq. (6) states that there exists
a linear combination of the columns of V{x) that generates g, which means that the vector g is contained in
the subspace spanned by V(x). Although p and x are
unknown this statement is independent of the value of p.
To realise this one may solve eq. (6) in the least-squares
sense for p yielding
p:=V+(x)g,

(7)

pressure turbine of the initial model (dotted), of the
improved model (dashed) and of the data (solid). Although the model response does not fit precisely the
overall shapes of the spectrum are reproduced. Due to
the relative high value of the cost function no better fit
was to be expected. It appears that the algorithm has
lead to a local minimum, which is another problem and
beyond the scope of this presentation. However, it has
been demonstrated that the variable projection method
is in principle applicable for high-dimensional problems.
Acknowledgements
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DESCRIPTION
The methods for solving the specified problem can
be illustrated, for example, by an original vibration
system intended for forming extra long reinforced
concrete products. Fig. 1 shows its schematic design.

ABSTRACT
Creating optimal vibrosystems requires sequential
solving of a few problems: selecting the basic pattern of
dynamic actions, synthesizing the dynamic active
systems, optimizing technological, technical, economic
and design parameters.

The frame 1, which accommodates the form 2 with
the mix to be compacted, is linked at one end with the
plate 4 of the vibration exciter 5 by means of working
resilient ties 3, its bearing surface being connected with
the resilient working braces 6. The opposite ends of the
braces 6 are fastened to the plate of the reaction frame
7, resting on the supporting resilient ties 8. The limiters
9 ensure location of the vibroplatform in the initial
position on the foundation 10. The form with the
concrete mix is fastened to the frame by means of the
devices 11 and 12.

This approach is illustrated by an example of a
high-efficiency vibrosystem synthesized for forming
building structure components. When using only one
single source to excite oscillations, resonance
oscillations are imparted to the product to be formed in
the horizontal and vertical planes. In order to obtain
versatile and dynamically optimized parameters, a
factor is introduced into the differential equations of the
motion, accounting for the relationship between the
parameters,
which
determine
the
frequency
characteristics of the system and the parameter
variation range. This results in obtaining nonsophisticated mathematical models of the system under
investigation, convenient for optimization and for
engineering design and calculations as well.
INTRODUCTION
Dynamic processes and vibration technologies are
among the scientific and technical trends, which afford
important and fundamental opportunities. However,
these processes often get bogged down in their
own design, energetic, theoretical, constructional and
technological crisis. Almost insuperable difficulties
arise when synthesizing and analyzing dynamic
systems, which are connected with the design of
complicated dynamic systems and with getting over the
energetic barrier (use of high-power and high-speed
machines and mechanisms), as well as the functional
and social barriers linked with the harmful effect of
vibrations, noise and exposure to high dynamic and
acoustic action.

Fig. 1.
The dynamic model represents an oscillating system
made up of 3 masses. The basic technologic idea
consists in creating an efficient combined vibration
field acting simultaneously in the vertical and
horizontal planes.
The constructional idea consists in providing
oscillations by a single vibrodrive of limited power, the
oscillations being oriented in the direction of the
greatest stiffness of the form. The vertical component of
the oscillations arises due to periodical changes of the
parameters of the resilient ties in charge with vertically
oriented oscillations.

The most judicious and, in a wide sense, optimized
technical systems can be created only by combining the
best technical solutions for: a) selection of the basic
configuration of the dynamic action to provide the best
vibration field for a specific technology; b) synthesizing
dynamic active systems, which could create the
required vibration field at the best technical and
economic capacities; c) optimizing design and
technology parameters; d) correlating these solutions
into an adequate mathematical model, suitable for
optimization.

The dynamic idea consists in the most complete use
of the oscillations amplification owing to resonance and
by providing the system to a full extent with the
properties of its natural dynamic activity
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where:
A\\ A%, A-$ - are the oscillation amplitudes
which correspond to the masses M\; Mfr A/3.
Let us choose and define the values of the constructional dynamic parameters.
The partial frequencies:
"
(4)

Fig. 2 shows the design diagram for the horizontal
oscillations, where: My is the resonator mass; A/2 the mass of the form jointly with the mass of the
concrete and that of the frame elements rigidly fastened
to the form; A/3 - the mass of the reactive frame; Cx
and C 2 - stiffness coefficients of the working resilient
ties in the horizontal direction; C 3 - stiffness coefficient
of the supporting resilient ties in the horizontal
direction; P - amplitude value of the exciting force; a frequency
of
forced
oscillations;
x
X
X
i> 2' 3 " horizontal displacement of the respective
masses.

and the ratios of the oscillating masses:
M

, i

!

:

T

/vww

!
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c,

T

M

^

(5)

Now, let us set some limits for the variation range of
the factors involved. Considerations on the efficiency of
the exciting horizontal oscillations require the partial
frequency /_£_!_ to approach the forced frequency ©.
"AM,

•

m,

M

' a n d

M
can serve the purpose.

We assume:

^fc^

M ,

- = ( 0 . 9 5 - 0.98 )

(6)

Efficient vibroinsulation and minimum oscillation build
up on the reactive mass M2 will be obtained at
partial frequencies:

Fig. 2.
It is obvious, that the laws of the system motion in the
horizontal direction can be described by a set of
differential equations, whose solutions, at no
resistance,
can
be
written
as
follows:
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M\ j M2MX
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L2 , 2
{

M3

)MXM2

Ul—£-5-03.92 - 7.4 y, - 6.47 y, - 1.03 y 3 - 7.71 y 4 +

With regard to the conditions of stable operation of
(10)
the resonance setup we set: A/.2 =_ 6*10
M,

1.22y 5 +1.16y 2 y 3 - 1.09 y, y 2 y 3 );

shall be determined
by the
M,
magnitude of the vertical displacements due to the fact
that A/3 is the reactor of the mass A/j in the vertical
plane.
Let us set
Ml. = 6*10
(11)
The value

-(1.99 - 0.85 y, - 0.59 y 2 - 0.11 y 3 + 0.58 y 4 +
+ 0.13 y5 + 0.14 yj y2 - 0.15 yx y 2 y 3 );

- 0.01 y5 - 0.04 y, y2 + 0.001 y i y2 y 3 ).

(15)

To bring the equations (13), (14), (15) to the
dimensional form, one should divide the equations
coefficients by the variation range of the respective
independent variables.
Now, the obtained formulae permit of calculating
the values of the oscillation amplitudes by substituting
the values of the natural parameters into the formulae,
either counting off from the experiment planning
center, or substituting the absolute values of the
variables with an appropriate writing.
Getting to equations like (13), (14), and (15)
enables not only to solve dynamic systems with three or
more degrees of freedom just by engineering methods
(which was impossible up to now), but to obtain
optimization models as well, suitable for dynamic
systems analysis and synthesis.

The method used for selecting and setting
parameters (6... 11) enables to draw up relatively nonsophisticated mathematical models for complex
dynamic systems, these models being convenient for
engineering calculations.
For convenience's sake we allot symbols to the
parameters (6... 11), namely:
y\,

(14)

-(0.04 - 0. 02 yj - 0.001 y 2 + 0.01 y3 + 0.01 y4*

Similar considerations are taken into account when
analyzing the vertical oscillations with due regard for
the necessity to keep oscillations in the resonance mode
in the vertical plane as well.

y\>

(13)

(12).

With the assumed variation limits of the
parameters, the set of differential equations (1), (2), (3)
can be solved using the factor experiment methodology.
After having performed the standard calculation
procedures based on type 2 - ^ planning, we obtain the
regression equations to be used for determining the
amplitude of the oscillations, which can be written in
codes in the following way:
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CONTRIBUTIONS ABOUT THE PREVISION, SIMULATION AND OPTIMISATION OF VIBRATIONS
TRANSMISSIBILITY THROUGH MECHANICAL SYSTEMS
Cristina MOHORA*, Constantin ISPAS
POLITEHNICA University of Bucharest, Faculty for Engineering and Management of Technological Systems, ROMANIA
Conference Lecturer
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determination of the behaviour of machine tools as a
ratio with medium dynamic factors.
The existent criteria for appreciation of vibration's
dangerousness have a big volume of observations and
experimental results. Using these criteria, there can be
done some appreciation of the danger that represents the
action of vibrations.
But also the use of other values for the level of
vibrations, if it is possible the determination of frequencies,
can lead to finding out some limits of amplitudes.

ABSTRACT
The machine tools must satisfy, to be competitive,
specified accuracy on shape and dimensions of the
workpiece and it must show technical performance with
economic efficiency. To answer at this need, it is very
important to take in account the transmissibility through
ground and foundation, at the end to be able to choose the
proper characteristics for the foundation. Mechanical
Signature analysis (MSA) is used in establishing the
predictable maintenance, in identifying mechanic
structures, in noise/vibrations attenuation determining
material properties, identifying the source, the way of
propagation; also use when determining technological
components behaviour as a ratio with dynamic factors of
medium and in parametric modelling and nonparametric of
technological processes.

THE STUDY OF DYNAMIC AND STATIC
BEHAVIOUR OF THE TECHNOLOGICAL
SYSTEMS
Because, when working, the machine tools are put to
static actions, pseudo-static and dynamic over which are
superposed external actions, it is necessary that the
designer to know as correct as possible their transmission
in the system-machine-tool-foundation-ground.
By Mechanic Signature Analysis, it can be
determinate both each system characteristic and the whole
ensemble characteristics. This has a great importance when
determining the static and dynamic behaviour of
mechanical structures and the optimum methods of
antivibratory isolation of those ones.
In general there are put many problems about the
vibrations transmissibility.
On choosing the elements of support we must take into
account their elastic characteristic so that not to be any
perturbations in machine tool working. The elastic
supporting has influence upon dynamic behaviour of
machine tool and upon antivibrational isolation.
By putting the machine tool directly on the foundation,
the ensemble machine tool - foundation has superior
properties of rigidity and damping beside the machine
(figure 1).
Placing between machine tool and foundation the
elastic supports, which have a small dumping, reduces the
favourable influence of the foundation.
That is why the choosing of supports is very important.
If the supports have big elasticity comparatively with the
body of machine tool, these ones have an influence in the
field of low frequencies. The same supports have a small
influence in the case of high frequencies.
Optimisation is a method that contains the computing
programmes in which the properties can be determinate

INTRODUCTION
"Mechanical
signature" has
own
technical
characteristics, being applied to a sample of draw signal by
means and specific techniques from a mechanic system.
Many appliances of mechanic signature analysis operates
with vibration or acoustic signals, but it is obvious that
there can be used any others information carryings (force,
pressure, temperature, light, chemical signals).
The available and accessible signals from the
technological systems are seen as carrying coded
information's and are put to different investigations able to
decode sufficient fundamental information elements of
state or/and working, but of which the qualified worker can
syntetize the correspondent and suggestive dynamic
behaviour the structure.
So the fields of using mechanic signature analysis can
be:
•
in the diagnostic of machine-tools, being a
fundamental aspect for preventive and predictive
maintenance of these ones;
• for identifying the mechanic structures using the
modal analysis for determination of static and dynamic
behaviour;
• noise/vibrations attenuation, determining the
material's properties, identifying the source, the way of
propagation and indicating the areas and the optimum
ways of intervention;
• parametric and nonparametric modelling of the
structure of machine-tools;

227

quantitatively and certain parameters are
automatically by their systematic variation.

I

improved

!

Fig.l. Boring and grinding machine -tool AF 350
RESEARCH METHODS OF TECHNOLOGICAL
SYSTEMS
For structures identification there are determinate the
differential equation that describe the system behaviour in
concordance with the criteria of given performance, based
on some relations between the values that characterise the
answer (experimentally determinate) [1,2].
In this field there are used the therms [3]:
1. Control in open loop: the algorithm of control takes
account of the structural excitation.
2. Control in closed loop: the algorithm of control takes
account of the structure answer.
3. Control in open - closed loop: the algorithm of
control takes account of the structure answer.
4. Active control: consist in the structure control giving
energy by helps of the active dampers and
minimisation of controlled variables.
5. Semiactive control: the principle is the same as in the
active control, only that there is no external energy: in
the phase of passive dampers there are used the active
ones.
6. Pre-information control: the same as active control,
but it is also necessary to know the excitation in a gap
called pre-information gap, before this one action upon
structure.
The active control is realised taking account of the
foundation support on ground and the influences that
appear on both parts (figure 2).
Boothroyd and Dewhurst developed the designing
taking into account the ensemble, new method while after
selecting the ensemble method and its analysis, provides
the optimisations solutions.
The sturdy of machine vibration damping is not
possible without an experimental study. The said
experiment determines the transfer functions for the
transmissibility upon ground-foundation and machine.

Fig.2. Vibrations transmissibility on the milling and boring
machine
RESULTS OBTAINED IN DETERMINATION OF
VIBRATIONS TRANSMISIBILITY
There were done measurements in different points of
measuring on the machine-tool, using a programme which
indicates the transmissibility, the magnitude and the phase
corresponding to different values of own pulsation of the
studied structures (there were used virtual instruments,
medium of programming Lab VIEW).
There were plated the transfer function for each data
acquisition and there are determinate own frequencies,
transmissibility and magnitudes.
In figure 2 we are represented the measurements points
for the vibrations transmissibility when the soil is excited
by 4 metres distance from the foundation. We had used a
program, which indicate directly the transmissibility,
magnitude and phase corresponding from different values
at the proper frequencies from studied structure.
In the case of superpose of transfer functions
corresponding to all measured points (figure 3) and
knowing the fact that in own pulsation's the imaginary
component is maximum and the real one is 0, there were
determinate own frequencies corresponding to phasor
alignment. It is indicate to use more methods of
determination of own frequencies for verifying the results.
At common frequencies, the whole assemble vibrates as
a rigid body, for the different one it is necessary the taken
into consideration of kinematics couples existent between
subenssamble.
From the obtained diagrams we have the necessary data
for an analysis of transmissibility of ensemble machine tool
- foundation.
Between the static and dynamic rigidity of the lifting
elements there isn't a direct link, but by helps of rigidity
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we can determinate basic dynamic parameters of the
system equivalent elastic constants and the minimum own
frequency.

=xe

i<ot

x(t) = xe"
x(t)-xeK-~raJ=xe"

(2)

where cpj, (py and cpa are the phase difference besides the
force. Between the value form expressions (2) we can
establish the relations:
jc = icm = -co2x
(3)
= <B2X

(4)

(5)
CONCLUSIONS
Conclusions closer the reality are established if it taken
into account the damping. A certain effect can have the
damping out of concrete foundation and ground.
This is the way which it is considered that the proposed
aim is touched, if it is fulfilled the conditions of realising
optimum values for the foundation mass, elastic constant
and the damping coefficient of that one.
Using of Mechanical Signature Analysis offers facilities
in determining the characteristics of technologic system
components, being very precise in establishes of their
values.
This present work makes evident some specifications
very important in conception of the assembly machine tool - foundation - ground, having in mind the
antivihrational isolation of foundation.
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Fig.3 Transfer functions superposition
Generally the speciality works in this field have as a
common point the theory of optimal control. The idea is to
control one or many variables of state determinate by a
system of differential equations of the first degree. The
variables controlled are depplacement, speed, acceleration,
excitation, and force. We have a system with linear viscous
dumping upon which actions a harmonic excitation of the
type:
F(t) = Feia*

($

For this type of excitation the stationary answer
(measured after the transitory component is dumped) can
be expressed as displacement, speed or acceleration, under
one of the form:
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THERMAL ANALYSIS OF AN ADSL COMMUNICATION
MODEM
Y. Schwartz
Bercom Ltd.
Petah Tikva. Israel

Abstract
A thermal model of a communication modem was
built to calculate its steady state temperature
distribution and ascertain the adequacy of the cooling
air flow paths. The modem is a streamlined box.
224x166x42 ram3 and contains two printed circuit
boards (PCB) which generate 13W. Heat is dissipated
via free convection to ambient. Results show that the
lower PCB reached a maximum temperature of 75°C
and the upper PCB reached 82°C.
Introduction
The ADSL communication modem, built by Orckit
Ltd. of Israel is a streamlined, plastic box whose
dimensions are 224xl66x42mm3 (l'|. It houses an
upper. 114x62mnr PCB which generates 3W and a
lower PCB. 184xl50mm2 which generates 10W. The
modem is provided with top and bottom slots to enable
cooling air to circulate and dissipate the heat via free
convection.
The Modem
Fig. 1 shows the modem's top view and Fig.2. a
cross sectional view. The modem's envelope is made of
3mm thick plastic whose coefficient of thermal
conductivity is 0.2W/m°C. The modem is provided
with 16 slots at the bottom, each 95.5mm long and
5 mm wide. The rear top cover has 6 slots, each 150mm
long and 4mm wide, and 5 slots in the front, each
20mm long and 3mm wide. The designer allowed
certain changes to be performed on the slots during the
course of the analysis. However, optimization as to
their size, location and number was not performed. The
bottom PCB is devided into zones each generating a
homogeneously given amount of heat, as shown in
Fig.3. The top PCB's heat generation is also assumed
to be homogeneous.
The Model
The model of the modem was built (Fig.4) using a
Computational Fluid Dynamics computer program
(CFD) called ICEPAK [2] designed specifically for
electronic systems and components cooling. This
program enables one to construct analytic models based
on a physical systems using various entities stored in its
library. When combining different building blocks, it is
possible to model systems with complicated along with
those of simple geometry such as rectangles, prisms
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and cylinders. The library contains entities such as
fans, openings, plates. PCBs.. walls to define the
control volume's interaction with the outer and inner
environment and positive and negative heat sources.
An option to model entrance and exit as well as
internal flow resistance is available. Conduction,
convection and radiation heat transfer calculations can
be performed with the program for the steady state or
transient mode. After completion of the model, the
program was instructed to generate a mesh of the entire
control volume which was refined in the course of the
analysis until a satisfactory mesh was obtained. The
calculations were performed for an outside ambient
temperature of 40°C at sea level.
Results
Fig. 5 shows the temperature distribution of the lower
PCB and Fig.6 shows the upper PCB's temperature.
Approximately half of the lower PCB reached a
constant temperature of 75°C where 7W were
generated and the other half exhibited a temperature
gradient from 73°C to 65°C in the generation zone of
3W. The upper PCB exhibited no temperature gradient
and it reached 82°C. The reason for the relatively high
temperature of the upper PCB with no visible gradient
is due to its high heat flux along with being swept by
hot air flowing from the bottom toward the top
openings after absorbing heat from the lower PCB.
Fig.7 shows the air flow pattern at two cross sections of
the modem. It is evident that a vigorous air flow takes
place, air entering the bottom and exiting the top slots.
It is also evident that air entering the modem must
make a long detour around the lower PCB thus limiting
its cooling effectiveness to its outer edges. The center
zones evidently lack proper cooling. A similar, more
adverse condition occurs at the upper PCB. Due to its
smaller surface area compared to the lower PCB. hot
air flowing from the bottom up sweeps most of it.
adding a heat load to its self generated heat which
causes its high temperature. Fig.8 shows the air flow
pattern through all of the openings. It is evident that air
velocities vary considerably not only from one group of
slots to the next, but within the same group itself. This
is due to air blockage in the center zone caused by the
lower PCB which affects lower as well as upper slots,
and to uneven heat generation of the lower PCB zones.

Conclusion
1. The lower PCB reached a maximum temperature of
75°C which covers approximately one half of its
area. The remaining area exhibited a temperature
gradient from 73°C to 65CC.
2. The upper PCB has no temperature gradient and its
entire surface is at a temperature of 82°C.
3. Air velocities vary considerably not only between
groups of slots but also within the groups
themselves.
4. Improvements in the modem's heat dissipation can
be made by dividing the lower PCB into separate
sections to enable air to sweep each individually.
Relocation of the upper PCB so that it is not
affected by air which is heated by other entities in
the modem will undoubtedly result in a lower
surface temperature.
5. No parametric studies as to the best slot location,
size and number of slots were undertaken in the
analysis. Results of such an undertaking will
undoubtedly show that overall air and PCB
temperatures can be reduced compared to present
levels, possibly by a large amount.

Fig 2 : Modem cross section A-A
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Fig 3 : Bottom PCB zones

Fig 4: Modem isometric view

Fig I : Modem top view

231

Fig 7 : Airflow pattern

Fig 5 : Bottom PCB temperature distribution
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Fig 8 : Air flow through the openings

Fig 6-: Top PCB temperature map
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LITENING
PACKAGING CONSIDERATIONS AND DEVELOPMENT

M. Zimmerman*
Airborne Structure Department
2250(39), Haifa 31021, Israel
* Conference Lecturer
Front Section (FS) - The FS contains the
sensors, gimbals, servosystem, compressing
unit, desiccant, and environmental control
elements. The sensors are packed on damped
gimbals system, which stabilize the LOS (Line
Of Sight). It has 4 degrees of freedom. The FS
is sealed, and pressurized. The main structural
parts are aluminum investment casting items.

ABSTRACT
LITENING is a multi-purpose targeting and
navigation
pod.
The
electronic
and
electro-optic packaging of the pod utilize
modern technique. The development and
design of the packaging is the compromised
solution between conflicting requirements of
space, harsh operating environment, handling,
and thermal control.

Rear Section (RS) - The RS is the main
structure that interfaces to the aircraft, FS, and
ECU (Environmental Control Unit). It contains
the electronic boxes, harness, elements of the
Environmental Control System (ECS), and
main access door. This section is one piece
aluminum investment casting part.
The structure is adapted to be carried by a
broad spectrum of aircraft. The upper side of
the RS structure is used as a hardback that
contains 14
30
-wells as well as
strengthening ribs that allow sway-braces
support points to be located anywhere on the
hardback. To allow different umbilical
connector configuration and location, a special
feature was incorporated into the structure
design.

INTRODUCTION
LITENING is a multi-purpose targeting and
navigation system developed to provide
modern tactical aircraft with a 24-hour
precision strike capability against land and sea
targets.
LITENING is designed to enhance the
operational capability of user aircraft and
improved performance during adverse weather
conditions by providing:
- Multi-sensors.
- Detector and multi functional tracker.
This project is an example of implementing
various
packaging
requirements
and
technologies into the design.
The high level performance cause harsh
environment and impose special requirements,
on the packaging design.

ECU Section - The ECU section of the pod is
a vapor cycle ECU designed to operate on the
ground and during flight. For ground operation
it is equipped with a fan that circulate the
surrounding air through a condenser. For
in-flight operation, the condenser is cooled by
ram air channeled through a scoop inlet. The
internal air is cooled while circulated through
the evaporator by a fan.

SYSTEM DESCRIPTION
The pod has a cylindrical shape with a
hemisphere nose. Pod dimensions are:
0406.4 X 2182mm, and weigh 200Kg.
It can be divided into 3 main sections:

Ram Air Scoop
,*>^ Ptabilical Connectors

Note: Climate control of the pod is covered by
another paper.

Door
attachment Stnd to A/C

PACKAGING CONSIDARATION
The main purpose of packaging is to
protect electronic hardware system from the
external environment, provide interfaces with
the external world, and conditions for optimal
performance during mission profile.
Packaging design of a system with such
complexity, is inseparable part of the general
mechanical design. The same designers group
should do it.
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Modular features that were implemented
into the design, allow mechanical changes,
future growth potential, and adaptation of the
basic main parts to another systems with
minimum effort.
The main object of the development
program was to find the optimal solution
within the constrains of performance, budget,
maintainability, and weight.

higher comparative value than that of
performance.
Besides the price of the system other
considerations are: How many soldiers are
required to operate and maintain the system at
the different maintenance levels, what is the
extent of the supportive systems, MTBF,
MTTR (Mean Time To Replace), spare parts,
scheduled maintenance, system availability,
etc.
LITENING is an economical system.
Money is saved at different stages of the
product life:
Manufacturing
minimum parts, commercial parts.
Assembly
in the casting, simple assemblies, use of
standard tools, minimum adjustments.
Life cycle cost
MTTR, long MTBF.

Performance
whose performances are sensitive to harsh
environment effects (The main disturbing
environmental effects are: Temperature,
Vibrations, and Low Pressure). Therefore,
their environmental isolation is the most
comprehensive in the pod. It includes dampers,
compressing unit, thermal isolation, etc.
Following the rule that operation of an
electronic system within medium temperature
range reduces the MTBF (Mean Time Between
Failure), a special effort was done to control
the operating temperature. Since the electronic .
boxes are sealed, and their envelope area is not
enough for the internal heat dissipation, the
boxes have heat fins to conduct internal heat to
the cooling air. This heat is absorbed by the
ECU. For low temperatures, the system has
heating elements to raise the internal
temperature up to operating level. The
electronic cards within the boxes are attached

Maintainability - In the modern concept of
warfare systems, maintainability has a growing
impact on the decision-makers. Factors such as
MTTR have meaningful weight in purchasing
considerations.
The development of LITENING took into
account the maintainability. The system
allows for detection of a fault to a very low
assembly level and replacement of the faulty
part in short time.
This is achieved by the following means:
At pod level - A BIT (Built In Test) program
can detect and locate a fault. Big access door
that can easily open by means of latches.
Simple box connection to structure:
•
Mechanically - 2 captive screws.
•
Electrically - Plug-In connectors.
At box level
to electronic cards, attached with fast panel
fasteners.
At electronic card level
wedgelocks.
At FS level
releasing 6 captive screws or only the payload
is easily removed after removing the sphere
cover.
Mechanical support systems are minimal
and simple to manufacture and use.

To stiffen the cards, ribs are used. Some of
the cards have an heat-conducting layer.
Electronically they are attached to a
motherboard and mechanically they are
attached with wedgelocks (CALMARK) into
slots in the casting.
The boxes are sealed, and protected
against EMI/RFI.
The internal side of the FS and AFT section is
covered with thermal insulation material. This,
reduce heat lose to the surrounding and
minimize the effect of aerodynamic heating on
the internal temperature.
Budget
reduction and competitive market, sometime,
the weight of price plays a higher role than the
performanc. The price of a system may be of a

234

L C O L D AIR

-

Qualification - The classical approach of
qualification is, to scale those tests from the
lowest assembly level up to the full system.
Due to limitations of time and money a
calculated risk was taken when defining the
qualification test level. The tests performed
only at the final system level. This approach
was based on the easy maintainability and high
confidence level that were gained during the
prototype development stages. To day, after
the tests, this proved to be a good decision.
Test specification approach was according
to
the
tailoring
recommendation
of
MIL-STD-810E. Since the system is designed
to be carried by a broad spectrum of aircraft,
and around the globe, the tests covered wide
range of climatic and environmental
conditions.

IN

HEAT F I N S

STATUSE
The design was done on CAD system and most
of the complicated parts were manufactured
from computer files. The manufacturing is at
the end of the learning curve. The assembly
line is already equipped with all the support
systems and fully operate.
During the qualification and flight tests, few
interesting problems (from engineering point
of view) were encountered and solved.
The system has been sold to several
countries and has flight clearance for several
aircraft.

HOT A I R - OUT

Weight
can carry for a given mission. The main target
of the aircraft is usually to deliver maximum
munitions. LITENING, by definition, is a
mission assisting system and therefore should
not limit the aircraft performance. As a result,
the pod is usually attached to the aircraft at
weight limited stations. These constrains
impose a strong restriction on the pod weight.
The weight reduction problem is dealt at all
levels from the system concept down to the
subassembly. E.g. at the system level, the
electronic boxes, in the main structure, are
attached directly to the upper beam. This,
shortens the connection of load carrier
structural elements between the box and
attaching point to the aircraft.
Manufacturing by casting has weight
saving benefits. It allows constructing thin
ribbed wall structure that maintains rigidity at
low weight. Most of the RS internal parts, and
brackets, are one part casting.
VERIFICATION and QUALIFICATION
Verification - The LITENING system
evolution passed through several stages.
PROTOTYPE - To prove and demonstrate the
concept, prototypes were built. That enabled to
highlight problems and deficiencies as well as
receiving feedback from customers. All that
data was integrated into the development and
design of the final system.
PRE-SERIES - The final pod, pre-series,
passed integration, SOF (Safety Of Flight)
tests and then flight tests that included
functional performance, and structural integrity
verification.
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ENVIRONMENTAL CONTROL SYSTEM- ECS FOR LITENING POD.
Z. Shavit- LITENING ECS - Developing System Engineer.
RAFAEL- Missiles Division. P.O.Box 2250 Haifa 31021, ISRAEL

ABSTARCT
An Environmental Control System- ECS for pod avionics
was developed. The system includes cooling and heating
elements that are controlled by the pod software logic
according to temperature sensors located on critical
components and in the air stream. Internal Payload Air
Temperature- PAT is design to be maintained between 5°C
to 60°C, while ambient flight conditions may change from
-45 °C to +90°C for relatively long time duration, and
exceed high temperature level of more than 100°C for a
limited time. The ECS has to provide cooling on ground as
well on flight.
These sever external conditions requires implementation of
heater and a refrigerant cooling system. Unlike ground
conventional Vapor Cycle System- VCS this avionics unit
has to operate from low refrigerant pressure of 1 bar and up
to 27bar. Condenser is cooled by scoop air flow rate, which
is forced to large and rapid changes from runway position to
supersonic flight and altitude variations. The ECS has to
meet a military specification together with the goal of
having a competitive price. A complete system was
designed, analyzed, tested and qualified for flight. Internal
temperature prediction model was calibrated on ground
conditions and lastly proved on severe flight conditions.
INTRODUCTION
The LITENING pod project task was to develop a
navigation and targeting system, which carries an
Electro-optical payload together with other electrical
boxes.
The pod is mounted under an all whether fighter, which its
envelope flight conditions consist of imposing sever
ambient temperatures, which are below or above the
maximum allowable working temperatures.

ecu

RE: AR

SECTION

This requires a design that implements an ECS that
meets military specifications which include:
Cooling capacity and power consumption, environmental
conditions of temperatures and vibration , induced
vibration restrictions, self protection, low inrush current,
low maintenance, proof of 3000 MTBF operational hours.
The ECS elements mounted inside the pod, include the
sub systems described herein.
Fig. 1 presents the internal Pod ECS Components.
The pod is divided into three parts. The forward section,
the rear section and the tail which includes only the
Environmental Control Unit - ECU. The Forward
section - FS includes the sphere with its payload, the
turret, roll base and the forward Heat eXchanger- HX.
The Electro-Optical payload is mounted on an optical
bench inside the sphere. It consists of the FLIR, Laser and
CCD. Other sphere major components are: INS and
electrical motors. The turret is another part of the forward
section, which includes servo motors, laser logic box, air
tube heater, air compressor and the forward fan. The Rear
Section-RS includes electronic boxes :FEU- FLIR
Electronic Unit SEU- System Electronic Unit PSU- Power
Supply Unit, VCR and the IU - Interface Unit and
AC/DC Converter and electronic card). All electronic
boxes include upper and lower air tunnels with several
staggered shaped fins raw of wedge type. These fins
increase heat transfer area and coefficient, which reduces
air to skin temperature difference.

FORWARD
SECTION

Fig. 1: LITENING POD- Environmental Control System- ECS Description.
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ECS COMPONENTS
ECS means are mounted in two separated parts.
Inside the Pod and inside the ECU is cooling system.
Internal ECS means, located inside the pod, are:
a. In the Forward Section:
- Compressor to pressurize internal air at high
altitude.
- Desiccant (Silica Gel) for humidity
absorption.
- Forward heater inside an air tube
- Forward fan for circulating air in the section.
- Forward HX to reject forward air heat load to the rear
b. On the Rear Section:
This section includes only the main heater, which
comprise of a small heat load of 700W and a greater one of
1400W both attached to an aluminum heat sink, and operated
separately by the ECS logic.
Pod ECS sensors measure the payload subsystems,
circulated air and base heaters temperatures. ECS logic
activates heaters and ECU according to PAT.
c.ECU
The ECU described in Fig 2. It includes two open air ducts
and one closed loop of the refrigerant line.
The air channels are:
- Evaporator duct, consist of a plastic air inlet which
contains an Evaporator Fan- EV fan, the Evaporator Hx,
made of aluminum with separated liquid air tunnels,
attached to an aluminum structural outlet air duct, which is
part of the ECU structure.
Returned air from the pod is delivered, by the EV fan, is
cooled inside the evaporator HX, emerged to the pod inlet,
through the structural ECU air duct and sucked back from
the pod into the ECU inlet.
-The Condenser scoop channel includes:
The scoop cowl inlet, made of a plastic channel, and the
condenser HX.
On ground operation the scoop flap is closed and the
Ground Fan- GF, is sucking ambient air and delivers,
through a forced opening door, to the condenser HX and
outside of the ECU.
On flight, the dynamics pressure press the flap to remain
open, at that time the GF is disconnected, therefore the GF
doors are closed and the ram air, flowing inside the plastic
scoop, enters the condenser HX and rejects its heat load.
Condenser heat load consists of compressor power and
evaporator heat load.
The refrigerant line consist of:
Compressor, Thermal eXpansion Valve- TXV, Evaporator
HX, Condenser HX and a receiver- filter and dryer
ECU sensors and operational Limits:
The ECU contains two air temperature sensors:
- Evaporator Outlet Temperature- EOAT.
- Condenser Inlet Air Temperature- CIAT.
It also equipped with internal warning signals and
self-protection valves:
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Fig. 2: ECU View and Functional Schematics.

Low Pressure Switch- LPS (ON) when evaporator pressure
<1.5bar.
Two followings ECU valves are switching OFF the
compressor and indicate a fault to the pod ECS logic, are:
High Pressure Valve - HPV (ON) When outlet
compressor
pressure>27bar)
- High Temperature Valve - HTV (ON when outlet
compressor temperature > 135°C)
An electronic inverter box is mounted on the EV
HX. The Inverter operates the compressor according to a
Pulse Width Modulation - PWM control produced by the
pod, and returns to the pod, two important warning signals
: -Inegrity signal - which indicates a compressor electrical
overload or compressor malfunctioning.
- Low Speed Signal - LSP, which warns of compressor low
revolution of speed .
The PWM command control may vary from 50%
to 100%, which enables compressor speed adaptation in
according with heat load and temperature range. The PWM
control has an other advantage at the starting phase was the
no inrush current or sparks are produced- Soft start.

ECS CONTROL REGIONS
The Pod ECS various means are activated
according to payload air temperatures accounting for other
actual constrains, such as evaporator clog, or maximum
heaters temperatures etc,
The main ECS control regions are as follows:
Main
Heating
PreRegion
Heat
PAT
-54
-20
to
to
Temp.
-20
+5
Range °C
ON
Rear
ON
.FRWD Fans
FRWD
ON
ON
Heater
ON
ON
Rear
Heater 1
Rear
ON
OFF
Heater 2
ECU
OFF
OFF
Cooling
GF*
OFF
OFF

Neutral

Cooling

5
to
25
ON

35
to
<60
ON

OFF

OFF

OFF

OFF

OFF

OFF

OFF

ON

OFF

ON

* (Operated on Ground Only)
ECU SPEED CONTROL AND INDUCED
VIBRATION
The ECU has a one piston compressor type with
two opposite suction and compression cylinders located on
two sides of one piston.
RPM is changing according to torque and PWM
value. For low PWM<65% , revolution speed may reduced
between 1800 to 2600 RPM, which imposes high induced
vibration level on the pod payload and requires a very
careful design of the shock absorber at the pod and the
compressor mounting. Low vibration level of the payload
was achieved first by choosing payload dampers natural
frequency of 20 Hz together with 25 Hz of compressor
dampers frequency and then limiting compressor speed by
PWM command of 65%, which imposes a minimum
compressor vibration peak of no less than 57 Hz, which is
far enough from payload dampers peak level. Only two
compressor speed levels were chosen. One at PWM=100%
for maximum cooling capacity and the other is at
PWM=67% for moderate cooling. The last PWM speed
enables the ECU to provide cold air, between 6°C to 12°C,
without clogging the evaporator. When the EOAT reaches
14°C PWM is increased to 100%, while decrease of EOAT
below 6°C PWM is reduced to 0% and the ECU is shut
down. ECU will re-operated according to POAT, it will
starts at 35°C and closes at 25°C.
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On cold conditions, where payload air temperature is
below -20°C, pod electronics does not operate and all
heaters are operated together with air fans. Just when the
coldest pod aluminum.plate reaches -20°C, the electronics
is switched ON together with shut off one heater.
Heater are protected by thermostats not to exceed 160°C,
but may be closed by software control at 100°C.
When PAT reaches 5°C heating mod is terminated and no
ECS mean is activated. This is called the Neutral mod.
The last mod is the cooling mod, which starts by
activating the ECU when PAT reaches 35°C. The
compressor is controlled according to PWM command, as
described before. Ground Fan-GF will replace scoop
flight air flow to cool the condenser when the A/C is on
ground. ECU will be closed just when the PAT equals
25°C. Usually that low temperature will be achieve on
relatively low heat load, such a moderate atmospheric
conditions and/or low Mach number. At severe
atmospheric conditions and when Mach no. increases
ECU may contiguously operate with PWM equal to
100%, and PAT may increase above 35°C. After
calibrating a thermal model we could prove that at the
severest flight conditions PAT shall not exceed 60°C.
Condenser cooling is achieved by scoop air flow, by ram
air on flight and by GF which is activated by the pod ECS
logic, according to a signal received from A/C, called
Weight is On Wheel- WOW.

Each of the three HX efficiencies, e, is correlated
against its mass flow rate, and defined as:

The ECS logic accounts also for the ECU warning sensors
to terminate compressor rotation on its dangerous operating
region:
When refrigerant is missing LPS is ON. When the
compressor is blocked- LSP is ON and PWM> 53%.
When refrigerant reaches an high pressure or temperature
level, the HPV or HTV shall be automatically open,
disconnect the Inverter power supply and send a fault signal
to the pod.
Refrigerant flow rate is controlled on three different ways.
First by the ECS logic- according the PWM command, than
by the ECU compressor-inverter close loop self adjusting
compressor torque to its speed revolution, and finally by
TXV. The last one is a commercial self-control of
refrigerant flow rate by varying pinhole size by a needle
movement driven by gas pipe pressure fixed by a bulb
temperature sensor, which is attached to evaporator outlet
HX header.
Cooling is to be provided at all A/C maneuvering envelope,
therefore the TXV has to be attach on the optimal position
to assure bulb liquid attachment to the evaporator. Some
times when pod heat load is too small and the receiver is
not full, a LPS may appear when A/C is on an invert flight
position. Since that flight usually occurs for a limited time
the ECS logic ignore that LPS signal if it appears for a
short time.
According to above mentioned environmental conditions
and fault warnings the ECS logic is covering all system
specifications.

Ta_hot_i - Ta_hot_0

e=- Ta hot i - Tcold

Where Ta_hot_i, Ta_hot_o are hot inlet and outlet air
temperatures and Tcold is the lower cold side
temperature. On the forward HX Tcold is the rear section
lower air outlet temperature, while on the evaporator and
the condenser Tcold is Tevp and Tcond respectively,
b. The ECU Equations defines the cooling and
compressor power as function of: PWM value, evaporator
airflow m_a_pod, refrigerant temperatures; at the
evaporator Tevp, and at the condenser Tcond.
Qc=(al + bl-Tcond+cL-Tevp)-(l.ll-PWM- 0.11)-S (4-1)
Pcomp=(a2 + b2'Tcond+ c2)-PWM-S
(4-2)
al,bl,cl and a2,b2,c2 are empirical constants for the
cooling and for compressor power results. S is a flag to
represent ECU operation. Other ECU equations are
given. For the Evaporator and Condenser HX:
m_a_pod- Cp • (Ta_pod_o - Teaot)=Qc

(5)

ma_scoop -e-(Tcond - Tsi)»Qc + Pcomp
Eqs. (2) to (6) are solved as quasi steady at each time step
solving of equation (1).
The model was calibrated on laboratory test conditions to
find all unknowns, such as Ui,j for each electronic box or
payload and equation (4) constants.
Model predictions was performed for flight conditions and
compared to actual test result.
Figure 3 show a flight test result of sea level altitude,
Mach No. 0.8 to 0.9 on a 35°C ambient temperature
condition. One can see that the maximum air laser
(lsRJTMP). Temperature did not exceed 45°C and* the
CPU case temperature reached 75°C, computed results
deviates of no more than 2°C from these measured
temperatures.

Thermal Model Calibration and Prediction.
In order to evaluate ECS performance a thermal model
was built. The model accounts for external ambient
conditions of ground or recovery flight, as well as ECU
performance, HX efficiency changes and internal pod
components lump system equations.
a. Each Pod component lump system, i, accounts for:
-M-mass, Cp-specific heat, P-internal power, U-equivalent
of internal and external heat transfers area and coefficient.
Each component temperature, i, neighbors, j , are also part
of the coupled transient differential equations:
dT
(1)
dt
Internal air temperatures are solved differently between
each time step, together with ECU performance equations
below.
Tao=Taiexp(- NTUj + Tw( 1 - exp(- NTUj)

(3)

(2)

Where:
U

NTU=m-Cp

is the Number of Transfer Unit for each air HX..
Eq. 2 parameters are: Tao, Tai are air outle
and inlet temperatures, and Tw is the lump component
temperature at discrete computational time.

Fig. 3: Pod Air Temperature Results on Flight and
Model Prediction Comparison.
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CONCLUSION
An avionics Environmental Control System for a pod was
designed, built and its performance were modeled and
proven on ground and on flight conditions.
The system meets its specification of cooling, heating
performance as well as other parameters such as: induced
vibration level, electrical interfaces, ECS simple logic
operation and all other avionics requirements. The ECS
operation assures internal temperature level to be below the
maximum allowable limit.
ACKLODGEMENT
This Project could not been carried out without the
contribution of the :
RAFAEL LITENING Pod team and the ECU Liebherr
Aerospace Toulouse.- LTS
We thank LTS for providing a good product and for
excellent cooperation during the development stage.
Specially, to Bruno Baroux for his management and
pushing ahead, and to
Alain Tonneau of his excellent technical leadership
Of: RAFAEL ECU group in LTS.

240

INTRODUCTION TO ROBOTICS AND REAL TIME CONTROL - AN OPTIONAL COURSE
FOR GENERAL HIGH SCHOOLS
LM.Verner*, S.Waks, and E.Kolberg
Department of Education in Technology & Science,
Technion - Israel Institute of Technology, Haifa 32000, Israel
•Conference Lecturer
ABSTRACT
This paper presents one of the possible approaches to
designing and implementing an advanced technology
course in a general high school that was developed by the
Technion in cooperation with the Israel Ministry of
Education, Culture and the Sport. The pilot optional course
"An Introduction to Robotics and Real Time Control"
started in 1994. It is currently authorized by the Israeli
Ministry of Education to be used as a substitute of the
vocational education subject "Machine Control". The
course grade accepted by the general high school student is
included in his matriculation certificate. It provides the
graduate with a considerable bonus when applying for
engineering university studies. The proposed curriculum,
teaching/learning strategies and extracts of students'
feedback will be discussed.

Technology educators believe that STS based
science-technology curricula should be complemented by a
systematic technology course [1], which should provide an
insight into engineering science and hi-tech.
One of the possible approaches to designing and
implementing an advanced technology course in a general
high school is proposed and discussed in this paper.
The pilot optional course "An Introduction to Robotics
and Real Time Control" presents a two-year program
(Verner et al. [2]). The program started in 1994 at the
Ohel-Shem general high-school. In the 1997-98 school
year the program is offered in 5 high-schools, 145 students
enrolled in 1997. The program is currently recommended
by the Israeli Ministry of Education for wider
implementation. Teacher training courses for the piogram
have been conducted since 1996.
The course grade is included in the advanced
disciplines section of the student matriculation certificate
under the title "Machine control". It provides the
graduates with a considerable bonus when applying for
engineering university studies.

INTRODUCTION
Technological education in school is undergoing
reform. Rapid development of science-technology curricula
is supported by national educational programs.
The two trends that lead the majority of students to a
matriculation certificate are general and technological
senior high schools.
Though the curriculum of the technology schools
incorporate scientific and general subjects, it is vocational
oriented. Currently it includes a number of programs for
specialization in computers, electronics, machinery,
agriculture and other subjects. Each program offers a part
of some specific technical college curriculum (first two
year studies), many technology schools are associated with
technical colleges.
The present curriculum of the general high school,
which is the most powerful and prestigious branch of the
secondary education, does not include technology studies.
This situation is being currently revised, several models of
incorporating technology into the general education as a
separate subject or a part of an integrated
science-technology curriculum are being examined.
It is reasonable to assume that approaches accepted in a
technology education school, can not be directly adopted in
a general high school.
STS (Science, Technology, Society) doctrine was
successfully applied in design of science-technology
curricula recently introduced in high school. It focuses the
study of Technology on its socio-economic impact and
examples of practical applications of science.

COURSE PLAN
The course includes basic studies of electronics,
computers, mechanics, control and design in the robot
system context. In the creative part of the course (a
practical mini project and a theoretical mini research) the
students are involved in constructing hardware
components and developing software modules for the
robot system for the practical mini project. They also
investigate a technology problem that is central for the
theoretical mini research.
Creative projects provide students with the challenge
of self-supporting theoretical and practical activities.
Team tasks given for the practical mini project relate to
adapting and extending the robot for executing various
assignments in an automated mode. These assignments
may be vacuum cleaning, dynamic video monitoring,
transporting and manipulating objects. The purpose of the
individual theoretical mini research-work is to investigate
some specific problems arising in technology that are not
necessarily associated with the mini project. Two
examples for such activities are a sensor-based method for
avoiding robot collisions, or implementing voice
recognition for robot control.
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The optional course curriculum for "An Introduction
to Robotics and Real-Time Control" is given in Table 1.

• streamlining learning through pragmatic activities;
• concentrating on studies of modern technology basics,
operating technological systems and design activities;
• attracting students towards technological issues through
diverse theoretical, hands-on and creative team-tasks;
• providing the students with opportunities to apply and
evaluate knowledge and methods acquired in
mathematics and science.
The course time schedule, selected in the form of
once-a-week 4-hours workshops, provides a suitable
setting. Parallel study of several different subjects in each
workshop,
instead
of
a
single
disciplinary
subject-by-subject approach, stimulates students' curiosity
and let them faster get down to design and construction
work.
The second year studies are concentrated on performing
creative tasks. The practical mini project and theoretical
mini research are carried out in parallel. Combined, they
provide the students with relatively broad experience in the
technology area.

Table 1: Course curriculum
Learning Contents and Activities
Electronics
Fundamental concepts and electronic
circuits
Components and integrated circuits
Digital electronics
Motor control circuits
Computers
Logic and Boolean algebra
Computer components
Serial communication, address, data
and control buses
Assembly language and robot
programming
Microprocessor structure and
addressing modes
Assembly language instructions and
commands, interpreter, "high
language" application
Input/output, interrupts and
communication implementation by
software
Robot control
Mechanics
Materials, forces and torque
Motors and gears
Control
Control types
Motor control
Robot movement closed loop control
Robotics
Robot design considerations
Integrating hardware and software for
emergency situations escape
Sensor's types
Laboratory
Electronic P.C.B. construction
Designing and building a robot
Final tests, troubleshooting, debugging
and fixing
Creative projects
Practical mini project
Theoretical mini research

Learning
hours
4
6
15
5
6
14
5

5

EVALUATION
The style of our course differs from that of the
conventional high school physics and mathematics
courses in several dimensions shown in Fig. 1.

16

9

10
5
10
7
5
8

Alternative

Conventional

Optional,
Portfolio evaluation,
Technology dominant
and interdisciplinary,
Practical & purposeful,
Creative individual
and team tasks,
focus on application,
analysis and synthesis.

Obligatory,
Exam procedure,
Purely scientific and
disciplinary,
Theoretical & general,
routine exercises binding
for all,
focus on remembering
and understanding.

vs.

Fig. 1. Course Style Differences
9
6

In these features the course is similar to some
cross-disciplinary engineering courses [12,13], however, it
remains an introductory technology course for beginners.

5

EVALUATION
For high school students participating in the course,
the proposed learning strategy was as new as the learning
subject. As a result it was decided to use a questionnaire in
which we asked students for their opinions about the
coursed The questionnaire was presented to 43 students
(from two high schools) that had finished their practical
mini-projects and started the second year studies at the
beginning of the 1996-97 school year. In addition to this,
personal interviews with 6 (out of 17) graduates of the
1994-96 program were conducted.

12
23
5

40
80

LEARNING STRATEGY
Our learning strategy is compatible with the framework
of an optional course, in which students meet technology
for the first time; therefore it is based on:
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In this article we will discujss initial findings, based on
an analysis of the questionnaires.
Attitudes Towards the Course.
The average grade that students gave to the course was
80. High average grades were also assigned to the course
creativity (88.4) and to the Wportance of the acquired
technology knowledge background (83.7). Close
correlation of the individual grades for these three
categories was indicated. The course grade is determined
mainly by the two latter categories and depends more on
creativity and less on the background extension grade.
The interdisciplinary approach implemented in the
course, was also positively appreciated. Many students
noted that background knowledge in mathematics (72%)
and physics (93%) were required.
The students pointed out that team cooperation with
the classmates was important, especially while working
on a practical mini-project. The close correlation between
the grades for a personal contribution to team success and
the grades for the benefit derived from team cooperation
was noted.
Attitude Towards Technology
Most of the respondents (88.4 %) pointed out that
before the course they had a lack of any technological
background, except for some computer handling skills. For
a considerable part of them (18.6 %), technology evoked
only feelings of fear. The responses point out a significant
change of students' attitudes towards technology at the
end of the study. Most of the graduates (86.0 %) believe
that they can have a successful career in technology; many
of them (77.5 %) are going to major in engineering.
Some of the students, who were interviewed, revealed
that they had been quite affected by the new subject as well
as the new teaching methods that had been used in the
course. They stated that owing to the course they had
changed their point of view of technology.
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The respondents mentioned that they had become
interested in technological systems, were more confident in
operating technical devices, and that this had resulted in
more reflection as to the implementation of some of their
own ideas.
CONCLUSIONS
1. The concept of an optional advanced technology course
"An Introduction to Robotics and Real Time Control" for
a general high school was developed and implemented.
2. The proposed learning strategy is focused on promoting
an insight into engineering through diverse theoretical
and hands-on studies of modern technology basics,
creative design and construction activities.
3. A questionnaire indicated that most of the students
appreciated the course, especially due to the fact that it
had provided creative activities and a technological
background as well. For several students, the course
entailed a significant change of their attitude towards
technology. These attitudes were also found in personal
interviews which were conducted.
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ABSTRACT
Pen Based Tutors ( PBT ) emerged as a
possible solution
to training problems in
engineering area and provides drawing tools
designed to be natural extensions of the hand.
Pen Based Tutors have benefits: possibility to
use handwritten symbols, word, texts, and
drawings as an input to the computer.
The present work is devoted to student
modeling in PBT. The student model which is
an essential part of any tutoring system for
problem solving is based on an expert problem
solving model and includes information about
student usage of all elementary solutions
technique[l,2]. This information is obtained by
analyzing the intermediate results in the
problem solution. Except of the student
features that have been reflected in his model
in a common problem solving tutoring system,
PBT needs additional user features representing
his handwriting style and lexicon.

question and verifying correctness of the
answer.
STUDENT MODEL
The main components of knowledge
presentation in a problem solution are the
elementary process description and the
complicated process description based upon
the elementary ones. An elementary solution
technique is presented
by an elementary
operator. The elementary operators may be
combined into more complicated structures
referred
to as composite operator.
The
student problem solving model involves a
vector of correctness in elementary solution
technique usage. One or more components of
the vector may change based
on each
interaction, where components will range from
1 representing mastery to 0 representing a
total lack of knowledge in elementary operator
usage in problem solving. Every time the
student demonstrates correct usage of an
operator in solution the consentaneous
component current value is increased. If the
student errors reveal the lack of a certain
operator knowledge the consentaneous
component current value is decreased. The
resultant fuzzy reasoning is used for final
evaluation of the student knowledge and to
select between types of tutorial strategies:
correction, conformation, and coaching.

INTRODUCTION
The graphic tablet and pointing devices, or
electronic pen capture
traces during
handwriting and 2D hand-drawing. Traces and
sensor signals are converted to text and
drawing for use in Pen Based Tutors. PBT
have several benefits[3]: possibility to use
handwritten symbols, words, texts, and
drawings as an input to the computer during
different types of interactions:
• manual mode, when the student can control
relevant parameters in problem solving and
problem generation;
• auto mode with sequences of solution steps
with strategically selected
parameters
defined by the student model,
• self-test mode with the ability for the
student to select the task difficulty to be
solved as in the manual demonstration
mode;
• the test mode used by the teacher to check
the student knowledge in problem solving.
PBT need additional models, methods and
tools to be developed . The main problem in
this communication is the student's answer or

An abstract model of a problem solution is
suggested in [1] for the solution process
description and its usage in the tutoring
process. This model is extended here for
uncertain goals and situations in problem
solving description. The main components of
knowledge presentation in such a problem
solution are the elementary
processes
description and the complicated processes
description based upon the elementary ones. An
elementary solution technique is presented by
an elementary operator.
The elementary operator/may be combined
into more complicated structures referred to as
composite operators.
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The current situation in the search process
is described as a couple S - <O,R>, where
O c: {+,-} - operator exit, R - memory for
storing information during the problem solving,
R* set of all possible cases in the specific
problem solving.
Elementary operator/transforms R* to R*.
If/comes to the end on exit "-", then we may
consider the elementary operator / not to be
determined in the situation S.
The ordering list / = f<pj, <p2,~., <pn} will be
considered a composite operator, if
<Pi = ifi< vh mi}> where / - an operator
(elementary or composite), vi and /w, - either
natural numbers or sets of natural numbers
Vi = {vu, vi2
vm}, 0 <= v,, <••= n,
j = 1,2,...Ji
r»i = {mu, ma, ...,mikij, 0 < = % < - n,
j = 1,2,..., ki
The composite operator fulfillment is like
this:
1) the control is given to <p\
2) if in the current moment the control was
given to component ^ , then the operator f; is
fulfilled. If the operator/ comes to the end
on the exit "+", then the control is given to the
component v, ( or to the one of v,), otherwise
the control is given to the component mt ( or
to the one of mi).
Fuzzy selection rules are used for choosing
elements in the sets v, and m,.
If the
corresponding v/v,y or m/niij) is equal to zero,
that means it is the end of the operator/ Thus
exit of the last fulfilled operator/ determines
end of operator/
This model was successfully implemented in
problem solving tutoring process for expert
problem solution representation, as it allows to
create a student model on the basis of operator
usage correctness and mistakes made. To
characterize the student at each step of the
tutoring process, the list of elementary operator
correctness measures is built and is modified on
each step of the tutoring process. If the
correctness level of all the used operators is on
a sufficient level, the student is considered to
have learned the problem solution method.
The student experience in problem solving is
expressed in the terms of the similarity
between two models: expert and student.
Except of the student problem solving model
PBT needs model
representing student's
handwriting style, handwriting stability and
lexicon. Handwriting stability influences the
result of handwritten texts recognition and is
calculated in the text recognizer learning
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mode. It is used for the recognition and
verification processes tuning.
Handwriting
stability will range from 1 representing very
stable electronic pen usage in writing and
drawing to 0 representing very unstable its
usage. If the student has a stable handwriting,
the big number of confused symbols and words
may be erased from the consideration in the
recognition
and
verification
processes.
Different strategies of the recognizer learning
mode
and
their influence on student's
electronic pen handwriting
stability are
considered.
Hand-writing pattern S stability for the
PBT user is defined as the function of written
pattern scores mean M and their standard
deviation D
S (pattern.student) = (1 - DM)
Maximal stability value is equal to 1, minimal is
equal to 0. Initial data for the handwriting
stability definition are: the result of pattern
recognition for the student, and the list of
written words or symbols. If the student has a
stable handwriting the big number of confused
symbols and words may be erased from the
consideration in the
symbol, word, and
drawings recognition. Stability of the
handwriting which has been defined on the
word training mode for the student is used for
for the recognition improvement^].
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Conceptual design has always been the most
critical part of the engineering design process. It is
also the most problematic to teach and to learn. A
course on conceptual design for undergraduate and
graduate engineering students, has been run in for
three years now, in the Technion, with very good
results, and high enrollment. The course is
described in details. Students work in groups of 45, and emphasis is given to each individual's work.
The course includes the classical German design
methods, mingled with the most recent quality
engineering techniques of QFD, robust design and
concurrent engineering.
The more classical
disciplines of economic considerations, concept
selection techniques and novel planning method of
non-deterministic projects are also involved. Some
original educational and design issues and future
trends are discussed.

satisfies the need effectively, is also a creative
process. Producing original and innovative design,
is the highlight of the engineering profession, and
it is the duty of the teaching faculty to properly
train their students in this ability.
It is well known, and has quite often been
published, that the total expenditure on design of a
new product, at the conceptual design stage, is less
than 2% of the life cycle cost, while the committed
cost is around 75% [18]. Only 25% of the cost is
decided upon during the embodiment, details and
production design. The clear conclusion is that it
can be very economical to invest more work to
improve the concept, in order to save considerably
more in the later stages. An additional conclusion
is that due to the importance of the conceptual
design, much more time should be dedicated to
teaching this part of the design process, in the
engineering curricula.

Introduction

Knowledge and Techniques for Design

The process of Engineering Design as a
methodical sequence of activities, has been under
evolution in Europe since the mid 1980-ies, and
later also in the US, Japan and elsewhere. In a non
analytic process like engineering design, one has to
be aware of the difficulties, not only to develop the
basic knowledge, but also of the ways to teach it to
others. Regular frontal teaching is not an efficient
way to teach nor to learn design, therefore a new
type of course has been introduced in the Faculty of
Mechanical Engineering in the Technion, and is
described here. A few comparable courses have
been located in other universities, and the specific
design and teaching issues of the new course will
be emphasized.
This study deals with teaching of the conceptual
design stage, and its place within the whole design
process has to be made clear. Conceptual design is
needed mostly for original design. One has to
define a new "need", or satisfy a known, existing
need, by a new product. Proposing a new need is
an extremely creative action, probably the most
creative in the whole design process. Once the need
has been defined, most engineers will be able to
come up withsome
solution to that need.
Designing a good and economic new product, that

Conceptual design is a complicated, and a
highly creative process, the details of which are not
fully understood. Therefore it is one of the most
difficult parts to teach or to learn. Pahl & Beitz [1]
divided the conceptual design process into six
logical steps, and their methodology has been
widely used. The proposed course generally
follows their principles, but includes 10 steps [5].
Teaching how to design new concepts comprises
the main part of this study.
Teaching design and enhancing creativity of
students, have always posed a problem. Views
have been expressed, saying that the ability to
design, comes (or does not come) natural to some
people, and cannot be (effectively) taught at all.
The general attitude now is that one can learn
how to design,
and that proper design
methodologies do exist and can be taught. The
many textbooks [1-4, and numerous others] and
conference forums
(ICED, DTM, Artificial
Intelligence in Design, etc.) serve as tools to this
trend. The techniques used have been detailed by
Eder [14].
In the following chapters the needed skills, and
techniques will be detailed, and emphasis will be
given to the singularity of their teaching in the new
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course for conceptual design. The main highlights
will be given to three topics and methods that are
treated in a new way in the course, which are:
•

the introduction of new needs,

•

combination of individual and team work on
the same project,

•

a weekly assignments system, that ends up
with a fall conceptual design project.

communication etc., but a team effort is needed to
turn the idea into a successful product. The team
consists of people with different expertise, who
speak different technical language. One team
member emerges, or is nominated, as the
integrator of the project. The main task of the
integrator is to coordinate the team effort, and to
be able to communicate with each person in their
respective technical language. The integrator must
have a wide base of knowledge and understanding
in many fields of expertise, enough to be able to
effectively communicate with the experts in the
field. An interesting observation of one of the
authors, based on experience from several HighTech companies, is that in many successful teams,
the design integrator is a mechanical engineer,
and he is the one who is responsible for the design
of the new product.

The accepted fact is that: "learning design is
possible only by doing design", and therefore the
new course is also a "project course".

Creating a New Need
The preceding stage to design is the creation
and definition of a need. This is a highly creative
act, and there are systematic methods, that help
"inventing" the need. We want to expose our
students to this stage as well, and to some
procedures that can help make a new need, more
probable to emerge. The main mechanism to this
goal is building creative atmosphere, free of
pressure and anxiety, but with the aim of doing
"something new". Then many questions are asked
as to "why" a thing is like it is. Sensitive people
who are not happy with a given situation, tend to
arise questions as to why things cannot be different
than they are. Introducing this subject in the
course includes a detailed description of the
creative methods, many examples and ways that
enhance creativity for certain people. Additional
methods are based on systematic interaction with
customers, and their needs and formal user's
inquiry.

Each product is developed by a multifunctional
(= multidiscipline) product development team
(PDT), as described by Clausing and Pugh [10],
and the team uses the concurrent engineering
concepts in their work. After handing in their
individual proposals for new needs, the students
in the course are divided into teams of four to five
each, and most of their weekly homework is
performed in those teams. In this way they can
practice teamwork, and the concurrent engineering
process, early in their career.

The Course Topics
The semester includes 14 effective weeks, and
the contact hours are as follows: a two hours
lecture, a one hour exercise, and a one hour
"design laboratory", which is dedicated to the
individual consulting. The exercise hour is a
regular one, where calculations and other examples
are shown, and is mainly used to enlarge on the
practical aspects of the different topics,
the
assignments and homework. The course consists of
twelve different topics, each of one week and two
of two weeks, including a workshop. Due to the
concise treatment of the subject, the detailed course
program cannot be shown.

As the first assignment of the course, each
student is given a personal task to create at least
two new needs. A few of these needs are later
proposed as subjects for the team's project that they
have to design a solution to. They are free to
choose the potential customers and the field of
their choice. All they have to write is the need, or
the problem to solve. This assignment is
considered as the most challenging in the course
and possibly in the whole engineering curriculum.
In certain cases the students are challenged to visit
an industrial company, or a hospital ward, to find
stimulus for a new necessity. Some very original
new "needs" emerged in this way.

Assignments and Workshops
At the first meeting, the students are required
to define 2-3 new market needs. They are guided to
rise above the usual engineers way of thinking by
defining the market needs from the customers
point of view and to understand the need for a new
product, which does not exist in the market yet.
During the course, the students prepare a
conceptual design project. This project consists of
several chapters. Each chapter covers one phase of
the design (see topics). The projects are performed
by teams of 4-5 students. The subjects of the
projects are chosen by the tutor, from needs that
were proposed by the team members.

Design as a teamwork
As the sciences developed and were extended,
they became complicated, and turned to be too
much for one person to be an expert in, or to
handle. Teams of experts are needed now for
each new product. The novel idea is, in most
cases, introduced by a person in one of the "new"
fields,
like
electro-optics,
electronics,
247

The teams get an assignment every week.
The assignment covers one chapter of the project
and is due two weeks later. Each exercise class
starts with a short presentation by one of the team
members. Then the instructor demonstrates the
method to be applied on the next assignment.
Finally each team meets the teacher or the tutor for
reporting and consulting. Additional to the project
team assignments, there are several personal
assignments, to train the students in techniques
like Taguchi's method or PERT.
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Project Examples
The course has been taught in the last three
years, with a combination of graduate, senior and
some sophomore students. There was no real
distinction among these groups, except with
graduates who had some earlier industrial
experience. Among the many projects that were
handed in, were the following:
A novel device for tiled floor sweeping;
A new flash-light for the elderly;
A production tool for a prestressed concrete
factory;
An in-process ultra-precise length measurement
device for a High-Tech company;
An efficient, home solar-collector;
Equipment for the micro-electronic industry.

Discussion and Conclusions
1. The syllabus of the course is too wide. Too
many subjects are covered in one semester, and
a few of the students have difficulties to
comprehend the material. On the other hand it
simulates the time pressure that is typical to
real life in an industrial company.
2. The load of home assignments is also too
heavy. The answer will probably be to rise the
weight of the course in the general curriculum.
3. The course is challenging to the students,
mainly the opportunity to use their imagination
and tackle real life situations. Therefore many
of the better students elect the course.
4. The group includes students from different
disciplines and different levels (graduates and
undergraduates), like in real situations. This
mix influences the work procedure and the
outcome, and is considered an advantage.
5. A few of the projects have become too
complicated. The best subjects are the ones that
include one new problem that needs original
solution and several regular ones, so that
market inquiry and new ideas will be needed in
a mixture. Even the open problems, have to be
kept not too difficult, so that they can be solved.

Acknowledgement: The study has been supported
by the Fund for the Promotion of Research at the
Technion.
248
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ABSTRACT
The paper is dealing with an instructional
materials that were developed at the Center for
Technological Education Holon, in which one
can teach and learn about Robotics and
Machine vision while playing with the
RobGame (a robotic cell that equipped with
machine vision and game area). The main
characteristic of this package is Game Based
Learning in which the learner should control all
the package parameters in order to win the
game against the robot.

Game unit the learner should deal with: Depth
search factor that, controls the computer
movements; Corner's value that been given to
game pieces standing at the corners of the
game board.
WINNING THE GAME
Only after dealing with all the units
parameters, the Iearner(s) is capable(s) of using
the fourth unit (states machine) and play
against the robot. The game can be a complete
one or a partial one according to the learner's
level. A good player can try to defeat the robot
from a pre known setup (given by an expert) or
play against a higher depth search factor.

INTRODUCTION
For quite a while educators are developing
instructional materials for teaching and
learning Robotics as a whole and Machine
vision in particular [1,2,3]. This beyond the
manuals, technical reference books and
learning materials that the user is getting from
the robot's distribution company.
Lately a different instructional package was
developed at the Center for Technological
Education Holon, in which one can teach and
learn about Robotics and Machine vision while
playing with the RobGame (a robotic cell that
equipped with machine vision and game area).
The main characteristic of this package is
Game Based Learning in which the learner
should control all the package parameters in
order to win the game against the robot.

SPECIAL FEATURE
Each unit is an independent one, a fact that
enables the states machine, where it is
necessary, the option of partly combining the
other three units. For example, the option of
moving a game piece on the computer screen,
with the computer mouse, and the robot will
move accordingly.
THE ROBGAME STRUCTURE
As was mentioned before the RobGame
package consists of three independent
fundamental units (robot, camera, checker
game) which can be combined with another
unit (states machine).
The Robot Unit - Getting the game status
from the states machine and accordingly
executing the necessary movements. It
consists of two parts:
• a controller that is using Advanced
Control Language (ACL)
•a mechanical arm with 5+1 axes
The Camera Unit - Grabing the game
board image, analyzing it and transferring it
to the states machine.
The Game Unit - Administrating the game
according to the game's rules and the game
image analysis.

LEARNING OBJECTIVES
The RobGame package consists of three
independent fundamental units (robot, camera,
checker game) which can be combined with
another unit (states machine). Each of the
fundamental units has its own activities in
which the learner should deal with its typical
parameters.
For example, in the Camera unit the learner
should deal with: Histogram of the gray scale
image; Threshold value for the conversion of
the gray scale image to a binary image; Gain
value and Offset value for controlling the
brightness and sharpness of the image. In the
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The States Machine Unit - Getting
messages from the different units and
transferring them according to fixed rules.

USING THE INTERNET
Nowadays we are developing an Internet
Java Applet that will allow the learner(s) to
learn robotics and machine vision principles in
distant learning. We believe that it will work
locally (LAN) at the end of January 98 and
externally (from schools and homes) at the end
of March 98.
TOOLS
C++ for windows was used to develop the
package while the robot cell is an Eshed
Robotec one (Scorbot V and Vision Pro).

Note: Different screens of the package and
a video presentation will take place at the 27th
Mechanical Engineering Conference.
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of its task is largely provided by machine
precision, for which the parameters have not
yet been formalized and are therefore not
reflected in block 2. Different results in
precision can be obtained with the same
program of workpiece processing carried out
on machines of different precision levels. An
experienced machine operator is sure to
possess an arsenal of heuristic solutions and
empirical knowledge, which considerably
enhances the machine's potential, but that lies
in the realm of practice and skill. CNC
machines incorporated into CIM teaching
systems can presumably ensure mastering the
entire chain of knowledge and skills all the
way from the drawing to the materialized
product. At the same time training is provided
in how to overcome difficulties and obstacles
that inevitably arise in any materialization of
ideas in the real resistant world. It should also
be stressed that good results can be achieved
only by detailed elaboration of technological
tactics (operations, transfers, processing steps),
determination of the strategy (processing
route) is insufficient.

Abstract
CIM teaching systems developed in Israel
[1,2] are widely used in the education process
at engineering departments in universities.
However, particular modules (stations) of such
systems provide prospective engineers with
unequal levels of professional skills for meeting
the requirements of technology, design,
programming, management and product
manufacturing in CIM-based production
systems.
Introduction
This chain of functions is most adequately
fulfilled by CNC machines incorporated into
FMS
(Flexible
Manufacturing
System)
modules. Although their controllers are mostly
of low capacity (only NC, not CNC), this
drawback is now fully compensated by linking
such a controller to a PC. This enables
sophisticated CAD/CAM systems to be used in
design work, the simulation of machining
processes to be displayed on the PC in real
time, etc.

Modules for automatic assemblage in CIM
teaching systems present quite a different
picture. The possibilities for teaching the
professional level of know-how at those
stations are limited because of the functionally
different structure of automatic assemblage in
comparison to the task discussed above.
The task of automatic assemblage (AA) of
a unit or an article can be structured into the
following blocks:
1. Preparatory
operations
(actions) of
transporting and handling the items to be
assembled.
2. Placing, mounting, fitting, matching and
fixing the items in their working positions
(assembly proper).
3. Finishing of the unit or article in the
assembly position.
4. Checking and adjustment.
5. Concluding operations (washing, cleaning,
drying, lubrication, marking, packing).
6. Moving the assembled product to the
transportation area.

Analysis and Estimation
The task of manufacturing a product on a
CNC machine can be divided into 4 blocks:
1. Shaping (GEOMETRY).
2. Compiling a set of technological
parameters
for
processing
(TECHNOLOGY or JOBS).
3. Placing the workpiece in the operational
area of the machine and removing it from
there (operating the clamping devices,
FEEDING).
4. Bringing the workpiece up to the required
level of precision (PRECISION).
Blocks 1 and 2 are realized with the help of
CAD/CAM systems. Block 3 is realized by
interaction between the robot and the
clamping device. The clamping appliances
that are most widespread in industry are
represented in CNC machines used in CIM
teaching systems, they include milling bowls
with variously shaped jaws, turning jaw
chucks and conical centers transmitting
rotation onto the workpiece by a hub with
teeth on its end. As for block 4, the realization
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Table 1. Signs for automated machining
Gripping of the article by the robot
Oriented placement
Bunkering, bulk unloading
Address placement
Transporting
Clamping
Unclamping
Turning over
Turning
Orientation
Lathe machining
Two-sided storage
Stacking robot
Conveyor
Feeding against the stop
Closure of the machining area
Mill and drill machining
Vacuum removal of chips
from the machining area

[(")

Fig. 1. Flow chart of the automaticassembling a tecnological packet
in a jig.

Fig. 2. Cross puzzle made of rods and
its components.
Fig. 3. Cubic puzzle and its components
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7. Final
handling
and
transporting
operations.
Assemblage modules usually contain robots
of two types [3] - jointed (spherical
manipulators)
or
SCORA
(cylindrical
manipulators), assembly tables, buffers, pallets
and templates with systems of grooves or
apertures and separable dowels. The
conventional set of equipment in assemblage
modules (linear belt conveyers, circular and
cross-shaped tables, templates, pneumatic
vises and cylinders for linear cyclic action)
provide only for the performance of the tasks
in blocks 1, 7 and partially in block 6.
Imitation of assembly positions on pallets and
templates with the use of separable dowels
does not achieve high precision in placing the
items to be assembled, and using this restricted
set of equipment enables only relatively simple
and low-precision operations of automatic
assemblage to be performed, as well as some
household tasks like coffee-making. The level
of technological design for such operations can
be reduced to strategy alone - to so-called
packet-assembly schemes (PAS). A graphic
language is proposed for describing PAS
(Table 1). An example of a flowchart for the
automatic assemblage of a technological
packet in a jig is presented in Fig. 1.

production. As such equipment for AA
modules is expensive and thus problematic,
other ways for modeling AA have to be
sought. Among them are Puzzles assemblage,
games assemblage (Rubik's cubes, tick-tacktoe etc.), artistic assemblage (mosaic, lace
etc.), sorting various objects prior to assembly
etc.
The greatest possibilities for modeling are
provided by Puzzles assemblage [1]. Fig. 2 and
3 show products and objects of such
assemblage. Assembly positions are mostly
relatively simple lodgments. A comprehensive
set of teaching projects can be realized for
such AA objects: (1) elaboration of a general
AA algorithm; (2) elaboration of an AA
algorithm for given intermediate stages of
assembly; (3) physical AA of items from a
bulk by a given algorithm; (4) physical AA of
items from oriented positions by a given
algorithm. Full use is achieved thereby of the
possibilities of technological design for robot
operations: (1) designing the vector of points
in which gripping operations are performed;
(2) teaching the robot to move between and
operate at these points; (3) programming AA
operations in the language of the controller.
Items are sorted prior to AA by their
shapes, weights, sizes, colors. Naturally, for
these operations AA modules must be
additionally equipped with relevant functional
blocks - artificial vision, automatic scales,
color indicators. Measurement of linear
dimensions requires the replacement of
pneumatic or vacuum robot grips by
electromechanical ones. The possibilities of
A A are considerably widened by additionally
equipping AA modules with inductive and
optical sensors, beam indicators to keep the
robot within its critical positions, etc.

Design and Technology
The level of technological elaboration for
designing automatic assemblage of units in
real machines and appliances must be very
detailed and profound. It concerns above all
the kind and the precision parameters of the
assembly position. The operations of handling
the item to be assembled must be worked out
down to the level of steps. Reliability and
productivity of AA are limited by precision in
performing three basic operations: moving the
items to be assembled into position, basing and
orienting theml The factors affecting the
quality of these operations are the design of
the assembly position, the precision of the
basing and guiding elements, the precision of
the items to be assembled, the nature of
violations in assembly conditions (burrs,
flashes, bends etc.)\ All these factors are
estimated by parameters of assembly
adaptability and functional interaction of the
items to be automatically assembled, as well as
the probability of their assembly proving to be
impossible.
It follows from this analysis that blocks 2
to 6 of the AA task can only be realized on
scale models of AA assembly positions and
items that are as close as possible to real
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ABSTRACT
The research focuses on the development of students'
self-reflection, and the critical and analytical thinking skills
necessary for effective learning and practical activity. The
study suggests that such skills can be formed through the
process of students' evaluation of their own learning. Thus,
a set of special activities was developed and carried out in
several Israeli schools in classes where a project-oriented
science-technology education was conducted. These
activities aimed at encouraging students to evaluate their
own learning process. The students, in collaboration with
their teacher, defined the evaluation criteria and tools.
During the work on their projects, they gained experience in
evaluating not only of the project results, but also of the
project work process.
Observations in the classes, questionnaires and interviews
with students and teachers indicated some changes in
students' understanding about learning, self-evaluation, the
role of the teacher and the student in learning and
assessment and also an increasing responsibility and
self-dependence in problem-solving.
Some pedagogical recommendations about arrangement
and realization of such activities in science-technology
education are proposed.

Nevertheless, this important ability is not supported and
developed in school. Assessment which takes place in
today's' schools is an external assessment. It is realized by
the teacher in accordance to some criteria that are
determined by the Ministry of Education, Culture and Sport.
Usually, only students' achievements (learning results) are
evaluated and on this base a student's range among his
peers is determined. Such a mode of evaluation leads to
trends that are in conflict with effective learning: Not to be
creative, to agree with the teacher's point of view in all
situations, to "swallow" information without criticism, to be
afraid that a teacher sees his mistakes, and so on. Students
motivations is not to learn, study or to know, but to win in
the competition, to be better than others, to receive a higher
mark. Responsibility for learning lies on the teacher and not
on the learner. The teacher himself and also the student
believe that a teacher is the person responsible for his
students' learning. In other words, such a mode of
evaluation hampers initiative, creativity, self-dependence,
responsibility, development of critical thinking and the
learning process itself which is characterized by attempts
and mistakes.
RESEARCH PROBLEM AND METHODS
This research focuses on the development of students'
self-reflection, self-dependence and critical and analytical
thinking skills,
necessary for effective learning and
practical activity. In this study the suggestion was made that
such skills can be formed through the process of students'
evaluation of their own learning and problem solving
processes.
To check this assumption, a set of special activities was
developed. This set included four basic activities aimed at
drawing students into evaluation of their own learning and
problem solving processes. They were as follows:
1) Class discussion about "what is learning?" and "where
and how do people learn?"; 2) Collaborative solving of
practical problems followed by a discussion about
differences between evaluation of the result and evaluation
of the process, about types of evaluators, about different
criteria of different evaluators and about participation in
evaluation several types of evaluators; 3) Collaborative
definition of evaluation criteria; 4) Class discussion about
evaluation procedures and tools.
To follow the changes of students' learning and
evaluation perception, the special procedures and tools
were developed: Class observations, interviews and
questionnaires for teachers and students.

INTRODUCTION
Modem technology society needs engineers capable of
self-learning and independent problem-solving. These
abilities ought to be formed from the early stages of
engineering education and even in school.
Many recent researches in education focused on the
design of special learning environments that are based on a
constructive approach in teaching and learning. In
accordance with this approach, learning is an internal
process of knowledge construction that takes place in a
learner's mind. [1]. A learner builds his own knowledge
during the solving of authentic problems.
To improve achievements (results) of learning (as well as
of every other activity) one has to be able to analyze and to
assess one's own mental processes and operations that have
led to these results. This internal assessment is one of the
central and necessary components of the learning process.
Self-regulated learning is the built-in characteristic of the
constructive approach [2].
Every person carries out an internal assessment all his
life. It is a natural and automatic process which results from
the human ability to live in two different worlds: In the first
world, a person does something and in the second, the
person thinks about this very activity.
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own doing process; 3) A person who is doing himself (a
student), a person who is not doing, but observes the
process and partly takes part in it (a teacher) and a person
who is not doing and does not observe the process, but only
evaluates - these three persons have different evaluation
criteria (the third person evaluates only results and cannot
evaluate the process at all).
In the second stage students, in collaboration with their
teacher, defined the evaluation criteria (the third activity in
our set). During the discussion they chose criteria for the
evaluation their project. Here is a list of evaluation criteria
chosen in one of the classes:
1) Understand the basic concepts from the sphere of
knowledge which is connected with the project;
2) Define the research problem;
3) Plan, design and carry out the experiment;
4) Computer skills (Excel, Word, Power Point, etc.);
5) Responsibility;
6) Collaboration;
7) Clarity and logic of the text;
8) Project presentability;
9) Use of time;
10) Project work structure;
11) Correlation between conclusions and research
questions.
The third stage was devoted to discussion and
collaborative decisions about evaluation procedures and
tools suitable to every criterion (the fourth activity in the
set). Here are some examples. To evaluate knowledge of
basic concepts and computer skills students of one of the
classes decided to use tests consisting of special questions,
problems and tasks that ought to be given several times
during the project work. Evaluation of planning, designing
and carrying out an experiment, time using, experimental
data treatment and correlation between conclusions and
research problem was carried out through the
teacher/student conversation and was part of the teacher
guiding. These conversations took place constantly during
the all time of the students' project work. In some classes
students had a special note-book where they wrote their
reflections about their project work process. A teacher read
this from time to time and gave his written or oral feedback.
This was also one of the information sources for joint
project evaluation. Clarity, structure and presentability of
the text were evaluated in teacher/student discussion about
the work which a student had to represent as a final product
of his year (half-year) work.
The evaluation procedures and tools that have been
chosen in collaboration by students and teachers have been
implemented in class during the students' work on their
projects. It is important to note that the students took part in
evaluation of all criteria, including concept knowledge and
computer skills, and all decisions connected with their
project work evaluation were taken in teacher-student
collaboration.

EXPERIMENTAL PROCEDURES AND RESULTS
The research was carried out in several Israeli schools, in
classes where a project-oriented science-technology
education was conducted in the framework of the project
"Tomorrow 98". In these classes students chose a problem
and worked on it for half a year. A teacher acted as a
mentor. Students worked in small groups (2-3 people).
Every group carried out a research project based on an
authentic problem. During the work, students collected
information from different sources, defined research
questions, met the specialists in sphere of project, and
talked to them, visited factories and laboratories, carried out
experiments and observations, treated collected information
and experimental data, concluded and presented project
results in writing and lectured about them on student
conferences. In their work, they used varied computer
means and software (Excel, Word, Power Point, Internet,
etc.). In the research included more than 300 students of
five secondary schools.
Evaluation of the own learning is new and not simple for
students. They have no experience in learning evaluation
and usually do not understand its necessity, and do not feel
a need to evaluate their own learning process. So, on the
first stage of our work with students, two activities aimed
at changing students' perceptions of learning and evaluation
were carried out.
The first activity was a class discussion in the form of
"brain storming". The discussion was on two questions:
"What is learning?" and "Where and how do people learn?"
Here are some examples of students' answers on the second
question: "From books", "from the Internet", "from our
friends", "on excursions, travels, in museums, from visits to
places of interest", "at home from our parents", "from
adults", "on lectures", "in school, in lessons, from
teachers", "from mistakes and failure", "from journals and
newspapers", "from conversations and talks with peoples",
"from observations of nature", and so on. From the answers
one can see that students understand learning as a process
that takes place all the time, everywhere and the part of
school in their learning is relatively small. This idea can be
a good basis for developing students' responsibility for their
learning.
The second activity focused on collaborative
problem-solving. In this activity, groups of students had to
solve some practical problem (to build a bridge or a tower
under very difficult conditions or with high demands).
There were three types of people who evaluated their work:
A student who saw only results; a student who saw the work
process, but did not take a part in the work and students
who had been working themselves. After the evaluations,
the students compared marks and reasons of different types
of evaluators and discussed the differences. As a result, the
students came to the understanding that: 1) It is insufficient
to evaluate only results, it is necessary to evaluate also the
work process; 2) A teacher cannot evaluate all the process
because he cannot see nor know many things. Therefore the
person who is doing has to take part in the evaluation of his
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CONCLUSIONS
Students' active participation in the evaluation process,
not only in evaluating their final product, but also in work
process evaluation, in all its stages, provided them with the
opportunity to develop their responsibility, abilities to
reflect upon their own actions and ways of thinking, to
analyze the reasons for their successes and failures, to
discuss, to formulate and to express their thoughts and
feelings in writing and orally, to defend their opinions, to
make decisions in collaboration.
On the basis of data from student and teacher interviews,
our observations in. the classes, students' and teachers'
answers on questionnaires we could see an increase of
students' responsibility and self-dependence in problem
solving and also some significant changes in students'
understanding about learning, self-evaluation, teacher and
student role in learning and assessment, were indicated.
We think that such work is very important for the
personal and intellectual development of the student, it
ought to be carried out not only in secondary schools, but
also in primary schools and in higher, post-graduate and
professional education.
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Some pedagogical recommendations about arrangement
and
realization
of
evaluation
activities
in
science-technology education are proposed. The activities
are not time-consuming and can be easily incorporated in
the teaching process.
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ABSTRACT
Mechanical surface aerators with vertical axes of
rotation installed sequentially in the aerobic zone open
channel of a biological reactor were studied to obtain
power characteristics of different groups of working
aerators selected from the sequence. The dependence of
the power on the wastewater flow rate and control weir
position was analyzed and empirical equations for the
different groups are obtained and used for the aeration
process control.

transfer rate (OTR, kgO2/kwh) and this characteristic
enables calculation of the necessary power transfer to
liquor in a biological reactor[3]. The aerators in the stream
act as local sources of air and mixers. The necessary
oxygen and corresponding air supply vary in a broad
interval according to the changes of the flow rate and
contamination of wastewater and its temperature.
Therefore, the characteristics of the groups of aerators
must also be determined in a large interval of conditions.
The modern tendency in aeration process control is
the use of combination control which includes
measurements of inlet wastewater parameters, flow rate
and temperature for determination of optimal control
actions - feedforward principle, and also feedback
principle, using, for example, dissolved oxygen
concentration at the exit from the reactor as the process
value[4].
The feedforward
(anticipating) control and
combination control may be provided only If the power
characteristics are determined and can be used to provide
the necessary oxygen supply calculated by the control
system.

INTRODUCTION
Aeration tanks with mechanical aerators are usually
used in wastewater treatment works in Israel and in many
other countries [1-4]. The mechanical aerators with
vertical axes of the centrifugal rotors are applied in
Netanya Wastewater Treatment Works in Israel and
expenses for their driving comprise about 80% of total
energy expenses of the Works. Reduction of expenses
related to energy consumption by aerator driving engines
is one of the very urgent problems of wastewater
treatment [4].
The aerators are installed in the aerobic zone of the
reactors (open channel) in the current of liquor - mixture
of wastewater, air and activated sludge (Fig. 1). The
control of the aeration process is carried out by changing
the water level - submergence of aerators — and by
changing the number of working aerators and their power
(aerators of different power may be switched-on or
switched-off). The flow rate of liquor in the aerobic zone
is the sum of the flow rates of wastewater (Qin), activated
sludge (Q^) and recirculation flow rate (Qr) of the liquor
which is returning to the anoxic zone by the pumps (Fig.
1). The control weir at the exit of the aerobic zone enables
changing of the water level and submergence of aerators.
The flow rate over the weir:

LIQUOR FLOW AND ENERGY TRANSFER IN
THE AEROBIC ZONE OF BIOLOGICAL REACTOR
The rotors of aerators have blades moving in the
liquor and the drag force acting on the blade can be
expressed approximately as the force acting on a simple
moving plate partially submerged in the liquid current:
X = Cxpv2F
(2)
where F = area of the plate submerged in liquid,
p = density of liquid, v = velocity of the plate, Cx = drag
coefficient.
The rotation speed of the rotors is usually constant
but the velocity of liquor flow may vary due to changes of
the flow rate of wastewater and control weir lift: The
power transmitted to liquor is proportional to the torque
and therefore, to the force X acting on the blade.
Equation (2) shows that the force X depends on the
rotor rotation speed, geometry, submergence in the liquor
and liquor density.

Q = Qin + Qas-Qwa
0)
where Qwa = flow rate of waste activated sludge which
exits up-stream of the control weir and usually
Qwa«(Qin + Qas)The oxygen supply by aerators is commonly
determined by the producer of aerators as the oxygen
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The geometry of the channel and liquor flow rate
may also influence the velocity fields in the current where
the rotors are working.
The air concentration in the liquor may change due to
the aerators action, free air exit from the water to the
atmosphere, air solution in the water and oxygen
consumption by activated sludge. Rotating masses of
liquor containing free air move along the channel and the
working conditions of aerators change if the flow rate of
liquor varies.
Preliminary analysis shows that experimental
methods must be used for the aerators' power
characteristics' determination.

weir lift increase, Hmnx/b,nnx = ratio of the maximum liquid
height above the weir (at flow rate Qmax) to the maximum
weir lift, a cor = empirical correction coefficient.
The average correction coefficient was determined:
a cor = 1.19 - 1.21 and dependence of this coefficient on
the flow rate at 5 0 > 0.2 can be determined using an
approximation, which is shown in Fig. 3, in which 5 0 and
8N are relative deviations from the flow rate of
recirculation Qr and from the power NSQ determined from
Eq. (3) at a cor = 1. The linear approximation may be used
at5 Q <0.2.
EXPENSES FOR AERATION

EXPERIMENTAL STUDY
OF POWER CHARACTERISTICS

The obtained power characteristics of the aerators
were used for the combined control of the aeration process
in the reactors of the Netanya Wastewater Treatment
Works. The estimation of the expenses reduction per year
related to the energy consumption by aerators is 100,000
NIS (10% reduction).

The following method was used to obtain power
characteristics of groups of working aerators: The
measurement of power supply to every aerator was carried
out during simultaneous work of all eight aerators of the
reactor at different lifts of the weir in the interval 0 - 100%
without wastewater supply in the reactor (the velocity in
the aerobic zone is determined by the recirculation flow).
Sufficient time delay for the interruption of the flow
over the weir was provided after the closure of the
wastewater entrance to the reactor. The total power of all
working aerators included in the combination was found
by summing of these aerators powers for selected values
of the weir lift.
The results obtained for one of the combinations are
shown in Fig. 2 where the linear approximation is also
presented. The correlation coefficient 0.968 shows that
experimental points are very close to the linear
approximation. Linear approximations were also found for
other aerators' combinations which are necessary for the
oxygen supply in different work conditions (20
combinations) and the correlation coefficients are > 0.95.
Fourteen combinations of working aerators were
tested to obtain the power characteristics directly. The
results obtained prove that the linear approximations are
sufficient.
The power characteristics of the aerators'
combinations were determined for conditions of the
wastewater supply to the reactor by calculation of the
power taking into consideration the water lift above the
weir:

H

max Q i n + Q as
+ AN
smax
'max v
Vmax
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(3)

where a0 and
are coefficients of the linear
approximation; b = weir lift, ANS max = maximum increase
of the combination power corresponding to 100% of the
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Fig. 1: Wastewater flow in aerobic and anoxic zones of biological reactor.
Netanya Wastewater Treatment Works
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Fig. 2: Power characteristic for a group
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(comparing with circulation flow rate
during tests without wastewater
supply in reactor).
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1. ABSTRACT
Utilization of waste polymers by means of
their combined pyrolysis with oil shale is
described. The substantial goals which are
achieved by means of this process are:
conservation of the environment, and
improvement of the effectiveness of solid fuels
processing. The resulting oil and gas can be
used as fuels or added to petroleum refinery
feedstocks, oil shale, different kinds of waste
rubber, polyethylene, polypropylene, and a
mixture of the oil shale and tyre (3:1) were
pyrolyzed under the same conditions. Oil yield
was 43-50% from rubbers, and 92-95% from
thermoplastics. Gas yield was 3-6%. The oil
yield from the pyrolysis of the mixture, was 3fold higher than the oil yield from the initial oil
shale, and contained less sulfur, and more light
fraction than shale oil.

combustion and costly flue-gas cleaning are
required. For this reason, the way is open for
pyrolysis processes.
One of the problems of commercial
realization of pyrolysis is that the waste
polymers are a mixture of different materials
having various geometrical form (films, bottles,
etc.),
melting
temperatures,
chemical
composition, etc. This makes it difficult to
develop a process which is suitable to all of
these various materials. This difficulty can be
overcome, if the waste polymers are added to a
solid fuel and this mixture is processed
according to the methods accepted in fuel
technology. Due to the carbonates usually
contained in the solid fuel, there are no SO, in
the waste gases of polymer processing. Fuel
processing has a long tradition and is well
developed. The usual method of solid fuel
processing is pyrolysis: semicoking (retorting)
at a temperature of 500°C or coking at a higher
temperature. Therefore, our research was aimed
at the investigation of combined pyrolysis of the
most widespread waste polymers with oil
shales.

2. INTRODUCTION
The disposal of scrap automotive tyres is an
increasing environmental problem. Estimates
for the generation of scrap tyres are of the order
of 2.5 Mt per year in North America, 1.5 Mt per
year in the European Union and 0.5 Mt in
Japan [1].
Plastics make up 7-9% of the weight, or 2030% by volume of the total waste stream. The
proportion of plastics in the total waste in the
world grows every year and is expected to be
about 10% in 2000 [2]. Of this amount, 89%
are polyolefins (polyethylene, polypropylene,
polysterene, polyethylene terephthalate, and
PVC), with polyethylene being about 63% of all
packing waste. Plastics are not biologically
degradable, and this creates problems with their
disposal.
Although recycling seems to be an ideal
solution for the waste economy, recycling of
mixtures of rubber and plastic waste is far more
difficult and expensive. Many materials such as
composites, heavily filled plastics, elastomers
and duroplasts are inherently not suitable for
regranulation and recycling. Processing of
organic waste to be used as fuels, rather than
the recovery of recycling rubber for
manufacturing is done by incineration. The
drawback is that a rigorously controlled

3. GENERAL SCHEME
One of the possible schemes for the
pyrolysis process is presented in Fig. 1. oil
shales, mixed with waste rubber and plastics, is
directed to the retort, where it is mixed with
circulating hot ash and heated up to a
temperature of 500°C. Pyrolysis of the waste
rubber or plastic and solid fuel organic matter
(kerogen) takes place under these conditions,
and oil and gas are produced. The mixture of
the spent fuel (residue) and the coke, formed as
a result of the rubber and plastics
decomposition, with the ash is combusted in a
separate apparatus. The major part of the hot
ash is recycled to the retorting reactor. The
excess of the ash is cooled with air and
discharged. The hot air is used for the coke
combustion and drying of the raw fuel.
The volatile products - oil and gas vapors are cooled and condensed. Another option is a
two-stage pyrolysis: the mixture of solids is
subjected to usual retorting under optimal
conditions, and only the vapor-gas products of
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the retorting are subjected to thermal or thermocatalytic conversion at higher temperatures. In
this variant of the process, the oil vapors from
the retort are directed to secondary pyrolysis in
a pyrolyzer at a temperature of 600-900°C. The
second stage enables us to obtain a greater
quantity of the gas and an oil richer in valuable
aromatic components.
This scheme provides processing of the
waste polymers materials into valuable
chemical and fuel products, good heat
utilization, high capacity, simple and reliable
design of the unit, and satisfactory solution of
environmental problems.

enabled us to obtain the results of the polymers
pyrolysis in a "pure" form. The spent shale
played a role of a heat transfer medium, and of
a mechanical carrier of the processed polymers.
Polymer contents in the polymer-spent shale
mixture in our experiments were 25% by
weight. In one of the experiments, a mixture of
rubber with raw oil shale was used to study the
combined pyrolysis of both components.
4.2. EXPERIMENTAL UNIT

The batch-operated unit consisted of a retort
(first stage of the pyrolysis), converter (second
stage), system for electric heating of both,
apparatuses, equipment for temperature control,
and a system for cooling, condensing, collecting
and measurement of the products of processing.
The liquid products were condensed, separated
from water and gas, and collected in a receiver.
The gas was cleaned of HjS and, partly, of CO2,
and directed to a gas holder.
About 80% of the oil and gas were formed
within the temperature range of 300-450°C. A
drawback of the retort used was its batch
operation. Since all the experiments were
carried out under the same conditions,
variations in the holdup time of the pyrolysis
products in the system did not prevent the
comparison of the results of the pyrolysis at
various temperatures.
In this paper, the first series of the
experiments is described. These experiments
were performed without secondary pyrolysis..

Fig.l General scheme of the combined
pyrolysis.
4. EXPERIMENTAL PART
4 . 1 . PRIME MATTER CHARACTERISTICS

Oil shale (the northern negev deposit, Israel)
was used as a solid fuel component of the prime
matter mixture. Oil shale is the only source of
fossil fuel in Israel. The following polymers
have been investigated as a prime material for
the combined pyrolysis with solid fuel: two
kinds of waste rubber, called here "rubber
powder" and "sole rubber"; tyre; polyethylene
(PE), and polypropylene (PP).
The Israel oil shale used in the experiments
has a low content of organic matter and a high
content of sulfur. Before the experiments, the
oil shale was ground into 2-8 mm particles and
dried at a temperature of 110°C for 8 hours.
The rubbers were of butadiene-styrene type;
they also contained, besides the rubber itself,
other usual components: carbon black, aromatic
oil, mineral and organic additives, etc. The tyre
contained 10% of steel by weight. Polymer and
organic additives have been considered here as
"organic matter"; carbon black, steel, and
mineral additives were called "mineral matter".
PE and PP were used in a granulated form.
In the first series of experiments, described in
this paper, spent shale (the residue after
retorting oil shale at a temperature 500-550°C)
was used as a solid fuel constituent of the fuelpolymer mixture instead of raw shale. This

5. RESULTS AND DISCUSSION
The product yields are presented in the
next table.
1 2
3
5
4
6
7

Gas
Oil
Residue
water anc
losses

3.2
2.3
6.5
4.8 42.9 46.9
89.2 48.3 47.2
3.7
2.3 2.7

4.3
5.1 4.9
49.4 92.5 93.3
43.1 0
0
3.1 2.4
1.8

2.'.
13.6
80.S
3.1

Table 1. Yield of the products, % wt:
1- Oil shale, 2-Rubber powder, 3- Sole rubber,
4-Tyre, 5- PE, 6- PP, 7- Oil shale:tyre 3:1.
The oil shale is characterized by a very low oil
yield (both on the shale and on the organic
matter basis) and a high yield of the solid
residue.
The low temperature pyrolysis enables us to
obtain 43-50% oil from the waste rubbers
(about 75% on the organic matter basis). A
relatively low hydrogen content in the
butadiene-styrene rubber organic matter (about
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10%) and a high content of inorganic
components lead to high yields of the solid
residue
(43-48%).
Pyrolysis
of
the
thermoplastics (PE and PP) results in a 92-93%
yield of the oil. When a mixture of the oil shale
and tyre (3 : 1) was pyrolized, oil yield was 3fold higher than the oil yield from the initial oil
shale.
Gas yields in the low temperature pyrolysis
of the oil shale and polymers were low.
Characteristics of the oil produced from the
fuel and polymers is presented in Table 2. The
shale oil contains a low quantity of light
fractions and a very high quantity of sulfur
(about 7%). The liquid products of the pyrolysis
of the polymers (except PE) are similar to crude
oils of a high quality. They have a high content
of light fractions and a low content of sulfur.
The presence of traces of nitrogen and sulfur in
the liquid products of pyrolysis of PE and PP is
explained by a partial decomposition of the
organic matter of the spent shale used as a
medium for the polymer heating and pyrolysis.
The main product of PE pyrolysis was a semisolid wax-like substance. The yield of the
<400°C liquid distillate from this wax was
44.2%.
The oil of the combined pyrolysis of the
tyre/oil shale mixture contained less sulfur and
more light fraction than shale oil.
Prime matter

1

2

3

4

5

IBP,°C
FBP,°C
Fraction]
composition,

118
550

88
437

86
477

133
525

108
530

< 250 °C
250 -300 °C
300 -350 °C
>35O°C
Elemental
composition,

18.0
24.3
21.0
36.7

52.0
15.0
15.5
17.5

36.5
14.0
17.5
32.0

53.0
8.5
11.5
27.0

23.0
21.7
20.8
34.5

C

H
N
S
Bromine
vntne

79.5
9.8
1.5
6.8
76.0

87.7
11.3
0.2
0.8
76.0

86.9
11.5
0.5
1.0
75.0

85.6
14.3
0.06
0.04
82.5

Rubber processing produced oil fractions
containing up to 10% individual aromatic
hydrocarbons formed as a result of thermal
decomposition of styrene: toluene, xylenes, and
ethylbenzene (Fig.2).

JiiiU IU.
Fig.2 FID chromatogram of light oil from tyre
processing:
1- benzene, 2- toluene, 3- ethylbenzene, 4- m,pxylenes, 5- styrene, 6- o-xylene
The oil fraction obtained from polyethylene
was a mixture of n-alkanes and corresponding
1-alkenes from C6 to Cn with maximal content
of n-pentadecane (5%). The oil derived from
polypropylene
consisted
of
unsaturated
hydrocarbon isomers.
The gas composition indicates that a high
content of the monomer was observed only in
the gas of PP pyrolysis. The other monomers
(butene, ethylene) are also present in the gases
of the decomposition of the respecting
polymers, but they are not dominant
components. All the gases contain significant
amounts of hydrogen, methane, and other
hydrocarbons. The presence of CO, C d , and
H2S is explained by decomposition of the
organic matter of the spent shale used as a
pyrolysis medium.
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81.5
10.4
1.2
5.2
76.0

Table 2. Characteristics of the oil:
1- Oil shale, 2-Rubber powder, 3- Tyre, 4-PP,
5- Oilshale:tyre3:l.
The oils were distilled at a pressure of 2 mm
mercury gauge, and oil distillates boiling up to
500°C (400°C in the case of the oil from PE)
were analyzed by means of GC. The shale oil
fraction practically could not be separated by
GC and its components were not identified.
262

MICRO BUBBLES GENERATOR FOR WATER TREATMENT
BY FLOTATION AND ABSORPTION
I. Borde, T. Elperin, A. Fominykh*, M. Jelinek and M. Vaisman
The Pearlstone Center for Aeronautical Engineering Studies
Department of Mechanical Engineering
Ben-Gurion University of the Negev
P.O.Box 653, Beer-Sheva 84105, Israel.
*Conference lecturer

to the rotating disk axis. Then the valves 5 and 7 are closed
and the laboratory set up is ready for operation. Then the
required disc rotation velocity is selected, and the motor is
started. The rotating disc which is submerged into liquid
produces bubbles. Large bubbles are retained in the
chamber I while small bubbles saturate the liquid in the
volume above the chamber I and gradually rise and flow
into the chamber II. We have chosen a light scattering
optical technique for air hold-up measurements as the most
suitable for our conditions. According to Mie theory of
light scattering, the intensity of scattered light is directly
proportional to the number of particles per unit volume.
The particle size effect on light scattering is not
straightforward, but for bubbles with a size above 10|J.m
light scattering coefficient is independent of their size [2].
Therefore the intensity of the scattered light in our case is
proportional to the number of air bubbles (or gas hold-up)
produced by a rotating disc.

Abstract
A new generator for production of micro bubbles is
proposed whereby micro bubbles are formed during
rotation of a disk partially submerged into liquid. In this
study we investigated experimentally and theoretically the
influence of the depth of disk immersion, angular velocity,
geometric and hydrodynamic characteristics of generator
and physical properties of liquids on the rate of gas
entrainment by a rotating disk. Air hold-up in the generator
was measured using a light scattering optical technique.
The phenomenological model for bubble formation due to
destruction of a gaseous boundary layer near the rotating
disk under shear stresses in a liquid is suggested. Formulas
for a minimum and average bubble size generated by a
rotating disk are derived and a size distribution of bubbles
is determined. We studied experimentally and theoretically
mass transfer during absorption between micro bubbles and
a liquid for wastewater saturation by dissolved O2 gas for
further biological treatment. Temporal dependence of
concentration of dissolved gas in a generator, time needed
for saturation of water in a generator up to a required
concentration and a volumetric coefficient of mass transfer
are determined. The obtained theoretical results are
compared with the experiments.
V
Introduction
Various industries (e. g., chemical industry, textile
industry etc.) use clean water in manufacturing processes
and produce large volumes of the contaminated water.
Numerous technologies for purification of large volumes of
wastewater were developed and used in industry. However
efficient wastewater purification in a closed technological
cycle and decreasing the costs of the purification process
still remain very important.
The goal of this study is to investigate the performance
of a new device for production of micro bubbles with size
(20-100 |Um) using a rotating disc partially immersed into
liquid [1]. The developed rotating disc micro bubbles
generator (RDMG) can be useful and effective for water or
wastewater treatment by flotation, ozonation, absorption
and desorption. RDMG has a low power consumption, is
simple in design and operation.

Fig. 1. Scheme of the experimental set-up. 1 - disc; 2 chamber I; 3 - chamber II; 4 - gas flow rate control block;
5, 6, 7,8 - valves; TI - temperature probe; DO - probe of
dissolved oxygen; LD - light detector; PI - pressure probe.
The experimental run was started with the minimum disc
rotation velocity when the value of scattered light
amplitude was more than the measurement error for the
disc used. Then the rotation velocity was increased up to
4000 rpm with the increment of 200 rpm. Each disc was
tested several (at least five) times at every rotation velocity.
Results obtained with a PVC disc are shown in Figure 2.
The inspection of Figure 2 reveals that there exists a region
where air hold-up (scattered light intensity) increases
weakly (up to 1600 rpm), a region where air hold-up
increases sharply up to the maximal value (about 3000
rpm), a region where a number of micro bubbles decreases
with rotation velocity increase (to 3600 rpm) and a region
where intensity of scattered light increases (above 3800
rpm) with a high experimental scatter. The last region in
the experimental curve occurs because of formation of
large (with a diameter more than 2 mm) bubbles in the
control volume. The behavior of all tested materials is the

Experimental investigation
The experimental set up made from a transparent
material is shown schematically in Figure 1. It comprises
the micro bubble generator, control unit with volumetric
flow rate measuring devices, valves, motor with a speed
regulator (not shown in the scheme), light source (not
shown in the scheme) and a photocell (light detector),
voltmeter and a recorder. When valves 5, 6 and 8 are
opened the generator is filled with water. Then the valve 6
and 8 are closed, valve 7 is opened and through block 4 the
desired water level in the chamber I is set up with respect
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same, and the maximum efficiency of RDMG is in the disc
rotation velocity in the range 2600-3200 rpm. These values
correspond to 13-17 m/s linear velocity of the disc edge.
The parameter characterizing the depth of disc immersion
was defined as the ratio of the depth of disc immersion to
its diameter. For all materials this parameter was changed
in the range from 0.8 to 1.2 with an increment 0.04 (2
mm). Experiments with all materials were carried out at the
rotation velocity 2800 rpm since this velocity is in the
range that provides the maximum efficiency of micro
bubbles formation. At the depth immersion less than 0.8
the air hold-up (intensity of scattered light) was very low.
At the depth of immersion more than 1.2 air hold-up
increases rapidly due to formation of large bubbles. It is
evident that the optimal depth of disc immersion is in the
range 0.96 - 1.04 (or 2 mm lower or higher than rotation
axis) for all tested materials. Experiments showed that the
contact angle (wettability) of disc material effects the
scattered light intensity. The use of hydrophobic materials
has a positive effect on all characteristics of the apparatus:
bubbles are formed at lower disc rotation velocities;
maximum air hold up is reached faster; absolute values of
air hold up for hydrophobic discs are higher. Significant
effect of wettability was observed for metals whereby a
weak increase of contact angle is accompanied by sharply
air hold up increase.

Liquid level in a reservoir

Fig. 3. Schematic view of a rotating disc partially
submerged into liquid.
Consider gas entrainment by a rigid semi-submerged disk
rotating in an enclosure (jacket) with a finite volume(see
Fig. 3). The level of liquid in the reservoir is higher than
the edge of a jacket. This difference of the levels results in
a constant fluid flow (source of liquid) from the reservoir
into the jacket. At the same time a rotating disk causes
liquid flow from the jacket into the reservoir (liquid sink)
which depends on the angular velocity of a disk. Since the
volume of a reservoir with liquid is very large the liquid
flow rate generated by a rotating disk does not change the
level of liquid in the reservoir. Fluid flow rate from the
reservoir into the jacket with a given height of a spillway
hc is determined by the equation known from hydraulics:
(3)

Q/source = J

where Lj is a wetted part of jacket perimeter. Total
volumetric flow rate in a jacket is determined as follows:
5

dVfj

SI

~~dT
0.2

0.4 0.6 0.8
1
1.2
Disk rotation velocity (w/co* )

/'sou rce

(4)

^ (' si n k

where Q ft0lirce is determined by Eq. (3) and Q f s i n k - by the
following equation (see [3]):

Fig. 2. Air hold-up vs. disk rotation velocity
Theory
The thickness of a gas layer entrained into liquid by
partially submerged rotating disk can estimated as a width
of a viscous boundary layer at the surface of the disk
rotating in a gas:

2 f2vfco3

1/2
2yV4

2

-H

)

(5)

where vt, is kinematic viscosity of liquid. Eqs. (3) - (5)
allow to determine a critical angular velocity of the disk
when liquid level in a jacket begins to decrease:

(1)
where v g is gas kinematic viscosity, (0 - disk angular
velocity. The total gas flow rate entrained by a rotating disk
is given by:

CO

(6)

When volumetric flow rate generated by a rotating disk
(Eq. (5)) is smaller than a source of liquid (Eq. (3)), liquid
level in the jacket remains constant. If a sink is stronger
than a source the level of liquid in the jacket begins to
decrease and the contact area of a disk - liquid begins to
decrease also. Since a gas hold-up in a reactor is related
with gas flow rate as cp = Q g T/V R , where % is a time of
bubble rise in a reactor and VR - reactor volume, we
determined gas hold-up dependence on the angular velocity
of disk rotations. For to < to
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<p
<pmax

compared with the experimental results for oxygen
absorption by water (Fig. 4). Experimentally measured
volumetric mass transfer coefficient k L a for oxygen

(7)

absorption in a reactor is equal to 0.208 min~'.

and for co > co

<P

To

(8)

where
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I
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c
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X

Dependence of (p/cpmax vs. co/co (Eqs. (7) and (8)) is
shown at Fig. 2 . For disk radius R = 5 cm and air-water
system the theoretical value of the critical frequency
co* = 188rad sec''. The size of gas bubbles generated by
partially submerged rotating rigid disk is determined as
follows. It is assumed that a gaseous layer 8 g = Jv g /co

o

Fig. 4. Dissolved gas concentration in a generator vs. time.
Conclusions
This study reports the results of the comprehensive
investigation of a new generator for production of micro
bubbles. The effects of operating and design parameters of
a new generators (e.g., depth of disk immersion, angular
velocity, geometric and hydrodynamic characteristics of
the generator and properties of liquid) were investigated
experimentally and theoretically. The main results obtained
in this study are summarized in the following:
1. Rotating disk microbubbles generator allows to produce
small bubbles with a mean size of the order of 100|im and
can be used for water treatment by flotation, ozonation,
absorption and desorption.
2. The developed model is of gas entrainment by a rigid
semi-submerged disk rotating in an enclosure (jacket)
correctly describes experimental dependence of gas holdup on the angular velocity of the disk.
3. Predictions of the developed model of mass transfer
during gas absorption in a microbubbles generator are in
agreement with the experimental dependence of the
concentration of dissolved gas vs. time.
4. Bubble size determined using the model of gaseous layer
destruction into small spherical bubbles due to KelvinHelmgoltz instability is larger than the experimentally
observed bubble size.

with a width equal to the width of a viscous boundary layer
on a rotating disk is disintegrated into small spherical
bubbles due to Kelvin-Helmgoltz instability. The wave at
the interface with a length X splits a gaseous layer into a
number of disks with a diameter d = X. These gaseous
disks form spherical gas bubbles. Formulas for a minimum
bubble radius, average bubble size and probability density
function of bubble radius formed by a rotating disk read:
,'/6

(10)

4*.pf.
( r b ) ~ T r b min

9/2

2r,

OD

where rbmin < rb < . For co = 314 rad • sec •', R = 5 cm,
and air - water system rbmjn = 0.44 mm. Saturation by
dissolved gas during water treatment for further biological
treatment of water is investigated in the approximation of a
full periodic mixing of liquid with a period x equal to a
time of a bubble rise in a generator. Mass transfer rate for a
single bubble, bubble size and gas flow rate are assumed to
be known. First n bubbles enter a liquid with an initial
concentration of the dissolved gas during time x. The next
n bubbles flow into liquid during time interval 2 x > t > x
with a concentration of a dissolved gas c = c 0 formed by
the first n bubbles and so on. Using the approach suggested
in [4] we derived a recurrent formula for the temporal
dependence of the concentration of the dissolved gas in a
generator:
Cn-Cc

400 800 1200 1600 2000
Time (sec)
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(12)

where n = — 1., A =

, B - coefficient of mass
Vb
transfer from a single bubble (see [5]), S - surface area of a
bubble, V b .-. bubble's volume. Using Eq. (12) we
determined time t needs for saturation of water in a reaetor
up to a certain value. The obtained theoretical results were
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ABSTRACT
Ash from low sulfur coals is characterized by
high electrical resistivity. Generally, values above Ixlf)10
fixcm may decrease the collectability of the fly ash in the
Electrostatic precipitator-ESP. Controlling the ash
resistivity by SO3 injection may resolve the problem of the
increased electrical resistivity of the collected fly ash. This
paper summarizes the results of a full scale test that was
performed in 350 MW coal fired unit to test the influence
of SO3 injection on the ESP collecting efficiency.

The air-SG2 mixture is leaving the burning
chamber at temperature of approximately 400-600°C. The
exact temperature may be controlled by the ratio of
sulfur/air. The air-SGb mixture delivered to a catalytic
converter where the SO2 oxidized to SO3 in presence
of V2O5 according to:
(2) S O 2 + ±

"Orot-Rabin" power station is the first coal fired
power station in Israel. The 4x350MWe were started
during the years 1980-1983. The main parameters of the
ESP's at those units are summarized in table 1.

Gas temperature
Gas velocity
Aspect Ratio (length/height)
Inlet ash concentration
Design efficiency (1% sulfur) _

^>SO 3 +i518 k g SkJO 2

The chemical equilibrium of (2) favors reduction
of SO3 to SO2 at temperature above 400°C (see figure 1).
Reaction (2) is an exothermic reaction, therefor it is
important to control the ratio of SO2/air to prevent poor
conversion efficiency.
The SQ3~air •mixture is transferred via pipeline
and injected to the inlet flue gas duct of the ESP The SO3
is cooled and reacts with the water vapors in the flue gas
to form sulfuric acid.

The phenomenon of controlling the particle's
resisitivity by SO3 injection was noticed almost 90 years
before. In 1912 it was noticed that increasing the SQ3
levels in the treated flue gas caused significant
improvement in the ESP collecting efficiency.

ESP Type
Specific collecting area
Collecting plate spacing
Gas volume per boiler

kJ
kg sulfur

THEORETICAL CONVERSION EFFICIENCY OK SO, TO SO 3

Wire Frame
96s/m(140°C)
300 mm
m3/s
550
(14(fC)
"l3O-15O°C
119 m/s

•500

.558

500

SSI)

600

Oas Temperature - Celsius

Figure 1: Equilibrium between SQ2-SQ3 vs. Gas
temperature for different SO2 concentration at converter
inlet.

99.5%

(3) S O 3 + H 2 O - > H 2 SO 4 (T B = 3 0 0 ° C - 500°
Schematic diagram of the process is shown in

Table 1: ESP main design parameters
figure 2.

PROCESS DESCRIP1
During normal coal combustion, the sulfur
combines with oxygen to form sulfur dioxide (SO2).
Small part of it - 1 % oxidized to sulfur trioxide (SO3). At
temperature range of 500°C-600°C, SO3 reacts with water
vapor to form sulfuric acid (H2SO,t). Generally at
temperature below 200°C the H2SO,( condenses on the ash
surface and creates a thin layer that reduces the particle
surface resistivity.
In case of low sulfur coal, insufficient amount of
H2SO4 produced and the result is high ash resistivity. The
basic idea of the SO3 F.G.C system is to produce
artificially enough I-LSO.) to reduce the ash resistivity.
In SO3 F.G.C systems, molten sulfur delivered to
a burning chamber with hot air. The sulfur ignites and a
mixture of air-SC^ formed.

TEST PROCEDURE DESCRIPTION
For the test, IEC rented a complete F.G.C.
system (The manufacturer of the system is Pentol GmbH Germany). The test was conducted during two months.
During this period several coals that have high resistivity
ash were tested. Data from several location was collected
and analyzed - see figure 3 and table 2. The ash resistivity
before SO3 injection was estimated according to computer
simulation based on Bickelhaupt model [2] [3] [4], good
agreement is usually obtained between the model and
actual resistivity measurements [5]. The calculated values
are shown in table 4.
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AIR BLOWER
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COMBUSTION
CHAMBER

1

S + 0,

Coal - a
Coal - b
Coal- c
Coal -d

30,

ELECTRICAL
AIR HEATER

CONVERTER

STORAGE TANK

SO,

+ 1/ZO,
30.

•-

10 ppm
1.5xlO9Qxcm
1.2xl0 9 nxcm
3.5xl0 8 nxcm
4xlO 8 Qxcm

No injection
5.5xl0 12 fixcm
4.5xl0 12 Dxcm
6xlO 12 Qxcm
1.0xl012Qxcm

Table 4: Calculated ash resistivity without injection and
with 10 ppm (volume) injection at 140°C.
E.3.P. NLET
DIK T

RESULTS
The measured ash outlet concentration for
different SO3 concentration is shown in figure 4. Due to
the fact that the measurements reflects different ash and
sulfur levels in coals, we decided to eliminate this factor
by presenting the results for normalized parameter SO^/ash.

Figure 2: Schematic F.G.C system.
SD1LER

a)

Ash O d e t Ctnrertration *«. SQ, Concentra&n In Blue
Gas

COAL
CD/AN

I <7>
SO3 INJECTION

Figure 3: Measurement point location.

I..

Point

Measured Values

(1)

coal chemical analyses, coal flow rate,
grinding fines.
gas temperature, 0 2 excess,
gas temperature, 0 2 excess, gas flow
rate, ash concentration.
ash concentration.
ash chemical analyses, ash electrical
resistivity.
transformer-rectifier current and voltage,
sparking rate detection.
S0 3 injection rate.

(2)
(3)
(4)
(5)
(6)
(7)

17.0

17J

17.S

17.8

18.0

183

IKS

1&8

19.0

19J

SO, CtncenlraUan. vppn

Figure 4: Ash outlet concentration for different SO3
concentration in flue gas.

Ash Outlet Concentration Vs. SOj/Ash Ratio

Table 2: Measured data at the different points.
The test was conducted using several low sulfur
coal as appears in table 3.
1.5

Coal
carbon
hydrogen
Oxygen
sulfur
Nitrogen
Water
Ash
Gas
C0 2
02
S0 2
N2
H2O
SO3-ppm

Coal -a
67.31
3.9
6.3
0.8
1.6
7.5
12.58

%voL
13.323
4.56
0.06
74.5
7.55
2.3

Coal-b
67.74
4.03
6.86
0.58
1.61
7.2
11.98
%voL
13.31
4.561
0.042
74.4
7.622
1.7

Coal-c
70.24
4.22
5.09
0.49
1.66
9.4
8.91

%voL
13.16
4.557
0.034
74.4
7.842
1.4

Coal-d
65.52
4.62
8.22
0.73
1.24
11.46
8.08
% vol.
12.901
4.514 •
0.053
73.676
8.853
2.2

1.7

1.9

2.1

2J

2.5

2.7

Figure 5: Ash outlet concentration vs. SO3/ash.
E.S.P. Removal Efficiency Vs. SO/Ash Ratio
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Table 3: Coal and flue gas analyses

Figure 6: Ash removal efficiency vs. SO3/ash.
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y
2.7

Another way to present the improvement in ESP
performance is to show the relative improvement in the
effective migration velocity.

improvement in the migration velocity and therefor to the
overall removal efficiency [1].
With regard to the ash outlet concentration, the
SO3 injection reduced the emission well below the 50
mg/Nm3 target (environmental regulation) in all tested
conditions.
An interesting phenomena is shown on figures 4
& 5. Above certain injection rate there was a degradation
in performance. We assume that this phenomena caused
by "too low" resistivity that caused back reentrainment of
ash. This could be avoided by carefully optimizing the
injection rate for each operating condition.

(4) 77 = 1 - exp(-&>k x f)
Equation (4) is the "modified Deutch-Andersen"
equation, that describes the relation between the removal
efficiency- 77 to the specific collecting area -f and the
effective migration velocity -cok. k is an constant (between
0.4 to 0.6 [1]) that reflects different particles size and
shape.
Improvment In Migration Velocity vs. SOj/Ash
Ratio

SUMMARY

"{Measured Values y~

1.7

1.8

1.8

2.0

2.2

2.4

During the last years, due to requirements of the
environmental authorities to reduce sulfur oxides
emissions, the portion of low sulfur coals (<1% by weight)
in the total purchased coal was significantly increased. As
a result, the ESP's performances were significantly
reduced
This
test
demonstrated
the
available
improvement in the ESP performance. Comparing to
other feasible ways to achieve the same goal, this system
was found to be the most cost effective way. At this stage
IEC intends to install on a regular base four F.G.C's
system in "Orot Rabin" 1-4 power station.

2.5

Figure 7: Improvement in effective migration velocity
due to SO3 injection.
Another key parameter of the ESP performance
is the amount of energy that can be inserted, as a rule the
optimal operation is achieved at the highest voltage and
current. Table 4 contains a comparison of the secondary
voltage and current of the T.R.sets before and after
injection.

Before Injection
T.RSet
Al
A2
A3
A4
Bl
B2
B3
B4

Power

Nomenclature
rj= Removal efficiency
f= Specific collecting area (m2/m3/s).
(Ok = Effective migration velocity
k= Constant (between 0.4 to 0.6 [1]) that reflects different
particles size and shape.
So- The permittivity of free space
k= Dielectric constant of particle material.
a= Particle radius (m).
E= Electric field strength (Volt/m).
co = Particle migration velocity (m/sec).

After Injection

Amp.
kV
58
0.87
55
0.4
0.75
54
50
0.5
50
0.5
60
0.42
59
0.2
0.118
49
295 kVA

kV
60
59
59
60
56
62
59
60

Amp.
0.5
0.5
1.3
1.4
0.75
0.6
0.3
1.2
556 kVA
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Table 4: Comparison between the electrical
characteristics before and after SO3 injection.

DISCUSSION
The improvement in performance can be easily
explained by analyzing table 4. The lowered ash
resistivity caused by SO3 injection led to higher ability of
increasing voltage and current without excessive
sparking.

k +2
small

a

According to equation (5) it can be shown that
improvement in the voltage caused big
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EXTENT AND CAUSES OF SITE IMPACTS DUE TO TRAFFICKING
BY FOREST HARVESTING MACHINERY
D. Wulfsohn
Department of Agricultural & Bioresource Engineering, University of Saskatchewan, Saskatoon, Canada
properties, to determine the loading applied by the off-road
equipment, and to relate machine loading to the site impact.

ABSTRACT
The trend in ground-based harvesting systems used in
North America is away from hand falling and skidding
toward fully mechanical systems involving feller-bunching,
skidding, and mechanical road-side processing. The
objectives of this study were to determine the extent and
causes of the soil disturbance on a 25-ha site in central
Saskatchewan due to conventional and mechanical systems.
In both systems machinery trafficked approximately
51% of the harvested area, of which about one third was
estimated to have been compacted to levels limiting root
growth. The mechanical system caused significantly higher
intensities of compaction within the top 300 mm soil depth.
Excessive compaction and puddling were generally found
on slopes and in wetter areas of the site. Severe impacts
were attributed to excessive load transfer of machinery and
to high slippage. There is a need for improved design,
selection, and matching of forestry machinery to site
conditions in order to reduce magnitudes of applied stresses
and associated soil impacts.

SITE AND SYSTEM DESCRIPTIONS
The study site was located in the Whiteswan Mid-Boreal
Upland Region - Mixedwood section, about 110 km
northeast of Prince Albert, Saskatchewan. Dominant tree
species included black spruce and white spruce, jack pine
and trembling aspen. The average depth of understory moss
was 90 mm (range 20 - 440 mm). Topography was variable
with 46.5% of the area having slopes <5%, 28.5% slopes of
5-19%, 17.8% slopes of 20-39%, and 14.4% having slopes
of 40%+.
The soils of the site were moderately well.to well
drained Eluviated Eutric Brunisols and Gleyed Eluviated
Eutric Brunisols. The dominant soil texture in the top 400
mm was loamy sand. Average water content in the 0-150
mm soil depth at the time of harvest was 14.6% ± 8.0%.
Organic matter content was 1.5-2.0% in the upper 150 mm
soil depth, and negligible in the mineral soil below. Total
nitrogen and total phosphorus levels in the mineral soil were
very low (less than 0.05%). Soil pH levels of 4.0-5.8
indicated acidic conditions.
The 25-ha cutblock area was divided up such as to
distribute the variations in topography and forest type in
similar proportions between both harvesting systems
allowing for the greater productivity of mechanical felling
compared to handfelling. About two thirds of the area was
harvested using a mechanical system while the remaining
one third was harvested using a 'conventional' system.

INTRODUCTION
In recent years there has been a trend in ground-based
timber harvesting systems away from hand falling and
skidding toward a fully mechanical system involving fellerbunching, grapple skidding, and mechanical road-side
processing. The mechanical system has significantly greater
productivity per day than the conventional system, with a
potential increase in site impacts.
The two most important characteristics related to the
fertility of a site are the organic matter in the forest floor
and upper mineral layer and the soil porous structure [1].
The organic matter contains the bulk of the soil nutrients
essential for forest productivity and regeneration and helps
retain soil moisture and the soil porous structure. The forest
floor also helps protect the underlying soil from structural
damage. A good porous soil structure is important for water,
air and nutrient transport, for rapid root growth and for
healthy soil biological activity.
Types of soil disturbance associated largely with the
operation of machinery on sites include compaction and
puddling, and soil displacement due to slippage.
Compaction increases the bulk density and reduces
macroporosity. Excessive slippage may remove the forest
floor and upper mineral horizon, limiting nutrient supply to
seedlings, increase the risk of water erosion, and exposing
unfavourable material with higher acidity and carbonate
levels. The extent of damage to the soil depends on the
loading applied by the equipment as well as the degree of
shearing of the soil. These in turn depend on machine
configuration, initial soil properties, machine loading and
vibration, and number of machine passes.
The objectives of this study were to assess and compare
the impact of the harvesting systems on soil physical

Table 1. Specification!> of the off-roadmachinery.
Conventional System
Clark 664B
18.4 -34
Tire size (4WD)
Cable-Skidder
Approx. weight3
75.6 kN
Clark 664C
24.5 -32
Tire size (4WD)
Cable-Skidder
Weight"
front 46.1 kN
rear 33.8 kN
total 79.9 kN
Mechanical System
Caterpillar 325
Engine power
125 kW
Feller-Buncher
Track dimensions L 5.69 m W 0.6 m
Approx. weight8
329.6 kN
John Deere
Engine power
123 kW
748G GrappleTire size (4WD)
30.5L-32
Skidder
Inflation pressure front
135 kPa
rear
205 kPa
Weight6
front
60.8 kN
rear
71.6 kN
Estimated from manufacturer's speculations, " Measured. All weights
are maximums, including weight of operator and a full fuel tank.

The mechanical harvesting system comprised felling and
bunching with a Caterpillar 325 feller-buncher, skidding
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severely restrict root growth [4]. Based on the literature and
the in-situ range of undisturbed bulk densities we used 1.6
Mg m"3 dry bulk density to indicate a critical level of soil
compaction.

with a John Deere 748G grapple skidder, and roadside
processing using two Pro-Pac delimbers. A Caterpillar 980B
front-end loader was used to load trucks and to distribute
slash over the site.
The conventional harvesting system comprised
handfalling, delimbing at the stump, and then skidding to
the landing by the main block road. Sawlogs were bucked to
length at the landing, while pulp logs were pulled directly
onto the pulp pile. Three cable skidders, one Clark 664B
and two Clark 664C, were used.
Off-road machinery specifications are summarized in
Table 1.

Table 2. Post-harvest disturbance by soil surface condition.
Conventional*
Mechanical**
Ave. rut
Disturbance
%of
Ave. rut
%of
area

Undisturbed
Disturbed
Organic-compacted
Mineral-compacted
Mineral-gouged
Other

EXPERIMENTAL PROCEDURES
The feller-buncher and the grapple skidder used in the
mechanical system were instrumented to measure typical
applied load distribution. Strain gauges were mounted on
top of the two axle casings on both left and right sides of the
grapple skidder to monitor axle load, and on the fellerbuncher frame structure supporting the track assemblies.
For purposes of site impact assessment a 60 m x 60 m
sampling grid was laid out resulting in 42 points in the
mechanical site and 27 points in the conventional site. At
each grid point, two 30-m transects originating at the grid
point, one extending in a random orientation and the second
laid 90° to the first, were surveyed for type, depth and cause
of disturbance at 1-m intervals. To assess soil compaction
by the two harvesting operations over the site, 2 m x 2 m
sampling areas (quadrats) with one corner positioned at each
one of the 69 grid points were established. Within this
sampling region two sets of wet bulk density versus depth
readings were taken using a CPN density gauge. If the area
was partially disturbed (e.g. a rut crossed within the
boundaries of the quadrat), a paired reading of undisturbed
versus in the rut density was made. Where the quadrat area
was either totally undisturbed or completely covered by a
disturbance, two sets of readings were taken as replicates.
Water content was also determined using a TDR unit to
enable calculation of dry bulk density.

Total

depth, mm

area

48.8
36.3
3.8
0.6
10.5

48.9
-38
-70
-53

30.5
5.2
3.2
12.2

100.0

* 1540 sample points.

depth, mm

-47
-86
-53

100.0

** 2185 sample points.

Table 3. Undisturbed and disturbed dry bulk densities.
Depth
Undisturbed
Disturbed
Mean,
CV,
Mean,
CV,
Mg/m3
%
Mg/m3
%
mm
Conventional
50**
100 *
200 *
300 *

1.24
1.37
1.46
1.52

12.1
10.9
10.3
10.5

1.38
1.46
1.55
1.60

11.6
9.6
8.4
7.5

Mechanical
50***
100***
200 **
300***

1.30
1.42
1.53
1.58

8.5
1.40
11.4
8.5
1.52
9.9
9.2
1.62
9.9
8.9
1.68
8.3
*, **, *** disturbed vs. undisturbed dry bulk densities
significantly different at 5%, 1%, and 0.1% levels, respectively.

Average undisturbed and disturbed dry bulk densities
versus depth over the sites are presented in Table 3. Dry
bulk density was significantly increased to depths of 300
mm, with possibly excessive compaction occurring from a
depth of 200 mm in the mechanical system, as opposed to
300 mm in the conventional system. Overall, approximately
85% of the total area on both cutblocks were uncompacted
or non-detrimentally compacted.
The predominant cause of organic-compacted and
mineral-compacted disturbance was single-pass traffic.
Generally, single passes of vehicles in both systems did not
cause excessive compaction. Areas of concern were
predominantly in wet areas and on the slopes. Slippage of
tracks and wheels often exposed mineral soil, and these
disturbances were generally associated with increased
compaction. In some of the wetter zones on the edge of
boggy areas, puddling was observed.
Figure 1 shows dynamic load data obtained for the front
left and rear left wheels of the grapple skidder. The grapple
skidder has a neutral static balance (Table 1). The plot
shows that the grapple skidder was not properly ballasted
for operating in these conditions. During operation most of
the weight was transferred from the front to the rear wheels.
This was confirmed by observation, i.e. the skidder front

RESULTS AND DISCUSSION
Results of the site disturbance survey are summarized in
Table 2. In both the mechanical and conventional cutblocks,
roughly 49% of the areas were untrafficked (undisturbed).
Of the 51% of disturbed areas (e.g. rutting, mounding,
gouging) similar proportions were organic-compacted (i.e.
compaction without humus removal) and mineralcompacted (i.e. soil compaction with forest floor removal).
There was substantially more gouging with mineral soil
exposure (3.2% vs 0.6%) on the mechanical site because of
the significantly larger bunches hauled by the grapple
skidder compared to the cable-skidders. The average depth
of rutting was consistently greater in the mechanical area
(Table 2). To evaluate the severity of the data reported in
Table 2, the corresponding average bulk densities were
compared.
Root growth begins to be inhibited at a soil strength of 2
MPa [2] which occurs at about 1.5 Mg m"^ for most
medium to coarse textured soils [3]. Bulk densities
exceeding 1.47 Mg m'3 and 1.69 Mg m"3 for Douglas fir
and lodgepole pine, respectively have been found to
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the total weight of the machine governs the degree of
compaction [6]. The fluctuating (vibrating) nature of the
forces can be highly damaging; however, the thick moss
layer would have provided some measure of protection [8].

wheels were often lifted off the ground. In contrast, the load
distribution was found to be more balanced for the fellerbuncher (data not shown). Wasterlund [5] observed that
unsuitable load distribution of machinery is a major problem
causins forest site damage.

CONCLUSIONS
Both conventional and mechanical harvesting systems
resulted in trafficking over 51% of the respective cutblock
areas. The compacted bulk density was significantly higher
in the mechanical treatment over 200 - 300 mm soil depths.
Increases in bulk density under both treatments appears to
be non-detrimental over approximately 85% of the site.
Severe compaction was generally associated with machine
operations on steep slopes and in wet areas. Compaction by
the grapple skidder used in the mechanical system was
magnified due to unfavourable dynamic load distribution.
To reduce site impacts, there is a need for machine designs
that provide better load distributions during operation.
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Fig. 1-Typical dynamic loads for JD748 grapple skidder
during operation.
Although the dynamic load of the feller-buncher was
much greater than that of the skidder, the load is carried
over a much larger contact area, so that the estimated
average static ground pressure beneath the feller-buncher
(-48 kPa based on weight of machine) is lower than that
applied by the skidders (-52-56 kPa). Our data showed that
the machines may apply 1.5 to 2 times their weight to the
ground, due to load transfer and vibration. Actual pressures
transmitted to the ground by tracked machines can be up to
three times greater than the average ground contact pressure,
depending on the spacing of the track road and the strength
of the soil [7]. Thus, the applied ground pressures can be
expected to be on the order of 70-130 kPa. These values
agree with ground contact pressures of 30-200 kPa reported
by Greacen and Sands [2] for various logging machines.
Contact ground pressures significantly affect compaction
near the surface but have less effect at greater depths, where
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RECYCLING SWARF AFTER GRINDING OPERATIONS
Alexey Sverdlin
Department of Industrial & Manufacturing Engineering & Technology
Bradley University, Peoria, Illinois 61625 USA
The size of particles of different types of swarf is
shown in Table I and seive analysis results are
presented in Figure 1-3.

ABSTRACT
Thousands of tons of valuable steel "are
produced" in the form of wastes (swarf) and are
not used, although they could be a valuable source
material for powder metallurgy. Such swarf is not
processed by metallurgical conversion. It creates
a big problem in its utilization and makes worse
complicated environmenta conditions. Such slurry
consists sometimes to 70-80% of qualitative
alloyed steel. Especially a large amount of such
swarf made at the plants of ball-bearing industry.
Analysis of producing wastes at one such plant
showed that there is up to 10,000 tons of such
wastes produced for a year. Some authors [1,2]
have demonstreated the possibility of reducing
byproduct steel powder from ball-bearing
production; however, the technological process has
not been investigated sufficiently. Typically a
mixture of chips and coolant is dried and then
baked in a protective atmosphere. The resulting
powder, consisting of approximately 1 % carbon
and 5.5-6.5% oxygen, is reduced in hydrogen,
dissociated ammonia, or an endothermic
atmosphere. The aim of our work was a
research of structure and properties of porous
pervious ribbon and briquets made from iron
powder fabricated from the swarf.

Table 1. Particle size of the swarf
Average
length
(a), /im

Average
width (b),
ixm

Ratio
a/b

Plant A

6.8

1.6

4.25

Plant B

2.2

0.6

2.39

Plant C

2.9

0.6

4.44

The particles of swarf are oxidized fast
because of wetting condition of griding. Degree of
oxidation depends on the time of action and
corrosiveness of cooling liquid, chemical
composition and degree of deformation. Results of
the chemical analysis shows that oxygen content
in original swarf can reach 5-6% [1].
The analysis of data shows that the swarf
can not be use in powder metallurgy because of
large content of oxygen and abrasives in it. The
presence of the abrasive, along with the large
oxygen content, means the slurry needs to be
cleaned before it is suitable for powder metallurgy
applications. The developed process has five steps,
which is as follows:
• removal of coolant and impurities from the
grinding swarf;
• heat treatment/annealing
•
milling
• magnetic separation of metallic and nonmetallic particles; and
•
classification
The coolant can be removed by either
hydromechanical or thermal methods. In the first,
a water-based solution of alkali and other surface
active agents can successfully remove all of the
impurities, although the cleaning fluid itself poses
disposal problems.
A solution is to wash the swarf with hot
water which, after two passes, reduces the amount

RESULTS
Swarf that is produced after griding of
metallic parts by abrasive tools is the powder-like
microchips wetting by coolant, oil, and the
products of tooling wear containing an abrasive
grains. The quanitity of abrasives in slurry varies
in a wide range from 20 to 60 wt.% according to
the type of grinding machines and the process of
utilization. After drying this swarf looks like the
loosed mass. It can be explained by the shape of
particles.
The spongy particles have not been met very
often. Swarf that is produced at the ball-bearing
plants during the balls manufacturing has a flakelike shape. It does not contain an abrasive grains
and presents the paste material after drying out.
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Table 2. Chemical composition of the swarf before annealing, %
Plant

C

Cr

Mn

Cu

A

0.37-0.60

-

0.50-0.90

-

B

0.85

1.43

0.40

0.16

C

0.90

1.39

0.30

0.18

Ni

Mo

Abrasives

0.15-0.35 Si

22

0.15

0.01

-

0.20

0.03

-

•

-
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1.41
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-

C

0.68
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Figure 3. Relationship of density and the pressure of
compacting

Figure 2. Relationship of density and hardness

273

Table 2. Chemical composition of the swarf before annealing, %
Plant

C

Cr

Mn

Cu

Ni

Mo

Abrasives

A

0.37-0.60

-

0.50-0.90

-

-

0.15-0.35 Si

22

B

0.85

1.43

0.40

0.16

0.15

0.01

-

C

0.90

1.39

0.30

0.18

0.20

0.03

-

Table 3. Chemical composition of the swarf after annealing, %
Plant

C

Cr

Mn

Cu

Ni

Mo

Abrasives

A

0.30-0.52

-

0.50-0.90

-

-

0.15-0.35 Si

22

B

0.72

1.41

0.38

0.15

0.15

0.01

-

C

0.68

1.39

0.40

0.18

0.20

0.03

-

g/cm A 3
HB
120

I

i

90
/
60
30

Plant A
Plant B
Plant C

•^"^^ i
0
7
g/cmA3

0

200

400

600

800 1000 1200
MPa

Figure 3. Relationship of density and the pressure of
compacting

Figure 2. Relationship of density and hardness

274

IL0006678

On linear and nonlinear stability of coaxial pipe flow.
I. Shapiro, L. Shtilman* and A. Tumin
Department of Fluid Mechanics and Heat Transfer, Tel-Aviv University
* Conference Lecturer

tudinal vortices is developed.
In present paper we study a stability offlowbeLinear and nonlinear stability of the flow between tween two concentric cylinders, r\ and vi are radii of
coaxial cylinders is investigated. The linear analysis external and internal cylinders, respectively. When
is carried out within scope of temporal linear sta- the gap width is relatively small with respect to the
bility theory. The eigenvalue map is obtained with radii ( r\ — r2 -C T^ ), the flow corresponds to plane
the collocation method based on Chebyshev poly- Poiseuille flow. If the gap width is comparable with
nomials. The nonlinear analysis is based on a novel the biggest radius ( n - r 2 ~ r\ ), the flow is similar
parallel code for DNS of a coaxial pipe flow. It is to the pipe Poiseuille flow. We are interested in an
shown that, the major source of finite amplitude in- intermediate case, when r-ij T\ ~ 0.5 — 0.7 and the
stability is associated with the interaction of three- goal is to find out the SSP in this type of flow.
dimensional disturbances and streamwise rolls.
The basic tool of the present study is the direct numerical simulation of incompressible fluid in
a coaxial cylinder. The flow is assumed to be peINTRODUCTION
riodic in the streamwise direction, periodic bound"Classical" shear flows as pipe Poiseuille flow, plane ary conditions for the velocity are also used in axCouette flow have received much considerations for ial direction. We consider an incompressible flow
the recent years. The active interest in theflowsis governed by the Navier Stokes equations. Reynolds
associated with the problem of bypass in laminar- number is based on distance between two coaxial
turbulent transition. The flows are stable with cylinders. We use a cylindrical coordinates sysrespect to infinitesimal disturbances, while experi- tem (r,#,z). The velocity vector is of the form
ments revealed that there are critical Reynolds num- V = ue r + ve$ + we z , where u, v, w are the velocity
bers above which the flows might be turbulent. Be- components, and er,e^,ez are unity vectors in the
sides the understanding of specific flows, analysis radial,circumferential and axial directions. No slip
of the bypass transition may be also important for and impermeable boundary conditions are taken on
other types of flows when level. of perturbations the internal walls of cylinders.
is sufficiently high. Various "transition scenarios"
have been proposed for bypass mechanisms of tranLINEAR ANALYSIS
sition. A brief discussion of them are presented
in[l, 2, 3] where a conception of self-sustaining pro- We begin our analysis with the eigenvalue problem
cess (SSP) is also proposed and illustrated with by using the temporal theory. We consider a lamplane Couette flow. The idea is in the following. No inar incompressible flow in a framework of the linmatter what is the initial source, weak streamwise earized Navier-Stokes equations for velocity comporolls are excited in the flow and they redistribute nents and pressure disturbance. The disturbances
the streamwise momentum, and spanwise fluctua- for velocities u,v,w, and pressure disturbance p are
tions occur in streamwise velocity. Theflowbecomes proportional to el(mB+n-r•«—wt)( where parameter m
unstable with respect to three-dimensional wave- is an integer azimuthal index, n is an integer streamlike type of disturbances, that, in turn, sustain the wise index, L -is the tube length and u> is a frestreamwise rolls. In the case of a pipe flow the SSP quency. We obtain the governing equations as a sysincludes a generation of circumferential fluctuations tem of ordinary differential equations with boundary
in streamwise velocity, which are analogous to the conditions and obtain the eigenvalue problem for to.
spanwise variations in plane Couette flow. Recently, The frequency w is a complex one and, according
the idea of SSP found a support in experiments[4] to the temporal theory, the disturbance grows when
with pipe Poiseuille flow subjected to controlled dis- Im(oj) > 0. It was verified that it is enough to
turbances. The main result of the experiments in- choose 60 Chebyshev polynomials for the first few
dicates that the laminar-turbulent transition occurs tens of eigenmodes. The map of complex frequenc}'
only when a mean velocity distortion by the longi- u! of modes with n = 1 , m = 1 is shown in Fig.l

ABSTRACT

275

for Re = 20000 and various relations ri/r\. It. is
shown that for r2jr\ > 0.G there is an unstable
mode. The maps for m — 0,2 and 3 are similar.

-0.<K)2 "

-O.(X)4 -

-0.006

0

10

Fig. 3 The solid line shows the dynamics of axFig. 1 Eigenvalues in the complex plane u>. <>
ial velocity perturbation w(t) for the unstable linear
.^/n
=0.9,+-ra/r1
= 0.8, D - ^ / H =0.7,
eigenmode. O - numerical solution.
x - r2/r1 = 0.06 , A - r2jr1 = 0.5.
DIRECT NUMERICAL SIMULATIONS
1. Linear Theory and DNS
We have compared results of numerical simulations
with the presented above results of linear temporal
theory. We have chosen initial velocity field as a sum
of the basic flow and a small amplitude first unstable
eigenmode. A development of the velocity field in
space and time has been considered. The solutions
are presented in dimensionless form with distance
between coaxial cylinders as length scale and with
the maximum of the mean axial velocity as a velocity scale. We have checked two cases: small axisymmetric and non axisymmetric perturbations of the
basic velocity profile. For both cases the Reynolds
number Re - 20000, r2/n = 0.7. The amplitude
of the axial velocity disturbance was chosen equal
to 0.007. A comparison between the dynamics of
the perturbation obtained from the numerical simulation and from the stability analysis is done by
space comparing in Fig. 2 and by time comparing
in Fig. 3. Analogous results were obtained for case
non-axisymmetric flow with rn — l,n = 2.

2.3 2.4 2.5 2.6 2.7 2.K 2.9

3

3.1 3.2 3.3 3.4

r/(n - r,)

Fig. 2 The solid curves 1, 2, 3 show the solution
according to the linear theory for z — L, z — 0.47L,
z — 0.3L correspondingly, O - numerical solution at
the same conditions, at time moment t=6T, T =
2ir/Re(u).
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2. Finite amplitude analysis
We carried out numerical experiment with the initial disturbance consists of two eigenmodes with
equal streamwise numbers n = 1. They have azimuthal numbers equal by value but of opposite sing
: m = ±1. Amplitude of axial velocity component
for each mode was chosen equal to 0.025. In these
simulations Re = 15500 , r2/ri = 0.7. The dynamics of axial velocity perturbation is shown on Fig. 4.
One can see a fast build up of initial disturbances
and then their destruction. The Fourier analysis of
the velocity field for this case shows that from t > 0
a strong growth of nonlinear harmonics with n — 0
and m = ±2 takes place.
To examine an importance of the modes with
n = 0, m = ±2, corresponding to counterrotating
rolls, for an origin of turbulence we carried out several experiments. In those simulations Re = 13000 ,
r 2 /ri = 0.7 and linear unstable eigenmode was absent. We present below just some typical results.
Experiment 1. The eigenvalue for modes with
n = l,m = ±1 and maximal value of Jm(cj) is
Wi = 0.51414 - iO.00249. There are small decreasing harmonics: Re(u}i)/Im(u>i) — —206. These two
modes have been used as initial disturbances of the
basic laminar flow in the first of the simulation. The
maximal value of axial velocity component for each
mode was equal to 0.025. The dynamics of axial
velocity perturbation is shown on Fig. 5. It is similar to dynamics of unstable modes, which is shown
on Fig. 4. There is a fast build up of disturbances
at t < 50 and the Fourier analysis of velocity field
show a strong growth of harmonics with n = 0 and
m — ±2 - corresponding to counterrotating rolls.
At t > 50 numerical scheme becomes unstable. The
longer time of development of instability is associated with decreasing of initial modes in this case.
Experiment 2. Velocity components u(r),v(r),w(r)
have been selected by Fourier transform for modes
with n = l,m = ±1 and modes with n = 0,m = ±2
at time moment t = 36. For this moment modes

with rc = l,m = ±1 are closed to initial eigenmodes
but velocity harmonics with n = 0, m = ±2 have already increased considerably. Maximal value of w(r)
for modes with n = 0, m = ±2 is equal half of one
for initial disturbance. Harmonics with n — 1 and
m = ±3 have been excited too, but maximal value
of w(r) for these harmonics is 6.5 times less then one
for harmonics with n — 0,m = ±2. Two first of selected modes have been used as initial disturbances
of the basic flow in first simulation. The result is
shown in Fig. 6(curve 1). The two azimuthal modes
of the small amplitude do not cause a transition.
The modes corresponding rolls have been used as
initial disturbances in second simulation. The result is presented in Fig. 6 (curve 2), and we see that
the streamwise rolls of the small amplitude also do
not cause a transition.
Final step of our study is simulation with the initial disturbance consisted of four selected modes.We
observed in this case that the growth of mean value
of perturbation at t < 240 is produced by a strong
growth of the modes with n = 0, m = ±2. The dynamics of axial velocity perturbation for this case
is shown in Fig. 7. One can see a development of
instability in this case. The growth of mean value of
perturbation at t < 240 is also produced by a strong
growth of the modes with n = 0, m = ±2 corresponding to two pairs of counterrotating streamwise
rolls.

mechanism of instability in coaxial pipe - interaction
of two counterrotating modes with streamwise rolls.
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t
Fig. 6 Curve 2 show dynamics of w when an
initial disturbance have been chosen as sum of nonlinear modes with n = 1, m = ±1. Curve 2 show
dynamics ofw when an initial disturbance are counterrotating rolls.
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Fig. 7 The dynamics of w for case when an
initial disturbance have been chosen as sum of nonlinear modes with n = 1, m — ±1 and modes with
n = 0, m = ±2.
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Fig. 4 The dynamics of the axial velocity perturbation w in fixed point, Re = 15500.
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CONCLUSION
The stability of the flow in a coaxial pipe has been
analyzed by means of DNS. We have found a basic
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ABSTRACT
The Hamiltonian formalism for the motion of a
deformable body in an inviscid irrotational fluid
is generalized for the case of the motion in a
bounded fluid. We found that the presence of
the boundaries in a liquid leads to the chaotization of the body's motion. The "memory" effect
connected with a free surface boundary condition
is also accounted for.

1997). This group represents the configuration
space of the dynamical system comprised by a
deforma,ble body moving in a potential stream
and referred to 3. coordinate system attached to
the moving body. On the phase space of the system there exist the following 6 coordinates Mi,
M%, M3, pi, p2, pz which represent the corresponding generalized impulses in the Hamiltonian formalism

= (vpbi + f)v
INTRODUCTION

T

The classical hydrodynamic problem of the
motion of submerged bodies, (Lamb 1945 §3-5)
has recently received renewed interest stimulated
by the rapidly growing industry of underwater
vehicles (UV) operating in deep sea. For this
purpose, the problem of a non-linear control of
rigid autonomous UV, based on a simple potential hydrodynamic model in an unbounded space,
has been extensively and rigorously elaborated in
recent years by a number of investigators. It is
important to stress that the dynamical model of
UV operating in an unbounded otherwise quiescent fluid, should be extended towards more realistic hydrodynamical circumstances in nature,
involving, say, canals, rivers, ports, harbors, offshore structures and also the proximity of freesurfaces or interfaces.

HAMILTONIAN FORMALISM
A corresponding dynamical system arising from
the motion of a deformable body with a velocity
U and angular velocity fi in an unbounded potential flow field (otherwise at rest) is connected
with the group E(3) of motions of the Euclidean
space R? (see, for example, Leonard & Marsden
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Kd{t),

M = z v + (/
These are in fact just, the linear momentum (angular momentum) of the body plus the Kelvin
impulse (Kelvin impulse-couple) induced in the
fluid due to the motion and deformation of the
body. We introduce here the 3 by 3 addedmass tensors T, Z and R which correspond to
the translational, coupled and rotational motion
respectively (Lamb 1945). We also denote by
Krf (Pd) the deformation Kelvin-impulse (Kelvin
impulse-couple) (see, for details, Miloh & Galper
1993) and select the density of the fluid to be
unity, i. e. pj =• 1.
It can be shown (see also Galper &; Miloh
1995) that also for more general cases (deformable body embedded in a non-uniform ambient flow field moving near some external or moving boundaries) the dynamical equations of the
body's motion still remain Hamiltonian with the
generalized impulses given again as the generalized impulses of the body plus the generalized
impulses induced in the fluid due to the body's
motion.
The presence of some rigid boundaries breaks
the £(3) group of symmetry of the system. The
first integrals p 2 and M • p which are valid for
the motion in an unbounded space are no longer

conserved and the corresponding spatial coordinates expressed in the body attached coordinate
system, should be considered.
We choose as the generalized coordinates for
the body the position of its centroid X referred
to the attached coordinate system. We also introduce an orthogonal operator Q(t), which instantaneously connects the body-fixed and the
laboratory coordinate systems. The conjugated
generalized impulses are represented by the total angular and linear momentum of the system
("body" + "fluid"). The kinetic energy of the
system expressed in terms of the generalized coordinates and impulses serves as the Hamiltonian
given by

of a body's orientation in vacuum (Marsden &
Ratiu 1995)). We can replace now Q by h expressed in the body attached coordinate system
as an orientation variable. Correspondingly, the
equation of the motion for X and h are given
in accordance with the reference to the rotating
coordinate system as
dX
~dt

+«AX=U

dt
The fact that the momentum (angular momentum) induced in the fluid by the moving body
can be linearly expressed in terms of the instantaneous values of the body's velocities (translational
and rotational) and also the corresponding
_ 1 p- K
• J~l P ~ Kp
purely
geometric parameters (Green function)
M JL
~ 2 M -- P
depending only on the geometry of the body and
+(p(X,Q,t),
of the boundaries, strongly simplified the derived
where all tensorial geometrical parameters and equations of motion. They are found to be a sysKelvin impulses (impulse-couples) now depend tem of 12 coupled ODE (which means that there
on the space variables. The reason being that is no memory effect in the system) given by
the Green function of the body combined with
p + J2 A p = the rigid boundaries depend on the position and
orientation of the body. We denote here by and
¥>(X, Q-, t) the energy of the fluid induced by the
pure deformations of the body. We have also introduced in the above the following 6-by-6 symmetric added-mass tensor of the body
These equations resemble mathematically the
equations for the geodesical trajectory of a
charged point on the manifold E(3) endowed by
vpb\ +
the
Riemann metric (defined by the boundary)
R
moving in an effective magnetic and electric field.
Note that the proposed formalism allows us to
consider along the same line boundaries (inINTEGRABILITY
terfaces or free surfaces) with different physical boundary conditions (i.e., porous bound- We recall that for a rigid body moving in an
aries, elastic structures, etc). It is important unbounded space there is a classification of inonly to have linear boundary conditions on the tegrability of the motion of the body as a funcboundaries without time-derivatives (i.e., to pose tion of its shape. It has been shown analytically
boundary conditions without memory).
by Kozlov & Onichenko (1982) that except for a
number of "degenerate" shapes, such as, for example, bodies of revolution (Holmes et. al 1997),
EQUATIONS OF MOTION
the Kirchhoff equations are, in principle, noninIf the body or the boundary hold an axisym- tegrable and, therefore, the motion of the body
metric property (we imply that an axisymmetric may be chaotic (see also Aref & Jones 1993).
body preserve the symmetry in the course of de- In particular, it was shown by numerical experformations) then one can define the unit vector iments, that chaos manifests itself both in the
h aligned along the axis of symmetry (similar orientation dynamics of the body and in the geto a "Poisson vector" used for the description ometry of its trajectory in ,space. For a rigid
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body moving in the vicinity of the boundaries
the integrability of the motion is defined by the
combined shape of the body and the boundaries.
Thus, for a rigid body moving in an unbounded
space the only translational motion without rotation (rectilinear due to the D'Alambert paradox), or a rotational motion with a fixed centroid, are fully integrable. For the case of a
motion in the vicinity of the boundaries, the
integrability of the above mentioned two particular cases depends on the geometry of the
boundaries. Moreover, generally speaking, nor
the motion without rotation neither that with
pure rotational motion are integrable. Hence,
one can conclude immediately that the presence
of boundaries in the fluid leads to a further chaotization of the motion.

N. 3005, Princeton University.
Kozlov V. V. & Onichenko D. A. 1982 Nonintegrability of Kirchhoff equations. Sov. Math.
Dokl. 26, 495.
N. E. Leonard and J. E. Marsden, 1997 Stability and drift of underwater vehicle dynamics:
mechanical sysems with rigid motion symmetry,
Physica D 105, 130 .
J, E. Marsden, J. and T. Ratiu, 1995 Introduction to Mechanics and Symmetry. (SpringerVerlag).
Miloh T. & Galper A. 1993 Self-Propulsion of
General Deformable Shapes in a Perfect Fluid.
Proc. Roy. Soc. A 442 pp. 273-299

MEMORY EFFECT
Consider now the motion of a deformable body
moving beneath a free surface with the standard linearized boundary conditions applied on
the free surface. By invoking the Laplace transform we can express the energy of the system ("body"+"liquid") as a corresponding timeintegration of the body's velocities combined
with the space- and time-dependent addedmasses. The resulting variational problem of determining the body's trajectory, should be resolved by using the causality principle. As an
example, it can be shown that for a sphere penetrating a free surface, the derived equation of
motion ~an be integrated. Note finally, that it is
just the memory effect which leads to the wellknown "ricochet" phenomena (see also Birkhoff
& Gaywood 1949).
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ABSTRACT
Flow of isochoric constant-viscosity fluids obeys
continuity and the Navier-Stokes equations. They are
difficult to solve being nonlinear with a nonslip boundary
condition at solid walls. Berker presented many solutions,
but some of them, e.g. irrotational velocity, contradict the
nonslip condition. Radial flow, possible between two
nonparallel planes, is shown to be impossible in a cone,
though an approximate solution exists. Parallel (equidistant)
streamlines are possible only if rectilinear, concentric or
coaxial circles, or helices of equal inclination on coaxial
cylinders. Two-way flows resemble ideal and Stokes flows.
The author presents some spatial jets impacting on a fixed or
parallelly moving boundary. A general unsteady spatial
solution near a plane boundary is expressed as power series
of z, distance from the wall, which shows most boundary
layer solutions to be valid only up to z2 terms. Uniform
steady-state flow at a constant piezometric gradient in the
x-direction, between nonparallel planes, has a definite
solution only up to second-order terms in (y,z), due to
undefined boundary condition at <». Acceleration averaged
over time gives insight into the properties of
pseudoturbulent or chaotic (turbulent) flows. Turbulent
shear is redefined and Reynolds (turbulent) stresses loose
their physical meaning.

useful at low Reynold numbers (Re), but sometimes of
dubious validity. A number of special solutions are given
later.
RADIAL FLOW IN A CONE
Radial flow between two nonparallel planes is
possible [5], yet radial flow in a cone is impossible [2].
Proof: In spherical coordinates (R,8,cp), V has only a
radial component u, with v = 0, w = 0. By (1),
U = f(0,(p,t)/R2. Introduced into (2):
At = u t + uu R = - P R + v [ ( R 2 u R ) R / R 2 - 2 u / R 2 ] ;
A 2 =0 = - P e / R + v . 2 u e / R ;

(4)
2

A 3 = 0 = -P<p / R s i n 8 + v . 2u<p / R s i n 6
Eliminating P we get:
2^ + 4vRf - R 3 f= function of (R,t)
As R and fare mutually independent, the only solution is
f = f(t). As f = 0 on the cone 0 = 90, we have f(t) s 0,
hence V = 0. The difference from two-dimensional flow
is due to the different topologies. [6] find nevertheless an
approximate solution, u=k(cos29 - cos28o)/R2, neglecting
all quadratic terms. This shows the danger of applying
blindly approximate solutions.

INTRODUCTION
Laminar flow of constant density p and kinematic
viscosity v fluids in a barotropic force field, obeys the
Navier-Stokes equations (NSE) relating velocity V(u,v,w)
and pressure p (or piezometric potential P = g Z + p/p,
where Z - elevation, g - gravity acceleration, to the space
vector r(x,y,z) and time t, through the continuity equation:
divV = 0
(1)
The acceleration is:
A = V, + curl V x V + grad (V2/2) =
= - grad P - v curl curl V
(2)
The NSE has to obey a nonslip boundary condition (BC) at
solid walls. Eliminating P from (2) we get the compatibility
equation:
curl V, + curl (curl V x V) + v curl3 V = 0
(3)
Agrawal [2] gives a large number of exact solutions of
(1) and (2) or (3), but many of them, e.g. irrotational V, do
not satisfy any real BCs. The difficulty is due in part to the
nonlinearity of NSE, but mainly to the nonslip BC.
Approximate solutions may be obtained by numerical
methods or by neglecting part [3], [16] or all [6] of small
quadratic terms, leading to Stokes' equation. The results are

PARALLEL FLOW BETWEEN TWO
MUTUALLY INCLINED PLANES
The unidirectional velocity u(y,z) between two planes
inclined at 45°, for a given grad P is [9]:
uyz+U2z = - k ; u = kz(y-z)[l+c(yz+y 2 )]
(5)
k = Px/2v; c - an arbitrary constant.
There exist an infinite number of solutions of the
Poisson equation fulfilling nonslip BCs on the planes. A
single solution may be said to exist only up to quadratic
terms. This apparent contradiction is due to the
undefined BC at GO. One should be wary of boundary
layer solutions when BC at oo is not exactly known.
EQUIDISTANT OR PARALLEL STREAMLINES
Irmay [12] shows that equidistant; i.e. parallel
streamlines in steady-state flow are possible only if they
are rectilinear and unidirectional, or concentric or
coaxial circles, or equally inclined helices on coaxial
cylinders.

281

TWO-WAY FLOWS
Two-way flows are steady-state flows V and V'~- -V,
along the same streamline, but in opposite directions [8],
Examples: rectilinear flow in straight conduits, or Couette's
circular flow. Such motions obey simultaneously Stokes'
linear and the ideal fluid flow quadratic equation. Other
examples are jets impinging normally on plane z = 0, [1],
[8], with k > 0 a diverging and k < 0 a converging jet:
u = krz ; v -- kry ; w = — kz~
An oblique jet [11] is:
u = kz [x - f(z)]; v = kz [y - cp(z)]; w = - kCfj)
f, cp, t, are well defined functions.

A) = ( u ' w ' ) z = -\\
A 2 = 0 = - Py;

+vuH
A

vvr

(15)

There exist two zones: near the wall a zone of
thickness s ~ ^[(h&) < 0.05 with a negative minimum
~I5 g (or > 100 g for Re 61600). Beyond that zone, the
mean axial acceleration is positive and practically
constant (— Px ) , the positive and negative areas being
equal.
Negative acceleration means a high centripetal
acceleration, which explains formation of bursts, and
longitudinal diffusion, mixing and transport of particles
(bedload) by rolling or saltation.
Fig. 2 gives the mean transverse acceleration A^z/h):
positive in the lower 1/7 (or 1/3 for Re = 61600). The
positive acceleration reaches a maximum ~ 2g, then
becomes negative beyond. This explains transverse
diffusion, mixing and part of sediment transport.
The existence of mean accelerations does away with
the linear shear graph: shear is concentrated in the zone
of negative accelerations and is practically negligible
beyond. (Fig. 3) Similarly the so-called Reynolds or
turbulent stresses loose their physical meaning, in
analogy to inertia! forces.

(6)
(7)

IMPINGING JETS
Other jets impinging upon a plane z = 0 obey [11]:
u = xf(z); v = y<p(z); vt = -C,(z)
(8)
u = xf(z)-^(z); v = ycp(z)-Ti(z); w = - « z )
(9)
u = xf(z) + y\|/(z)-$(z); ' v ^ y ^ z ) - ^ ) ; w - - C ( z ) (10)
Berker [2] has shown that any steady-state solution V(r),
P(r) of motion past a fixed plane, may be extended to an
unsteady-state solution V (r,t), V(r,t) with the plane
moving parallel to itself at the velocity Ut(t):
V'(r,t)=U t + V(r-U); P'(r,t) = P(r-U) - r . U,
(11)
BOUNDARY LAYER APPROXIMATION
In a two-dimensional motion past a wall y=0, Prandtl's
BL approximation neglects in (2) terms of order 8 = BL
thickness [14]. We get:
ut+uux+vuy = - Px+vuyy; P y ~ 5 ; ux+vy=0; w=0. (12)
The solution, developed into power series, is:
u(x,y,t) = y . a, + y 2 . Pox/v + y 3 . (a,/v - alxx)/6 +
a,a lx - 2V2P0X)/24v
y4.
(13)
where a,(x,t) = Uy= t 12 /p, P0(x,t) = P at the wall;
T12 - shear. The exact solution of NSE (2) is:
u(x,y,t) = y. a, + y 2 . Pox/v + y 3 . (a, t /v-2a lxx )/6 +
+ y 4 . (P oxt + 3 a i a l x - 2V2P0X)/24v +...
(14)
The two solutions agree only up to terms in y . For flow
between inclined planes, an approximate solution is also
valid only up to quadratic terms. This is the amount of
precision given by BL approximations.
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ABSTRACT
The objective of this paper is to present some recent
results of study of oil displacement by solutions of
chemicals, or more generally, by solutions of active
additives, basic for enhanced oil recovery. The discussion
is confined to one-dimensional (frontal) displacement of
oil by a solution of a single water-soluble active additive.
Both convective (large scale) and diffusion and capillary
(small-scale) transport are taken into account. Three
cases were studied, those of useful, deleterious and
ambivalent active additives. Self-similar solutions are
found for the radial geometry, and displacement
characteristics are investigated for different relative
contribution of the dissipative (capillary and diffusion)
phenomena. The limiting case of rather small dissipative
fluxes is studied in detail. Some general implications of
the results to modeling and prediction of EOR processes
are also discussed.
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Here, m is the medium porosity, Q is overall injection
rate per unit thickness of the reservoir, s is the water
phase saturation, c is the active additive concentration in
water phase, a is the adsorbed amount of the additive per
unit volume of the medium, F is the fractional flowfunction. It represents fractional flux of the water phase
and depends on s and c. We assume it to be expressed as
usual in terms of the phase relative permeabilities ku
i=l,2 and the phase viscosities ratio /* = / / , / / / 2 ; with
the relative permeabilities being functions of the
saturation only, and the viscosity ratio depending on the
active additive concentration. Increasing ju decreases F

INTRODUCTION
The hydrodynamic theory of chemical flooding is
based upon large-scale approximation neglecting by the
dissipative effects, such as capillary and diffusive
transport [1,2]. However in some cases these local (smallscale) phenomena become significant,
if not
predominant. One of them is the important case of thin
slugs of chemicals, another is displacement by a solution
of an ambivalent additive, which may both assist and
hinder displacement depending on the concentration.
This last case is mainly considered in this study.

and improve displacement
subsequently
F{s,c)=

,

K

,

efficiency.

;//= ,

A l

,

/

We

^ . ,

assume
(3)

With appropriate choice of Co this expression models
useful, deleterious or ambivalent active additive.
The dissipative phenomena taken into account are
capillary flux driven by the interphase capillary pressure
Pc(s)=P2-Pi, and expressed by the A factor in the r.h.s.'s
of Eqs.(l) and (2), A(s)=-y/(s) P'c(s)> 0, and the additive
diffusion expressed by the term involving the diffusion
coefficient D. Our objective is to investigate dissipative
effects in convection-dominant flows, so the transport
coefficients are assumed to be small.
The boundary and initial conditions for the equations

FORMULATION OF THE PROBLEM
One-dimensional displacement of oil by a solution of
a single water-soluble active additive in the radial
geometry is described by the following equations which
express mass balances of water, oil and the active
additive and take into account the generalized Darcy law
for two-phase flow in the presence of an active additive:

s(0, t) = / , s(r, 0) =s.; c(0, t) =c\ c(r, 0) =c.(4)
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Here, s*,s*,c*,c* are specified constant values. It is seen
readily, that the problem (l)-(2),(4) has self-similar
solution of the form
s=S(&), c=C(coJ, o = yJ7tr2ml Qt .

(5)

It satisfies a two-point boundary value problem for a
system of two second order o.d.e.. However to effectively
compute this solution it proves to be more convenient to
solve numerically unsteady-state initial value problem
and follow approach to the steady state.
Assuming X = lnr and £ = ln<u, one arrives at the
following equations:

ds
dX

I ds
2 d£

d(sc + a(c) I m)

dl

1 dF

u

d (

1 d(jsc + a(c) I m)

2

ds\

.,.

and

initial

1

o£

a d f
ds}
S d (
dc^
2i
2i
e d£ \
dB,) e dE,\
t
where 8 - a = n I Q', the boundary
conditions for Eqs.(6)-(7) are

s(0, X) =s\ s(ao, 0) =s-; c(0, X) =c, c(oo, 0) = c .

(8)

Steady state (when X ->co) solutions of the problem (6)(8) correspond to the self-semilar solutions of the
displacement problem.
Equations (6)-(7) with the boundary and initial
conditions (8) were solved numerically using finitedifference methods until reaching the steady state. A
version of splitting algorithm was used to be able to
perform computations for rather small dissipative terms.
RESULTS
Typical results are illustrated by Figs. 1-3. Figure 1
shows self-similar distributions S(a>) and C(a>) for
different values of D and A in the case of a useful active
additive. Formally, it corresponds to y =1.5;

approaches discontinuous solution of the large-scale
. approximation problem.
The case of an ambivalent active additive is illustrated
by Fig.3. It corresponds to y =1.5; ju - ft I ft=0.\,
C°=l; C0=0; C =0.5 in Eq.(3). With such a choice we
have exactly the same fractional flow curve in the
absence of the active additive (C=Co=O), and for the
injected solution
(C=C°=\). Therefore, the formal
solution for negligible transport coefficients (A=D=0) just
coincides with the Buckley-Leverett solution. However,
this conclusion should be treated with caution, firstly,
because it contradicts the common sense judgement that
in the transition zone between C=0 and C=1.0 the
additive should contribute into displacement efficiency,
and, secondly, because asymptotic analysis [3] suggests
that in this degenerate case the effect of dissipative terms,
whatever small, may prove to be significant. The
numerical experiment illustrated by Fig.3 supports this
statement. Here, plot 0 corresponds to the BuckleyLeverett solution, plots 1-1' - numerical solution for
A=D=0; plots 2-2': /i=10' 8 , D=10-3; plots 3-3': ^=10"5,
D=W\ plots 4-4': A=10"6, Z>10-5.
It is seen that significant effect of dissipative terms
persists down to rather small values of the transport
coefficients. It means that the large-scale theory,
neglecting by dissipative effects does not apply to this
case. On the other hand, all kinds of numerical dispersion
may affect the predictions significantly (in particular, the
numerically derived result for A=D=0, plots 1-1', is,
probably, unphysical). These results strongly support the
assumption [3,4] that, at least, in some degenerate cases,
like that of oil displacement by a solution of an
ambivalent active additive, the commonly used approach
to deriving self-similar solutions of hyperbolic systems of
conservation laws fails, and the dissipative effects should
be accounted for explicitly.
REFERENCES
1. Barenblatt G.I., Entov V.M., Ryzhik V.M. Fluids Flow
through Natural Rocks, Dordrecht, Kluwer, 1990
2. Entov V.M., Zazovsky A.F. Hydrodynamics of
Enhanced Oil Recovery, Moscow, "Nedra", 1989, [in
Russian].
3. Entov V.M., Kerimov Z.A. On oil displacement by an
active additive solution that non-monotonically affects
the fractional flow curve. Fluid Dynamics, 1986, Nl
4. Entov V.M. Dissipative effects in chemical flooding.
Proc. of the International Conference "Flow through
porous media: fundamentals and reservoir engineering
applications". Moscow, Institute for Problems in
Mechanics of Russian Academy of Sciences. 21-26
September 1992. c.22-25.

ft = ft I ft =0.1, C°=l; C0=0; C =1.5 in Eq.(3). Plot 0
corresponds to the case of displacement by water (the
familiar Buckley-Leverett solution). For plots 1-1' A=0,
D=10"4, 3-3': A=
D=10"6. It
D=0, 2-2': A=l
illustrates both good approximation of the exact
discontinuous solution and approach to this solution as
the transport coefficients tend to zero.
Figure 2 shows self-similar distributions S(a>) and
C(a>) for different values of D and A in the case of a
deleterious active additive. It corresponds to y =1.5;
ju = ft/ ft =0.1, C°=l; C0=0; C =-0.5 in Eq.(3). Plot
0 corresponds to the Buckley-Leverett solution, for plots
1-1' ^=10" s , D=10'8, 2-2': J4=10"8, D=10-6. Once more
with decreasing transport coefficients the solution
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Fig.l. The case of a useful active additive.
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Fig.2. The case of a deleterious active additive.
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Fig. 3.The case of an ambivalent active additive.
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ABSTRACT

pressure level of the levitator in the absence of a droplet
has been proposed. It is based on the mean velocity
variations along the axis of the levitator. The velocity data
allow a first estimation of how severely the trajectories of
fluid elements are perturbed in the presence of the
acoustic field. Furthermore, the blow-out velocity of a
droplet in the levitator has been experimentally and
theoretically determined, allowing the maximum
obtainable droplet Reynolds number to be estimated. A
discrepancy between the measured and predicted blow-out
velocities is still unresolved.

Acoustic levitation of droplets is a new tool for
containerless material processing. It is also used in studies
of evaporation and degasification of liquids. Such a tool is
also of potential importance for devolatilization of solid
particles etc. These aspects are discussed in the work, as
well as some theoretical and experimental consequences
involved.
STEADY-STATE DROPLET SHAPES
A novel method of calculation of shapes of
acoustically levitated droplets was developed. It is based
on a numerical solution of the boundary integral equation
describing the distribution of the acoustic radiation
pressure over a droplet surface. Combined with the
overall and pointwise (over the droplet surface) force
balance, it allowed us to find both droplet shape and
displacement from the pressure node (see Fig. 1).

DROPLET EVAPORATION IN THE ACOUSTIC
FIELD
An inference from the experimental data to the
acoutically induced modifications of the heat and mass
transfer of the droplet is not straightforward, among other
reasons because the droplet will also significantly modify
the velocity field. Therefore the theoretical considerations
examine the velocity and its fluctuations around the
levitated droplet for this purpose. They are centered
especially on the Schlichting-type acoustic streaming.

Comparison of the theoretical predictions for the
droplet aspect ratio with the corresponding experimental
data obtained in the present work allowed us to establish a
link between the sound pressure level (SPL) and the
parameters of the levitator (its driving voltage and
reflector distance). Therefore the approach developed in
the present work may serve as a new method of levitator
calibration, valid for large drops.

A theory was developed for describing the drop
evaporation behaviour under the influence of the acoustic
field in an ultrasonic levitator. The Boundary Element
Method used for the computations allows a deformed
drop shape to be taken into account. The computations of
the decrease of the squared volume-equivalent drop
diameter cfl with time show good agreement with
measurements for initial water drop volumes around 2^,1.
The temporal evolution of the drop displacement from
the pressure node encourages the use of the levitator as a
microbalance to determine the mass loss for drops or
particles with solid particles or consisting of mixtures.

Theoretical results for droplet shapes are in good
agreement with the corresponding experimental data
obtained in the present work and found in the literature.
The agreement between the theoretical and experimental
data for the displacements of droplet centers from the
pressure node is somewhat poorer, which was attributed
to a less accurate measurement of droplet location.

Some of the results obtained in this work are
described in detail in {1 , 2].

The shapes of all the droplets in the present case
were spheroidal. Their displacements from the pressure
node were approximately 10 - 150% of the unperturbed
droplet radius a0
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FIGURE 1 . Droplet shapes: theory vs. experiment. Theoretical results are shown by curves,
experimental data by symbols
(a) Experiment No. 1: Bo = 0.3086,
Wea = 5235.15, Q = 1.0973, AJpo<~ = 0.U150. {b) Experiment No. 2: So = 0.3086, Wec - 5235.15,
Q = 1.0978, AJp^cl = 0.0175. (c) Experiment No. 3: Bo = 0.3086, Wea =•• 5235.15. Q == 1.0978,
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evolutionary incentives, such as optimum ejection
of blood into the left ventricle or aquatic
locomotion processes where ejection of vortices
might have been utilized for the purposes of
propulsion.

Abstract
The formation time scale of axisymmetric
vortex rings is studied numerically for relatively
long discharge times. Experimental findings on the
existence and universality of a formation time
scale, referred to as the "formation number," are
confirmed. The formation number is indicative of
the time a vortex ring acquires its maximal
circulation. For vortex rings generated by
impulsive motion of a piston, the formation
number was found experimentally to be
approximately 4. Numerical extension of the
experimental study to thick shear layers indicates
that the scaled circulation of the pinched-off vortex
is relatively insensitive of the details of the
formation process, such as the velocity program,
velocity profile or vortex generator geometry. In
contrast, the formation number does depend on the
velocity profile.

Numerical model
The formation time scale of axisymmetric
vortex rings is studied in the present work
numerically for relatively long discharge times.
The
axisymmetric,
time-dependent
and
incompressible Navier-Stokes equations are solved
by the FIDAP package for a large set of cases
differing in the velocity program, velocity profile
of the discharging flow, geometry configuration
and Reynolds number.
Results
The formation and propagation of a vortex ring
are shown in Fig. 1 by the vorticity field for two
different discharge times (stroke ratios) of T*=2
and 6. In the case of the short discharge time, all
the vorticity generated at the orifice during the
ejection is essentially entrained into the
downstream propagating vortex ring, leaving
behind a calm flow region. The situation is very
different at the higher discharge time of f'=6: the
vortex ring disconnects from the bulk of flow,
leaving behind a noticeable trailing jet-like region.
Any excess vorticity (-circulation) that cannot be
entrained into the vortex remains in the wake.
The evolution of the total circulation and the
circulation of the vortex ring is of major interest in
the present study. These quantities are plotted in
Fig. 2 for 7=6. Very good agreement is obtained
between the numerical and the experimental
results.
The numerical simulations confirm the
existence of a maximum in the vortex circulation
for T* > 4. The numerical simulations considered
also the effects of several factors on the circulation
and on the formation number. It was found that the
formation number does depend on the velocity
profile Non-impulsive velocity programs slightly
increase the formation number, while non-uniform
velocity profiles may decrease it. In the case of a

Introduction
A new feature of vortex ring formation was
recently observed experimentally by Gharib,
Rambod & Shariff (1998) (henceforth denoted as
GRS) for vortex rings formed by a piston pushing
a column of fluid out of a tube. As the duration of
the piston stroke increased, GRS showed
evidences on the existence of a limiting process
that imposes an upper bound on the circulation a
vortex ring can acquire for a set of flow
parameters. It was shown both experimentally and
analytically that this maximum in the circulation is
attained at a narrow range offormation time 4.5 >
t >3.6 for a number of cases differing in the
velocity program and in the velocity or diameter of
the piston. This universal number is referred to as
the formation number. The formation time t is
defined as t' -TJ, t/D> w n e r e JJ is the average
velocity discharged from the orifice of diameter D
and t is the time. The duration of the discharge
time is T and the corresponding formation time is

f.
The existence of a universal formation number
is intriguing as it may hint at the possibility of
nature using this time scale for certain
289

parabolic velocity profile of the discharged flow,
for example, the formation number decreases by a
factor as large as 4. These findings indicate that
the major source of the small variations found
experimentally in the magnitude of the formation
number is the different evolution of the velocity
profile of the discharged flow.
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velocity profiles (uniform or parabolic), Re
numbers and configuration geometry. In all the
wide variety of cases considered in Table I, the
vortex circulation (scaled by U^D, where U,, is the
maximal piston velocity and D is the oriffice
diameter) is in the range of 2.61 > rvailex > 1.85.
The maximal circulation for the same cases varies
in a much wider range of 12.08 > rvortex > 2.24.
Theoretical as well as experimental results of GRS
also indicate that the variations in rvoltex are indeed
relatively small. An analysis based on the
variational
principle
of
Kelvin-Benjamin
(assuming a constant limiting value of the nondimensional kinetic energy) predicts 1.90 > rmnex
> 1.42 for cases with specified discharge velocity
profile, while the experimental results of GRS are
in the range of 2.7 > rmrlex > 2.2.
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These observations might hint at the possibility
that the vortex circulation (scaled properly) is yet
another universal quantity related to vortex rings.
In other words, the vortex circulation is relatively
insensitive to the formation conditions, once its
asymptotic state (e.g. T* > 4) has been reached.
This conjecture should be further investigated in
the future.
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Figure 2: Total and vortex circulation and the
determination of the formation number
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Table I lists the maximal total circulation and
the vortex circulation for 7 =6 and various velocity
programs (impulse, trapezoidal or linear ramp),
Velocity
Profile

Velocity
Program

Uniform

Impulse

Nozzle

Re

*• m a x

1 vortex

Formation
number

2500

3.33

2.05

3.60

Impulse

2500

3.98

2.47

3.97

Orifice

Impulse

1250

4.43

2.61

3.81

Orifice

Impulse

2500

3.99

2.42

3.83

Orifice

Impulse

5000

3.74

2.30

3.80

Parabolic

Impulse

2500

12.08

1.85

0.90

Uniform

Trapezoidal

0.1

2500

3.16

2.06

3.54

Uniform

Trapezoidal

0.2

2500

2.99

2.06

3.78

Uniform

Trapezoidal

0.3

2500

2.78

2.05 .

3.95

Uniform

Trapezoidal

0.4

2500

2.51

1.90

3.97

Uniform

Linear

2500

2.24

1.85

5.22

AT/T

Table I: Maximal circulation Tmm, vortex circulation Tmrtn and formation
number dependence on the generation factors for T*=6.
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Figure 1: The formation and propagation of the vortex ring for short (T*=2) and long ((T*=2) non-dimensional discharge time.
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(Fig 1). The combination of water and residual
sulfur oxides forms a sulfuric acid.
The first stage of IEC investigation deals with
the atmospheric distribution in order to estimate
droplets size limit for discharge. The outcome of
the first stage enables IEC to specify criteria for
droplets discharge from the mist eliminators and
goals for liquid discharge from the stack.
The second stage of IEC study concentrates on
the two-phase flow and associated phenomena
inside the stack. This investigation runs from the
liquid formation through liquid layer formation by
condensation and deposition, via droplets shear
and drift to liquid discharge from the stack.
Fluent software was used for the CFD study.
The CFD study helps to back up experimental
study, extrapolate experimental model results to
full scale dimensions and simulate processes like
atmospheric distribution, which cannot be studied
analytically or experimentally.

ABSTRACT
In order to reduce sulfur oxides discharge,
Israel Electric Corporation (IEC) is building a wet
Flue Gas Desulfurization (FGD) facility at
Rutenberg B power station.
The primary objective of IEC is to minimize the
occurrence of stack liquid discharge and avoid the
discharge of large droplets, in order to prevent acid
rain around the stack. Liquid discharge from the
stack is the integrated outcome of two-phase
processes, which are discussed in this work.
In order to estimate droplets discharge the
present investigation employs analytical models,
empirical tests, and numerical calculations of
two-phase phenomena. The two-phase phenomena
are coupled and therefore cannot be investigated
separately.
The present work concerns the application of
Computational Fluid Dynamic (CFD) as an
engineering complementary tool in the IEC
investigation.

©5*3) K(S

INTRODUCTION
Discharge of sulfur oxides from thermal power
plants is a major cause of air pollution and acid
rain. In order to reduce sulfur oxides discharge,
IEC is building FGD facility at Rutenberg B power
station, near Ashkelon.
IEC chose an FGD facility based on the wet
limestone forced oxidation process, which is the
more modern FGD process [1]. Absorptive
separation of sulfur oxides from the flue gas is
achieved by chemical reaction in the framework of
this process. The chemical reaction between sulfur
oxides and aqueous calcium solutions from
limestone absorbs most of the sulfur oxides as
gypsum. The aqueous solution is sprayed against
the flue gases in order to obtain a large surface area
for the chemical reaction.
Beside the sulfur oxides absorption, the sprayed
aqueous solution droplets evaporate into the flue
gas. The evaporation extracts heat from the flue
gas, therefore the latter comes out of the FGD
absorber relatively cold (55 °C) and relatively
humid (10 w%). Under these conditions, the flue
gas almost reaches its dew point. A slight decrease
in flue gas temperature due to the elevation along
the stack would cause condensation around
condensation sites and over the cold stack liner

Figure 1: Schematic of flue gas path
ATMOSPHERIC DISTRIBUTION
The atmospheric distribution is a combination
of droplets drift and evaporation. This distribution
is simulated with Fluent under typical ambient
conditions. The conclusions from this study are:
1. Droplets smaller then 0.05 mm completely
evaporate, therefore IEC aim is to avoid
discharge of larger droplets.
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2. Droplets smaller then 0.35 mm in
diameter are acceptable, because they land
more then 1 km away from the stack.
3. Droplets emitted from mist eliminators
should be limited to 0.05 mm in diameter.
In the worst case for droplets growth due
to condensation, these 0.05 mm diameter
droplets reach 0.344 mm diameter by the
time they exit the stack.
Figure 2 shows atmospheric distribution of 0.15
mm droplets. By using the stack 250 meter height
to scale the distribution, one can see droplets
landing distance over 2 km from the stack. Also,
one can observe that most of the droplets evaporate
or drift out the computational domain (2.5 km).
The minimum landing distance for several droplets
diameters is presented in table 1.

from the FGD mist eliminators to the vertical
linear lower quarter).
At the stack entrance there is a drift of droplets
from the mist eliminators and deposition.
According to manufacturer's data, these droplets
have diameters around 0.05 mm; therefore they are
assumed to be completely spherical [3]. CFD
simulation of these droplets drift from the mist
eliminators through the duct to the stack vertical
liner (Fig. 1) was performed. The centrifugal and
gravitational depositions also included. Parallel to
the CFD study, an experimental study with stack
entrance model is carried out at DynaFlow Systems
laboratories.
Results of the CFD and experimental studies
indicate that there is no gravitational deposition of
droplets which were carried over from the mist
eliminators (usually droplets diameter is less then
0.05 mm but the studies include droplets of 0.25
mm diameter). On the other hand the centrifugal
deposition is important. We obtain liquid
accumulation on the liner, opposite to the duct
breeching (Fig. 1) and on the duct ceiling, above
the mist eliminators. For the sake of brevity the
CFD study results were omitted here but will be
elaborated during the lecture.
The turbulent deposition takes place on the
vertical liner. This deposition is currently under
experimental study at DynaFlow Systems. Interim
results indicate that most of the droplets with
diameter of a few dozen micrometer are deposited
on the liner surface. This results are consistent
with the correlation of MaCoy, et al. [3].

Figure 2: Distribution of 0.15 mm droplets.
Table 1: minimum landing distance.
Droplets
Minimum landing
Remarks
distance |m]
diameter [mm]
0.05
evaporate
2150
0.15
0.35
1040
115
> 1.7
film shear

CONDENSATION
The main source for liquid water in the stack is
condensation. While less then 0.15 kg per second
of droplets are carried from the FGD mist
eliminator, 8.13 kg per second are condensed on
every liner. This huge amount of water is
condensed in two different condensation processes,
bulk, and surface condensation.
In order to find out the condensation rate we
calculate the dew point of the flue gas at the stack
edge. The outcome of this calculation is that every
kg of the flue gas is able to contain 0.0888 kg of
water vapor. According to data supplied by the
FGD manufacturer the flue gas contains 0.0996 kg
of water vapor, and less than 0.0002 kg of droplets,
when it leaves the FGD mist eliminators.
By calculating the heat flux over the liner and
dividing by the condensation heat of water, we
approximate the condensation rate as 0.6 kg per
second, at ambient temperature of 5 °C.
The small rate of condensation due to heat
transfer shows that bulk condensation is the major
liquid formation process (approximately 7.5 kg per

DROPLETS DRIFT AND DEPOSITION
At the stack liner the drift of a few milimetric
sized droplets is possible [2]. These large droplets
are distorted by the gas drag, and lose their
spherical shape [2,3]. Ishii et. Al's correlation [3]
predict droplet diameter of 1.7 mm as the
distortion limit at the stack conditions. Therefore,
droplets smaller then 1.7 mm drift like spherical
ones, but larger droplets are distorted. Distorted
droplets drift velocity is asymptotic and
independent of droplet diameter. The droplets drift
was simulated by Fluent, in order to obtain input
for atmospheric distribution of the droplets.
Beside condensation, droplets deposition is a
major cause of liquid accumulation over the stack
liner. There are three types of deposition:
turbulent, centrifugal, and gravitational. The last
two types appear at the stack entrance, (the path
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second). In bulk condensation, the liquid forms
around condensation sites, droplets, ash and
limestone particles. During this condensation, the
latent heat from the vapor is absorbed in the gas.
The fact that there is no heat transfer from the gas
during this condensation process causes it to be
named "adiabatic condensation".

laminar film flow, droplets shear or liquid flow
upward in the vertical liner are not expected.

GAS AND LIQUID LAYER INTERACTION
The liquid layer flow and the shear of droplets
are complicated phenomena. These phenomena
occur at the viscous sublayer of the boundary layer
and are sensitive to small changes of the surface
geometry, such as weld beads. Therefore, an
experimental study is the efficient way to study
these coupled phenomena. This is currently under
way at DynaFlow System laboratories. Interim
results regarding the choke and the stack entrance
are available. The experimental study finds the
choke (Fig. 1) configuration satisfactory, although
the location of the lower choke liquid collector is
unfavorable. It is recommended to move it to the
base of the choke.
The last conclusion is backed up by a CFD
model of the gas flow in the choke. This CFD
model helps IEC to optimize the lower collector
location, 80 cm below the cone base. For the sake
of brevity, the CFD optimization is omitted here
and will be expanded during the lecture.
The major conclusion from the stack entrance
experimental study was that the observed and
measured gas velocity distributions are not
favorable for wet operation. The gas flow
concentrates at the higher part of the duct and on
the liner side opposite the breeching. In both
locations there is very high gas velocity near the
wall. Therefore, liquid film, that flows down the
liner on the side opposite the breeching, is exposed
to gas flow at very high velocity (above 30 m/s).
This high velocity reverses the liquid flow upward
and may tear droplets from the liquid layer. This
conclusion was also obtained from the CFD model.
There is very good agreement between the
experimental study and the CFD model, as shown
in Figs. 3a and 3b. In order to improve the gas flow
distribution, DynaFlow Systems recommended IEC
to install guiding vanes at the 90° elbow above the
absorber outlet. Another improvement is to install
a liquid collector 20 meters above the breeching
aiming to collect the downward flow of liquid,
before it is exposed to a very high gas velocity. All
these
improvements
are
currently
under
experimental and CFD optimization.

Figure 3a: Experimental stream lines at stack inlet.

Figure 3b: CFD stream lines at stack inlet.
SUMMARY AND CONCLUSIONS
Various methods were used by IEC to estimate
the influence of two-phase flow and associated
phenomena on the liquid discharge. Each
phenomenon was investigated with the suitable
tool (experimental, CFD, or analytical model).
The study found IEC basic stack configuration
satisfactory, although some refinement and minor
changes in the stack inner structure are required.
These changes are currently under experimental
study, backed up with CFD simulation, in order to
ensure the validity of the stack configuration.
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The interaction between the gas flow and the
liquid layer on the vertical liner surface is currently
under experimental study. Due to a former
experimental study [2] and analytical model of
294
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notation mh which appears in Eq. (2) denotes the constant
mass of a single droplet of kind i. Also note that the dot
product of the arrival velocities Kt«4 and the area dA is
negative, whereas for the departure velocities Yfi this dot
product is positive. Hence, the negative sign in front of the
integral denotes that the net balance of mass of droplets of
kind / is represented by the mass that enters minus the mass
that leaves the control volume through its surface. One
should also note that in terms of the classical mathematical
formalism, the two-term notation in the area integral in Eq.
(2) is unnecessary and these two terms may be denoted by a
single term

ABSTRACT
If one wants to use experimental data to establish the
initial conditions for theoretical simulations of sprays and
then use experimental data to validate these theoretical
simulations, one must employ those spray variables that are
actually measured by currently available experimental
devices. These spray variables are: local drop velocities,
drop-size distributions and time or frequencies of droplet
arrivals. Mass conservation equations for multisize sprays
are derived in the present theoretical study in terms of the
above mentioned spray variables. It is shown that for sprays
which are composed of droplets of high frequencies of
arrival (HAF) one may define continuous functions for
droplet number densities and droplet mass fractions which
enable the reduction of the newly derived spray equations
into the classical forms. On the other hand, if a very small
number of massive droplets of low frequencies of arrival
(LAF) are present in a spray, then although the overall
behavior of such a spray may seem steady-state, the
massive droplets of low arrival frequencies must be treated
as time dependent fluctuations.
1.

V:

dA

(3)

in which Vt and /J'; represent the velocity vector and the
frequency of arrival, respectively, of any droplet of kind /
whether it is arriving or departing. The way one
distinguishes between an arriving and a departing droplet is
via the outcome of the dot product VfdA, which is negative
for an arriving droplet (i.e. entering the control volume) and
positive for a departing droplet (i.e. leaving the control
volume). At any rate, we will continue here to use, for
integral control volumes, the two-term notation as it
appears in Eq. (2). The reason for that is the nature of
problems that we intend to solve via the present method, in
which usually the velocities and frequencies of arrivals (i.e.
first term in Eq. (2) will be extracted from experimental
data, whereas the velocities and frequencies of the
departing droplets will be determined via a theoretical
simulation. Thus we would like to emphasize here the
different inherent nature of the processes by which these
two groups of spray properties are evaluated. This is done
here by differentiating, in terms of the notations "a" and "d"
between arriving and departing droplets.
Finally, droplets of kind/ may be generated within the
control volume at the rate of g™ which is a number
generation rate, thus in the mass balance equation it should
be multiplied by /»,- which is the mass of a single droplet
of kind i , in order to obtain mass generation rate. That is,
the rate of mass generated within the control volume is
given by

DERIVATION OF SPRAY MASS BALANCE EQUATIONS IN
TERMS OF DROPLET ARRIVAL FREQUENCIES FOR AN
INTEGRAL CONTROL VOLUME

Let us assume a fixed control surface of volume v
where gas, vapors and droplets of all sizes enter and leave
the control volume through its surface area. First we derive
an integral mass balance equation for droplets of kind i in
terms of their arrival frequencies.
The mass per unit volume of kind i within our control
volume may be expressed as pmixmi (where m, is the mass
fraction of droplets of kind /, pmix is the density of the
mixture. Thus the rate of change of the mass of droplets of
kind i within the control volume as a whole is

\\\ H
Droplets of kind / enter and leave the control volume
through its surface area at a rate equal to their frequency of
arrival f%,', ^ frequency of departure fj'^ (per unit area of
the surface boundary perpendicular to the droplet's velocity
vector). Thus the mass balance across the surface is given
V.
(2)

Droplets of kind / may be generated (or distracted)
within the control volume by the following mechanisms:
(a) Evaporation, (b) Coalescence, (c) Breakup.

Note that in Eq. (1) m, is the mass fraction of droplets of
land i which is a function of space and time, whereas the
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Combining the terms (1), (2), and (4) the integral mass
balance spray equation for droplets of kind / (in terms of
droplet arrival and departure frequencies) is given by:

of droplets is meaningless from the physical point of view.
Moreover, since both the frequency of arrival and the
velocities of droplets are not constant but vary spatially
this raises the question of the spatial point at which the
droplets' velocities and frequencies of arrivals should be
chosen in order to define the number density when the
spacing between droplets is of the order of magnitude of
the whole flow field. On the other hand, for droplets of
very high arrival frequencies the spacing between droplets
may be of orders of magnitude smaller than the
characteristic length of the whole flow field Z,c.Aararten^c

V;.
V:
(5)
m

ifd,i

V.i.d

>dA \\\

It should be emphasized here that the number of
equations of the form of Eq. (5) is equal to the number of
discrete sizes / which are present in a given spray.
Moreover, the equation for each drop-size /' is coupled to
all other drop-size equations via the generation rate source
terms.
Since the novelty and the importance of the above
derived equation lies in the flux terms which are presented
here in terms of droplet arrival frequencies, these flux
terms will be discussed next.
2.

for HAF:
(8)
-'char.

the definition of a number density function in the vicinity
of the control value is valid.
Thus, for High Arrival Frequencies (HAF) one may
substitute Eq. (7) into Eq. (5) and obtain

THE TREATMENT OF HIGH ARRIVAL FREQUENCIES (HAF)
VERSUS LOW ARRIVAL FREQUENCIES (LAF)

(9)

The most important advantage of the mass balance
equation which has been derived here is its use of spray
variables which are directly measured by experimental
devices. Since droplet arrival frequencies are directly
measured, they may serve as initial conditions at some
upstream cross-section and then theoretical simulations can
be validated at another downstream cross-section if the
equations are solved in terms of spray properties that are
measurable.
Another advantage of this form of spray mass balance
equations lies in the potential of splitting the solutions
between the high and low arrival frequencies. This matter
is discussed next.
For high arrival frequencies, the arrival frequency faJ
can be linked directly to the droplet number density «, in
the vicinity of the control volume's surface. As we have
demonstrated in the discussion, the spacing 5, between two
neighboring droplets of kind /' in one-dimensional flows is
obtained by dividing the local speed I i\-1 by the local
arrival frequency^,,. That is

where wOiI- is the number density of the arriving droplets of
kind / and nd:i is the number density of departing droplets
of kind/.
Next, by employing the identity
(10)
and thus the number densities in Eq. (9) may be rewritten
in terms of droplet-mass fractions m, . Hence, employing
Eq. (10), one may rewrite Eq. (9) in the following form

(11)
which may be used for the analysis of droplets of high
arrival frequencies.
3.

V:

NEAR-FIELD, HIGH ARRIVAL FREQUENCY (HAF) SPRAY
EQUATIONS

From the above discussion regarding the nature of
sprays comprised of droplets of high arrival frequencies
(HAF), it is clear that for such sprays one can define
continuous functions in time and space for the mass
fraction mi (in Eq. (11) [or number densities «/ (in Eq. (9)]
and for the velocity field F, of droplets of kind / . Thus, for
the two parts of the flux term, flux of arriving droplets and
the mass flux of departing droplets, may be mathematically
combined as follows,

(6)
and the number density is therefore obtained via

(7)

For droplets of very Low. Arrival Frequencies (and/or of
very high speeds) the spacing St (see Eq. (6) may be of the
order of magnitude of the characteristic length of the whole
flow field and thus the definition of the number density in
the vicinity of the control volume's surface for these kind
296

Next, we follow the classical procedure and note that via
employing Gauss Theorem, the above integral over the
control surface area may be replaced by a volume integral,
i.e.

§pmUmiVi • dk =

In addition note that the two-term notation in the area
integral in Eq.(5) was replaced in Eq (16) by a single term
notation, see Eq.(3) and the discussion below it.
Next, according to Gauss Theorem, the first term on
the RHS of Eq. (16) can be operated on to yield

A

Hence, in terms of Eq. (13), Eq. (11) may be recast into the
following form:

and since the above integral equals zero for any arbitrary
control volume v , its integrant must also equal zero, that is

d

,) - mg" = 0

; • dA =

(18)

Thus, employing the above equation, Eq. (16) becomes

(15)

\v.
The above is the classical spray equation in terms of mass
fractions of droplets of kind / and the density of the
two-phase mixture as a whole. Note that the droplet
velocity field Vt is a different velocity field for each
drop-kind i and also differs from the host gas velocity
field. Because of these differences between the various
fields the equations are termed near-field equations.
4.

NEAR-FIELD, LOW ARRIVAL FREQUENCY (LAF) SPRAY
EQUATIONS

JJJ£

and since the above integral equals zero for any arbitrary
control volume $ , its integrant must also equal zero.
Hence,

V.

The standard procedure by which differential
conservation equations are deducted from the integral
balance equations will again be employed here similarly to
the way that we applied this procedure in the case of High
Arrival Frequencies (HAF).
First, we note that the integral balance equation,
Eq. (5) may be rewritten in the following form
(16)

where the first term on the LHS of Eq. (16) obtained by
employing

(17)
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(19)

(20)

;=l,2,3.../inax
Note that the frequency of arrival of droplets of kind i
changes with time and with spatial location. These
changes are governed by the above differential equation
(Eq 20). As discussed in the previous sections of this paper,
this information is essential when analyzing massive
droplets of Low Arrival Frequencies (LAF). On the other
hand, small droplets of Low Arrival Frequencies may be
averaged and dealt with in the same way as the droplets of.
High Arrival Frequencies without causing any appreciable
changes in local liquid mass and local vapor concentrations.
(Also note that mt which is the mass of a single droplet of
kind/ may be eliminated from Eq. (20). If this elimination
of mi us carried out then the terms in the new equation will
be per mass of a single droplet of kind I).
Applications will be discussed during the presentation.
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ABSTRACT
This study involves the transport or stirring properties of
viscous vortex rings. In order to take into account the
Reynolds - number dependence, the method of entrainment
diagrams is applied [1]. The system for pathlines of fluid
particles is developed with the help of obtained analytical
solution for a vortex ring. The idea of such approach is
based on the property of this dynamical system to include
complicated Reynolds - number dependence despite the fact
that the linear solution of Navier-Stokes equations is used.
Unsteady particle trajectories are examined as a bifurcation
of an autonomous system with the initial Reynolds number
as a parameter. It is shown that for small ratio of external
and internal radiuses of the ring three regimes of particle
motion exist and the pattern bifurcates at a two Reynolds
numbers of 140 and 640.
I. INTRODUCTION
There are several problems in which stirring processes in a
vortex ring are of direct relevance, and many others for
which they provide a simple canonical representation of
potentially more complicated processes. Examples range
from the stirring processes in a rising atmospheric thermal
and their implications for cloud formation, to the processes
occurring during the interaction of a vortex ring with a
premixed flame[2]. The interest in the processes of fluid
stirring drives us to the Lagrangian approach based on the
study of motion of an individual fluid particle x in a known
Eulerian velocity field (x,t). As is shown in [1] such
approach can be especially successful if description of the
flow can be reduced to a self-similar form. In this case, the
particle - path equations transform into an autonomous
system in similarity coordinates. The aim of this paper is to
use this approach for the viscous vortex ring.
II. MODEL OF A VISCOUS VORTEX RING
The flow is assumed to be axisymmetric and incompressible
with constant density p and viscosity v.
Figure 1 depicts schematic representation of a vortex ring in
the cylindrical coordinates x,r.

Fig.l
A solution for the limit Re -> 0 is given by the expression
for the vorticity [3]
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Lecturer
co

)]

= expl

(1)

where the dimensionless variables are
Re =

- (2)

and 11 denotes the first-order modified Bessel function of
the first kind. The parameter Xo(t) is the distance, which
the vortex ring passes from the initial moment t Q , and
R o determines the ring radius attg. The flow invariant is
the impulse of vorticity
2
1 = Ttpl Jr qdxdr

(3)

0 -oo

with the help of which we can obtain
2M
So =

(47CVt

Re =

,3/2

M=I,
P

Rr

M
3/2

Mx
1/2

2(*v) (t) R 0

1/2

2 (7t)3/2vR2)

(4)

(5)

where R e o = — is the initial Reynolds number and
v
M
Fn =
— the initial circulation.
7tR 0

The mixing processes of ring are determined by interaction
of strain and diffusion and are described by the advectiondiffusion equation. A linear solution of this equation for the
Oand for the Schmidt number Sc=— =1 is
D
given by the expression for a passive scalar
limit Re

C, =

+ x'

where C j =

(6)

, D denotes the coefficient of diffusion and
0
C o is determined by condition of the conservation of C.
The contour lines of C| for this case represent shapes
which are symmetrical about the r|-axes. In accordance
with results of the numerical calculations the contour lines
of Cj lose this symmetry with the increase of Re due to
nonlinearity. The applied approach allows us to determine
the range of Re, at which the contribution of the
nonlinearity is significant, and to obtain particle trajectories
for this interval.
III. FIELD OF THE STREAMFUNCTION
The vorticity is related to the streamfunction ^¥ by the
equation
C

g 2v F

ar

rf+(x+<j)2

(7)

2

Boundary conditions follow from the symmetry about the x
axis and the decay of ¥ at the infinity
)
The dimensionless streamfunction is O =

-»oo .

where Kand E are elliptical integrals of the first and
second kind, respectively.

(8)

—.
3

The Fourier - Hankel integral transforms of the vorticity (0
<t>
and of the function f = — from the equation (7) are:

-1.2
-3.6

(9)
-6.0
where J j denotes the first-order Bessel function. Using the
inverse Fourier- Hankel integral transform for f , we obtain
follows

V

u2+a2

00

The integration with respect to a presented in [4] gives

,T1),

u2 + a 2
where

(10)
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and erf(z) is the error function. Thus, we have the
expression for Hr'in the form of a single integral

Fig.2 Comparison of SF with T*. Solid lines represent the
contour plots of 90, 70, 50, 30 and 10% of x¥max -Eq.(l 1)
and broken lines the same values of circular line vortex Eq.(13)for x=10.
Formally we can describe the starting ring's motion for
t -> 0 using the obtained solution when the initial
Reynolds number R e 0 is very small. But a circular line
vortex is a limiting solution of the full Navier-Stokes
equations and usually used for the description of a starting
ring for any Reynolds numbers. The variable x is the ratio
of external and internal radiuses for the initial stage of a
vortex ring development. These properties permit to
consider expressions (12) as approximations for early times
of ring's evolution for fixed x .
IV. ENTRAINMENT DIAGRAMS
The equations for particle paths are

x=

00

Mcr

(11)

4TCR 0

and the two velocity components in dimensionless form
inside the moving vortex ring become
j—
cr dr\

f=
2v2

The obtained vorticity distribution (1) transforms into
Phillips' result [5] in long time limit and at t -» 0 it tends
to delta-function. The behavior of the evaluated
streamfunction (11) for early times and in long time is
consistent with this statement and at t - » 0 it tends to
circular vortex line. The expression for a circular line
vortex in our designations is written as

nr? + U W r = ~ 4 ~ ?
r • or

'

K
r

ox '

(14)
y

'

where the dot denotes the time derivative and
U(t) = — - — is the velocity of the frame moving with the
dt
vortex ring. The corresponding system in dimensionless
variables <3, r\ is
da
a 2V2 Reg x
dr)
r\
ds
2 V^
8
' ' ds
2
where s= In t. The system (15) is considered as an
autonomous system with the Reynolds number Re 0 as a
parameter for fixed values of T . The pattern of particle
displacements in coordinates a, r\ is independent of
velocity for a moving observer [1]. The structure of the
flow is examined by finding and classifying critical points
of (15); points (CTC, r)0) at which both right-hand sides of
(15) are equal to zero. In spite of the trivial Reynolds number dependence of the solution (1,11), which is valid
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for Re -> 0, the system (15) exhibits a Reynolds - number
dependence that is quite complex. We expect that the linear
solution in system (15) behaves similarly to the nonlinear
solution. In [6] this approach was applied to the problem of
an impulsively started, axisymmetric, laminar jet. Figure 3
(a, b) shows particles trajectories (15) for two values of the
Reynolds number and for x=10. For small Reynolds
number, pathlines converge to a single node, which lies on
the axis r|. All trajectories for this regime are similar: the
particles are involved due to diffusion. At a Reynolds
number of Reo=14O new critical points occur - a two
saddles and two foci lying symmetrically to either side of
axis r\. Particles trajectories are divided into two parts:
some of them as well as earlier are involved due to diffusion
when other part begins to be involved in the core of ring
due to growth of concentration of vorticity. At a Reynolds
number of Reg =640 saddles disappear and all the

Using the Hankel's integral transforms .(9) and Parseval's
theorem we can calculate the translation velocity of the ring
U(t) [7] and particles trajectories in a system in which there
is a relative wind, -U
do
ds
ds

2V2 Re0
2

•vrnr

21

2V2 Re 0

•u

f

- -

IJ

(16)

2
(17)

u* =

Here as the translation velocity of a ring the speed of the
three -dimensional vortex centroid is applied[8].

Ilium

trajectories begin to be directed towards the centre of vortex
ring.
T7T77777TT7
I i 111 / /

it i/ t/ /

Fig.4. Velocity vectors for Reg =500 presented by (16) for
x=10.
Velocity vectors in this system give evident representation
about particle motion (Fig.4) and are in good agreement
with results of direct numerical simulation of a laminar
vortex ring [9]. The carried out analysis shows that with the
increase of Reynolds numbers the particle trajectories take
the forms conducting to formation of a wake.
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ABSTRACT
An analysis and computational procedure are
described for computing two-dimensional mixing of the
supersonic primary and subsonic secondary flows in the
supersonic ejector mixing section. Flowfield is simulated
numerically by solving axisymmetric 2D Navier-Stokes
equations in combination with a k ~ e turbulence model
and modified wall function for compressible flow. The
numerical methology is based on a modified form of the
SIMPLER algorithm for compressible fluid, coupled with
the scheme developed by Karki and Patankar for a
generalized nonorthogonal coordinate system.

GOVERNING EQUATION
The steady-state form of the differential equations
governing the conservation of mass, momentum, energy,
and scalars, such as turbulence kinetic energy and
dissipation rate of turbulence kinetic energy, can be cast
into a general form for a nonorthogonal coordinate system
[4]:

-c.

INTRODUCTION
Ejectors are used for many purposes, and they
have one major feature: a high-pressure (Po ) field (inlet
primary stream) transfers part of its energy to a low
pressure (P 9s ) secondary stream.

dx]

where
dy
-£dx\
d

c, =

-fjk.)

dx
—
dx\
d

dx

dy

di

a?

[dx]

_ dx dx
c, =
a§ dx\

,f^|

r _ ax dy

(

dy dy
a§ dx]

dy dx

In this equation, x and y are the Cartesian coordinates, and
| and r\ are the transformed coordinates. The quantity /
is the Jacobian of the transformation defined as
d(x,y), (j) is a general dependent variable and

Fig. 1. The principal structure of an ejector.
The high-velocity primary jet mixes with the
relatively slow-moving secondary flow in the mixing
ejector section. An ideal process is completed by the end of
this section.
The flow characteristic in the ejector is
complicated by the strong inviscid/viscous interaction,
shock cell structure, and the coexistence of supersonic and
subsonic regions. Numerous one- and two-dimensional
methods were developed to optimize this mixing process
(for review, see [1]). Enhanced numerical simulations are
provided for an aircraft ejector system for reducing noise
and exit temperature, and increasing thrust [2,3].
The present work is devoted to numerical
simulation of the mixing process in the mixing section.

is the source term of (j> in the §,TJ. For the
turbulence calculations the, k-e
model by Chien and
Launder with modified function of the viscous sublayer
was used [5].
NUMERICAL PROCEDURE
The numerical methodology is based on a
modified form of the SIMPLER algorithm for compressible
fluid, coupled with the scheme developed by Karki and
Patankar [6] for a generalized nonorthogonal coordinate
system. Major features of this algorithm are: the projections
of the velocity vector along the grid lines are chosen as the
dependent variables, and two pressure correction equations
are solved. The first pressure correction is used to update
the existing pressure and density fields; the second pressure
correction is used to correct the velocity field to ensure

Contribution from the Agricultural Research Organization,
Institute of Agricultural Engineering, Bet Dagan, Israel.
No.703/89.
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continuity of mass. The pressure gradient term is always
discretized using central differencing. A first-order
unwinding has been employed for density and convective
terms.
RESULTS AND DISCUSSION
Oblique Shock in Conical Nozzle
This algorithm was applied for the prediction of
shock formation in the 45°-15° nozzle [7]. The static
pressure, velocity and temperature at the inlet are obtained
from the interior of the computational domain. No-slip
conditions and thermally adiabatic conditions are imposed
on all walls. All flow variables are extrapolated at the
downstream. A symmetry conditions are imposed on the
plane of the computational domain. Available predictions
(Fig. 2,3) are adequate, as indicated by comparison with the
measurements. The smeared Shockwave prediction is to be
expected from the first-order approximation.

Fig. 4. Mach number contour for the conical nozzle.
Cylindrical Supersonic Mixing-Ejector
The solution procedure were tested for cylindrical
supersonic mixer-ejector measured by Chow and Addy [8].
Primary-stream ejector was chosen an ideally expansion,
and Mach number, stagnation pressure and stagnation
temperature were specified at the primary inflow boundary
of the ejector mixing section. The boundary conditions for
subsonic secondary flow were obtained by specifying the
stagnation pressure and stagnation temperature at the
secondary inflow. The static pressure, velocity and
temperature at the secondary inlet are obtained from the
interior of the computational domain. No-slip conditions
and thermally adiabatic conditions are imposed on all walls.
All flow variables are extrapolated at the downstream. A
symmetry conditions are imposed on the plane of the
computational domain. Good agreement was achieved for
wall static pressure distribution in the range of PrandtlMeyer expansions (Fig. 5).
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Fig. 2. Ratio of static to stagnation pressure along the
nozzle axis and wall.
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Fig. 5. Prandtl-Meyer expansion in the cylindrical ejector.
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Computed pressure distribution (Fig. 6) and Mach
number contour plot (Fig. 7) for the total ejector-length are
very similar to a shadowgraph [9], There is the initial
expansion of the primary stream, followed by a repeating
Mach disk pattern. The primary stream creates a sonic
throat in the secondary stream. Downstream of the throat,
the secondary stream becomes supersonic, whereas the
primary stream remains supersonic.

1.00

X
Fig. 3. Mach number along the nozzle axis and wall.
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CONCLUSION
Based upon the generally good agreement
obtained between Navier-Stokes analysis and experimental
data, this analysis could be used with a good degree of
confidence in the design process for a mixer-ejector for
various applications.

Fig. 6. Pressure distribution along the cylindrical ejector
mixing section.

Fig. 7. Mach number contour for the cylindrical ejector
mixing section.
Conical Supersonic Mixing-Ejector
Figures 8 and 9 present the pressure distribution
and Mach number contour plot for the conical ejector
mixing section. The full mixing section angle was 1.7°. The
ejector mixing section's form has a very strong influence
on the mixing parameters.

R

,
Fig. 8. Pressure distribution along the conical ejector
mixing section.

Fig. 9. Mach number contour for the conical ejector mixing
section.
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ABSTRACT

Although the secondary disintegration occurs in an
extended relaxation zone, we employ a simplified scheme
with an "atomization interface" at which the phaseisolated mixture disintegrates jump-wise into a
homogeneous mixture. The flow parameters on both sides
of the interface are related by appropriate integral balance
equations, while the interface location is determined by
the value of the ambient pressure. To further simplify the
model, we assume that the gas/liquid density ratio is
small, cross-section area occupied by the liquid and the
liquid delivery tube is small compared with that for gas,
but the mass-flow rates for the phases are comparable.

Secondary atomization into a finely dispersed mixture is
studied of a liquid jet primarily disintegrated in a
convergent-divergent gas nozzle with liquid supplied
through a central tube. An integral approach, using two
limiting approximations for the mixture after primary and
secondary atomization, allows cumbersome calculations
to be avoided, and the atomizer's operating conditions
and geometry to be estimated at which the liquid may be
finely dispersed.

INTRODUCTION
Liquid sprays have numerous applications in sanitizing
organic waste by air oxygen, in wet purification of dusty
gases, etc. Among various techniques available for liquid
spraying atomizers with gas nozzles are employed for
disintegration of a central liquid jet. Performance of the
atomizers has been scrutinized theoretically by modeling
combined numerical and experimental flow data and by
numerical simulations for gas-only flows. But for all these
studies, experimental investigations and various practical
improvements, the theoretical basis for design of
atomizers is yet to be developed.
At high velocities of the gas disintegration of liquid
jets occurs in two stages: primary and secondary
atomization. At the first stage, the jet is atomized into
coarse droplets or ligaments almost immediately at the
outlet from the liquid delivery tube. At the second stage,
interaction between the gas stream and coarse fragments
causes their break-up into fine droplets.
In this work we consider an atomizer with a liquid
delivery tube inside the divergent section of a convergentdivergent gas nozzle (Fig. 1), where supersonic velocities
of the gas stream and low velocities of the liquid flow are
provided. Preliminary tests carried out by us showed the
possibility of an explosive improvement of the mixture
quality at the gas-nozzle outlet with variations of the
atomizer's operating conditions. Since the details of the
primary and secondary atomizations are complicated and
not yet fully understood, we use an integral quasi-onedimensional model based on two limiting approximations
for the mixture flow. We presume that just behind the
outlet from the liquid delivery tube, the primarily
disintegrated liquid jet forms a coarse mixture with
isolated phases, while the secondary atomization leads to
formation of a finely dispersed homogeneous mixture at
the gas-nozzle outlet as is desirable in applications.

'• 3

Fig. 1. Scheme of the gas atomizer. 1 gas flow in the gas
delivery nozzle, 2 liquid flow in the liquid delivery tube,
3 phase-isolated mixture, 4 "secondary atomization
interface", S homogeneous mixture.
The study has been carried out as a part of the
programme for device development to increase the
efficiency of vortex chambers in dusty-gas wet
purification.
A MODEL FOR THE SECODARY ATOMIZATION
Under assumptions that the liquid phase is
incompressible, pressures in the phases are equal and flow
losses a;e neglected, equations of the mass, momentum
and energy conservation for the gas-liquid system read:
I

k'.i + /i P+ \'' pdf=miWL2+mw
Jf
\
<

2+f2p,

-\c, T^
'«a +cpglK,2).
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(1)

Here subscript i= g, I marks the gas and liquid phases;
subscript j= 1,2 indicates cross-sections of the nozzle; / is
the cross-section area; p(-, Tlt w,-, m,- - density, temperature,
velocity and mass-How rate of the i-th phase; p - pressure;
c
c
' m e specific heat capacities; Rg =c
v?
pi;

mass flow rate m is known, and the effective values of
*
o
critical area / and stagnation temperature T ( here
superscripts and
mark critical and stagnation
parameters of the pseudo-gas flow) are determined below
by the interface conditions.
We relate the isentropic solutions for the phaseisolated and homogeneous mixtures on the two sides of
the interface and neglect the small terms in the
expressions for momentum and energy in Eqs. (1). Eq. (1)
for momentum yields at the interface with the help of
conservation of mass and thermodynamic relations for
perfect gases
+l
in
11
K
(6)
)
ma ,
tM =(K + — )

cVs; p=pl,RgTf,. For subsonic flows at the gas-nozzle outlet
(/=/"') the pressure is equal to the ambient pressure
P=P-

(2)

Before the outlet from the liquid delivery tube, the gas
flow is described by well known isentropic relations,
following from Eqs. (1) for the gas phase:
f

*«-'

2k

(3)

Here kx=c~/cVf,,<P=<&('kl,,kf,) is the standard gas-dynamic
function; asterisk marks the critical flow parameters;
w,, -a,, ; %,,-w,,la,, is the reduced velocity; a. is
isentropic sound speed. Eqs. (3) allow to express the
critical pressure and temperature through the stagnation
temperature T , mass flow rate m and the critical area/

„ mgag
P=

.-^r=^o

~1)' / 2 ,

Here the effective value of the stagnation temperature for
the pseudo-gas flow is given by Eq. (1) for energy
(8)
,-m c
mn
The effective value of the pseudo-gas critical a r e a / = /

Eqs. (3), (4) provide also a good approximation for the
gas flow in the phase-isolated mixture from the exit of the
liquid delivery tube to the secondary atomization
interface. Indeed, we assume m^m,,, and p A ,«p/, then the
estimates p?/p;<</) /fg~Wi/wg«] are true for the typical
operating and design parameters of the atomizer under
consideration. Due to these estimates and 7}=const (the
liquid phase is assumed thermally isolated), Eqs. (1) for
the mixture flow are reduced to Eqs. (3), (4) for the gasonly flow.

is determined by the smallest value of A, X=-X'g (or the
corresponding value of A.'"^™"), starting from which the
homogeneous mixture can be formed. Interface conditions
(6), (8) generalize the standard jump conditions at the
shock wave and coincide with those for zero liquid flow.
One of the two values of X'" in Eq. (7), describing the
mixture flow behind the interface, is subsonic (A. <1),
while the other is supersonic (A, >1). According to the
results of numerical simulations (presented in Fig. 2 of
the next section) transition of the supersonic gas How in
the phase-isolated mixture into the subsonic flow of the
homogeneous mixture can occur only by a jump. As for
the standard shock waves, the jump is caused by the
ambient pressure at the exit from the nozzle, and the
appropriate interface area/^, can be determined from Eq.
(2). To calculate the critical parameters of the system, at
which the homogeneous mixture can be organized, we set
B=\ in Eq. (7) and obtain A,'"'" and A,"™'K. Equation

We assume that the mixture behind the interface is
homogeneous, i.e., Tj=TK-T, WJ=WR=W. Since mi~mg and
. p J f «p / , we have now: p/P/~/, lfg«\Under these
conditions, Eqs. (1) describe the mixture as a pseudo-gas
obeying relationships for the perfect gas p =pRT with

h

k=

m
c

m +c m

Pg g l l

, cv=

- min

m

vg g

. inin

A. f,+ yX

+c m

l l

(7)

-(4)

Here superscript marks stagnation parameters of the gas,
<50=l/2(fcA,+ l). Thus, at given operating conditions and
geometry of the nozzle, the gas-flow parameters can be
calculated ahead of the exit from the liquid delivery tube.

p=

where m=ml+mf,, superscript marks the flow parameters
at the interface. Assuming the interface area/" =/" to be
known and using the first Eq. (3), we determine the
reduced velocity of the gas X'"g just ahead of the interface.
Then Eq. (7) allows us to calculate the reduced velocity of
the pseudo-gas A, just behind the interface:

*

,

.

- min

.

.

.

=7.h for A. . has two solutions tor the gas
.

>» min

. min

,

stream: subsonic (A. g<l) and supersonic (A, S >1).
According to operating conditions under consideration,

, w=ka . (5)
m
in
We can describe the flow of the homogeneous mixture
using Eqs. (3), (4) written for the pseudo-gas. The total
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the gas stream ahead of the interface is supersonic and we
choose A. „> 1:
-mill

. *

. mill

2

1/2

(9)

A. =A, =1, A. „- b+ { b - \)

Substituting X ? into (3), we calculate the minimal area
of the gas n o z z l e / - / '",, starting from which secondary
atomization is possible. The values m, T a n d / allow us
to determine parameters of the pseudo-gas flow behind
the interface employing the same scheme as for the gas
flow.
RESULTS OF SIMULATIONS AND CONCLUSIONS
Performance of the atomizer is illustrated for the air-water
system (c ,-5.9, £,,= 1.4). The following dimensionless

Eq. (2)). Let us elaborate on the secondary disintegration
of the liquid. For 7r2</? Vrc, the supersonic gas flow in
the phase-isolated mixture (curve 4,) takes place from the
critical cross-section ( / = 1) up to the interface ( / = / ' " ) .
where it jumps to the subsonic solution of Eq. (8) for the
homogeneous mixture flow (curve 2,,). Curves 3,, and 4,,
for supersonic flows have no physical meaning. Location
of the jump is indicated by the vertical dash line between
curve 4, and curve 2U . Thus, the homogeneous mixture
can be formed inside the nozzle in the region bounded by
curves 1,, and 2I( , where condition Jt2<p''<7il is satisfied.
The value A/?il=rc2-K, provides estimation of admissible
variations of dimensionless ambient pressure p =/; /p
(i.e. of dimensional p and/; <,).

variables are used;
7- out

./

,c>ut *

—

,

—

.

=f /f ^c ,=c,lcVli, m ,=m,/in.
1.0

./'

5,

i

1

0.5

'••--._
, . . - - —

<11

\

Fig. 3 Atomization map.
'

•

-

.

.

.

"

'

^

n

r
Fig. 2. Nozzle performance after the primary (I) and
secondary atomization (II).
In Fig. 2 two families of curves for the pressure
p~=%nCm „ / ) n=l,...,5 , which are marked by subscripts
I and II, illustrate the primary and secondary atomization
at T t-\. The former family (I) corresponds to a phaseisolated mixture, which is described by the standard gasdynamic theory with no liquid flow for any non-zero m ,.
The second family (II) corresponds to the homogeneous
mixture at m (-Q.2. Curves 1UI and 4,,, represent the
pressure for the sub- and supersonic isentropic flows
respectively. Curves 2 n , and 3 HI depict the pressures
~p~ -Tio 3( m ,, / '"), established just behind the interface for
subsonic and supersonic solutions in Eq. (8) (curve 3, and
4, coincide). Vertical dash lines and dash curves 5 l n
represent the pressure jump at the interface and the
downstream pressure in the isentropic subsonic flow.
Curves 1, „ and 2, „ correspond to the ambient pressure
values at which the interface stands at the critical crosssections for the gas (I) or for the pseudo-gas (II) and at
the nozzle outlet (the interface area is determined from

Curves plotted in an atomization map (Fig. 3) show
dependences of the liquid flow rate m , on the liquid
temperature T , for /

= 1.0,1.25,2.5,1O.,» (curves 1-5).

At the fixed value of T, , any point on a curve estimates
the minimal nozzle area /

at which a given mass How

rate of the liquid may be dispersed. The limiting curve for
/ =oo determines the maximal liquid flow rale, which
may be dispersed at a given liquid temperature.
Thus our model permits to estimate explicitly the
operating conditions and geometry of the atomizer
necessary for secondary atomization of a liquid jet into a
homogeneous mixture. However, it cannot predict the
resulting mean diameter of droplets. To evaluate this
value the model should account for non-homogeneity of
the mixture.
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Abstract
A PML technique for representing an infinite unbounded domain is applied to the finite element computation of time-harmonic acoustics. The standard
acoustic subdomain is surrounded with a PML subdomain, intended to absorb the outgoing waves. The
performance of the approach is tested numerically
and compared to other unbounded domain representation techniques and to analytical results.

Introduction
The need for acoustic computations in unbounded
domains is frequent in engineering practice. For example, many acoustic problems in the ocean are considered problems in an unbounded domain. This type
of problem is relatively simple to handle with various
analytical techniques, but unacceptable for numerical computation since the computational domain obviously has to be finite. Therefore many techniques
for representing the unbounded domain for computational methods have been developed. Some of these
methods for the finite element approach are the DtN
representation of the infinite domain on a finite artificial boundary [3] and infinite elements [4].

domain.
Here the PML technique is applied to timeharmonic acoustics governed by the second-order
Helmholtz equation, in conjunction with the finite
element method. The well-known advantages of
FEM are its applicability to general properties of the
medium and flexibility in mesh topology. The absorbing effect is achieved by artificially introducing
anisotropic behavior into the acoustic medium, with
predefined decay assigned to each direction. A fournoded bilinear PML element is derived using this approach. Computation is performed by dividing the
domain into a standard acoustic subdomain and an
absorbing PML subdomain surrounding it. The performance of this method is tested on various problems
and compared to other techniques and to analytical
results.

Formulation
The PML equation for time-harmonic acoustics is derived by Turkel and Yefet [5] as:
V • D • Vy> + k axay(p = 0

(1)

where <p is the spatial part of the perturbation of the
pressure, k is a wave number, ax = 1 • ^ - — 1 • CTv
and

The perfectly matched layer (PML) was introduced initially by Berenger [1] for electromagnetic
(2)
D= 0
computations with the finite difference method. The
technique is based on creating an artificial layer that The parameters ax{x) and ay (y) determine the decay,
absorbs outgoing waves without reflection, thus sim- Employing ax — ay = 0 recovers the Helmholtz equaulating the absorption of the waves in the unbounded tion, Consequently, the correct, application of PML
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for time-harmonic acoustics requires ax = <ry = 0 on Ai = 2, A2 = 1. The PML subdomain x G [57r,67r],
the interface [5].
y G [0, ?r] consists of 10 uniform layers where crx
For the finite element computation we employ the changes quadratically from 0 to 40 (which appears
variational formulation, finding <p that satisfies the to be a common practice [2]). The real part of the
solution is shown on Fig. 1.
equation

/ (Vtu • D • Vy? - u ^ o ^ V )

rffi

=0

(3) p o i n t source

for any function w G /f1(f2) (with appropriate treatment of boundary conditions) where O is the computational domain.

Numerical examples
Unidirectional waveguide
1

A unit point source is considered in an open domain
and the Sommerfeld radiation condition is applied
at infinity. We employ a square domain [—1,1] x
[—1,1] that is meshed with square elements with h =
0.1 and it was chosen k = 4. For the comparison
a computation using DtN boundary conditions with
the artificial boundary at R = 1 and 10 terms is also
conducted. We performed two calculations with PML
of 5 and 10 uniform layers of width 0.1 where (Tx and
ay change quadratically from 0 to 40. The solution
is shown on Fig. 2.

0.8
0.6
0.4
0.2

0

\Jl

0
0.4

0.6

Figure 1: Contour plot of real part of the solution.
The computational solution is the solid line and the Figure 2: The solution along a ray y = 0, real part.
exact solution is dashed.
The exact solution is the thin solid line, PML solution
(both 5 and 10 layers) is dash-dotted and the DtN
The unidirectional waveguide is considered in a solution is dashed.
rectangular domain x G [0,oo) and y G [0,TT]. The
boundary conditions at y = O,TT are <p = 0, the
boundary x = 0 is a radiating wall with <p(x,Q) =
Ax sin(Z1j/)+^2 sin(/oy) where h < k < l2 are integers R a d i a t i n g s e c t o r
and the Somrnerfekl radiation condition is applied
at x —> oo allowing only outgoing waves. We em- A circular body with a radiating sector is considploy a rectangular domain x G [0, 57r] and y G [0, TT] ered in an open domain. We choose a cylinder of
which is meshed with square elements with a mesh radius a = 0.5, with k = 4 and an angle of radisize h = TT/10. We choose k = 1.25, l\ = 1, U = 2, ating sector a = n/4. The computational results

Computation
Error, %
for 10 layers of PML surrounding a square domain
PML, 10 layers
8.62
[—1,1] x [—1,1] are shown on Fig. 3 in comparison
PML, 5 layers
8.72
with an analytic solution, DtN and infinite element
DtN, 10 terms
9.55
computations. The latter two methods employ a cirInfinite Elements
9.82
cular artificial boundary that was taken at the radius
R = 1. The PML parameters are changed quadratically from 0 to 30 (this value was selected based on
Table 1: Errors for the radiating sector problem.
a parametric study). For this problem analysis of errors was also performed where the errors in the field
gradient were computed:
the number of PML layers times the number of nodes
on the interface. However, it seems to be particularly
(4) suitable for computations of acoustic fields surrounding elongated bodies that can be placed in a rectangular
mesh with fewer degrees of freedom than a mesh
were <ph is the computational solution and cp1 is the with a circular artificial boundary.
interpoland of the analytical solution. The results
obtained are shown in Table 1.
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Conclusions
PML for time-harmonic acoustic computations
showed good performance in all the problems considered. The use of this method may be rather costly
since the number of degrees of freedom increases as
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ABSTRACT
The pressure history in vessels which are
discharged or charged with ideal gas has so far
been treated analytically for the choked regime
only. In this paper a more general analytical
solution is derived which covers also the
sub-sonic regime for isothermal and adiabatic
processes. All the formulas are derived as
function of single characteristic time constant.
These closed form analytical solutions are
useful in parametric estimations of cryocoolers
[1, 2], servomechanisms [3] etc. They also
improve the physical insight.
FORMULATION OF THE MODEL
The general expression for gas flow rate,
m, from pressure vessel 1 to 2 through an
orifice A is given by [4]:

ni —

L- /

•

/1

•

(1)

/

If the ratio PijP\ is equal or smaller than the
critical value ZCK one gets sonic or choked flow
independent at the down stream pressure:

1/2

2k

/~1

1/2

CHOKED FLOW
The classical solution for isothermal choked
discharge from a vessel of volume V at
temperature T is:

where

(5)

Similarly, for adiabatic choked discharge one gets
[5]:
2k

k-\

t\

2

T

k-\

(6)

(2)

k+l

At higher pressure ratios one gets subsonic flow
with:
1/2

**CR

(4)

In order to use a common time base for the
choked and the unchoked (subsonic) flow
transition point (Z = ZCR) was chosen as t = 0.
Thus the choked phase starts at t = - 0 and ends
at t = 0 , where the subsonic regime takes over.

= 1+

•-

and C2 -

(3)

where k is the ratio of heat capacities, R the
gas constant and,

It should be noted that for k —> 1 eq. 6 indeed
reduces to eq. 5. Those two cases are presented
graphically in the upper left quadrant of figure 1
for a bi-atomic gas.
Inverse flow from the constant pressure P{
atmosphere into a vacuum vessel, will according
to eq. 1 give a constant mass flow and therefore a
linear pressure build up:

i± = .
P

(7)

This result is shown in the lower left quadrant of
figure 1 for isothermal (n=l) and adiabatic
conditions (n=k) of a bi-atomic gas (£=1.4).

UNCHOKED ISOTHERMAL DISCHARGE
This part of the discharge process starts at
P2/P](o)=ZCR
and terminates
when
/> (©) = P2. For any ideal gas discharge:

[

For tri-atomic gases (J=7, k= 1.285)
1 2

I /

- = 0.8709-T
7
\2/3

(8)

Rdt[T2

P2)

Z-,-dZ

dt_
k+\

c,-zk

k-\

5

•C,

5-3

6-4-2
5-3

P,

Equations 11, 12, 13 are graphically presented in
the upper right side of figure 2.

1/2

• 1-Z

Introducing an alternative variable, U, so that
Z = [SinU\k-\

and J as the number of

molecular degrees of freedom

(k =

UNCHOKED ADIABATIC DISCHARGE
In this case the differential equation becomes:

)
T

yields:
2/t
k-\

1/2

~ 2k

C2-dZ
k+3
Z2k

dU

1/2

=c,

[SinU]k~i
~\

1/2

k2-!

\J

T

(13)

^•fA]

introducing eq. 1,2 and 3 into eq. 8 one gets the
differential equation:

x

, ,

dU

1/2

k-\

1-Z

dU

(14)

J +2

(10)

[SinU].7+1

By integrating this equation one gets:

The integration of eq. 10 gives a separate
solution [6] for each value of J:

For mono-atomic gases (J=3, k= 1.667)

/

For mono-atomic gases (7=3, ft=1.667)

^ V

,2/5

(p

1/2

(15)
1/2

- = 1.0416-

r

1/2

if-,

p V

4

/2

'

+2

1
(P
— arcSin —22
/»,

For bi-atomic gases (J=5, k=\A)
1/2

7 j

IP 2

For bi-atomic gases (J=5, k=].4)

12/7

1/2

M1

•C,

•C,

It is interesting to note that the discharge does
not behave asymptotically but terminates
completely at about a single time constant.

t
71/2
- = 0.9247-—-

1/5

7 J "8\P 2

if-.
(12)

2/7

s s\'/ 2 -»

[ 1 1 1 .2./Btow

1/2

11/7

C 2 (16)

c,
The graphic display of equations 15, 16 is shown
in figure 3.

UNCHOKED CHARGE
Isothermal charge
dt

1/2

( 2k

C-, -dZ

~7~[k-\

z\lk

(17)

1/2

k-\
k

k-\

By substitution Y-Z
/
r

f 2k
k+l

k

this integrates into,

1/2

•c1/2

Ik
1/2

2k
k-\

which

p2

terminates

(18)

•c,
for

.7=3,5,10

at

— = 0.8119, 0.7396, 0.6774 respectively. See

SUMMARY AND DISCUSSION
Exact analytical formulas have been
developed for the charging and discharging of
ideal gases at all possible flow regimes. Figure 1
summerizes all solutions for bi-atomic gases in a
non-dimensional form. For example, isothermal
charging from vacuum to atmospheric pressure
will be completed in 0.5283+0.7396=1.2679
time constants.
One should pay attention while interpreting
graphs of different gases (Figures 2, 3) that they
do not share the same time scale since the time
constant, T , is dependent on k. For example,
T oc I/VR oc -J M and therefore charge and
discharge processes decelerate when gas is
heavier.
It is interesting that the unchoked discharge
processes have separate solutions for each gas.
However, the charging processes are solved by a
single expression, valid for all gases. Physical
interpretation of this difference is highly
welcome.

T

figure 2.
1.

Adiabatic charge
dt
'

(k-\
f l ) [ 2k
*"'
2

2-C2

TJ

c2

•dZ

:

k-\ ' 1/2
'' k

2.

Z
dU

(19)

SinU

3.
k-\

( Pi

tan - arcSinl —^
t

4.

2-C,
k+\
tan - arcSin.,
2
1U + 1
(20)

The

charging

time

for

7=3,5,

5.

10 is

6.
— = 0.4014,0.4675 , 0.5296. See figure 3.
T
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Figure No. 1:

Isothermal and adiabatic charge and discharge of bi-atomic ideal gases.

CHOKED

UNCHOKED

H
P2

Pi

-0.6 -0.S -0.4 -0J

-0.2 -0.1

0

0.1

0.2

0.3

0.4

O.S

0.6

0.7

t/T
Figure No. 2: Isothermal charge and discharge of various ideal gases.
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ABSTRACT

FORMULATION OF THE PROBLEM

The three-dimensional instability of axisymmetric
convective flows is investigated numerically using a
global spectral and a finite volume method. The linear
stability problem separates for different azimuthal
modes. This allows us to reduce the problem to a
sequence of 2D-like problems. The method is
successfully applied to a particular problem which shows
experimental evidence of an axisymmetry-breaking
instability with a high azimuthal number.

A convective flow of a Boussinesq fluid in a vertical
cylindrical enclosure 0 <r < 1, 0 <z <A is considered.
The system of the dimensionless momentum, continuity,
and energy equations in the Boussinesq approximation

INTRODUCTION
Convective flows in axisymmetric regions are
common for many technological processes and are
widely used as experimental and numerical models.
When the characteristic temperature difference increases
the laminar axisymmetric flow loses its stability and
becomes three-dimensional. Such axisymmetry-breaking
bifurcations always take place as a stage in the course of
laminar-turbulent transition. This study is devoted to the
numerical analysis of a particular case when a steady
axisymmetric flow becomes unstable with respect to
three-dimensional perturbations.
The most common way to study the axisymmetrybreaking instability numerically is by the solution of the
full three-dimensional unsteady problem where the
axisymmetric solution is taken as an initial state [1-3]. A
stability analysis was applied analytically [4] or
numerically [5,6] only in a particular case with heating
from below, when the initial axisymmetric state is a
motionless fluid. On the other hand, the 27t-periodicity of
axisymmetric flow allows one to reduce the 3D stability
problem to a sequence of 2D-like problems. This follows
from the possibility to expand the 27i-periodic 3D
solution in a trigonometric Fourier series in the
azimuthal direction. In view of the orthogonality of the
Fourier modes, the linear stability problem for each
mode separates from other modes. The stability problem
for each azimuthal mode does not depend on the
azimuthal angle, and therefore it is analogous to the
axisymmetric stability problem. Such problems can be
studied numerically, as was done in [7] for an
axisymmetric case.
A possibility to study axisymmetry-breaking
bifurcations of convective flows using the global spectral
Galerkin method was shown in [8], where
the
formulation of the method and several test calculations
were reported. In the present paper we focus on the
comparison of the present three-dimensional stability
study with experimental results [9].
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| ^ + (v-V)v = -v> + Av +
V-v=0

(1)
(2)
(3)

5; n ' ;
Pr'
is solved with arbitrary axisymmetric boundary
conditions, which will be defined later. Here (r, q>,z) are
the cylindrical coordinates, v = («,v,w)T is the velocity
vector, p is the pressure, $ is the
temperature,
Gr=gpAM 3 /v 2 and Pr=v/x are the Grashof and the
Prandtl numbers, A-H/R is the aspect ratio, g is the
gravity acceleration, (i is the thermal expansion
coefficient, A9 is the characteristic temperature
difference, v is the kinematic viscosity, % is the thermal
difrusivity, and H and R are the height and the radius
of the cavity (the overbar indicates dimensional
variables).
The system of equations (l)-(3) is solved by the
spectral Galerkin method.
The solution
is
approximated in the cp-direction as
(4)

where the functions vk, Pk and 8^ depend on time and on
the coordinates r and z . Note that, K=<x> corresponds to
the full Fourier expansion which obviously exists for any
2rc-periodic fluid flow. The definition of the basis
functions Vk, Pk and 9k can be found in [8]. The
numerical method was validated by comparison with the
numerical results of [ 1 -6].
COMPARISON WITH EXPERIMENT
Recently, Kowalewski [9] observed an axisymmetrybreaking instability with a rather large azimuthal
number. A sketch of the experimental setup is shown in
Fig.l. A cylinder filled with water is immersed in a
thermostatic water bath held at a hot temperature and is
covered by a metal plate held at a cold temperature. The
walls of the cylinder are made of 2.1 mm thick glass.
Observations were done for #coW=20°C and (9to=25°C. It
was observed that the flow just below the top plate is

split into 16-5-18 sectors with spikes of flow between them
running radially from the side wall to the center (Fig. 2).

numerical solution and was found to be approximately
Bi a 17 at the bottom and Bi « 18 at the side wall.

metal plate at 9=ec

Fig.l. Sketch of the experimental setup. Kowalewski [9],

Fig.3. Streamlines (right) and isotherms (left) of the calculated
convective flow. Pr = 8, Gr ••= 104.

0.84(b)

Fig.4. Temperature profiles calculated on the bottom (a) and
the sidewall (b) of the cylindrical container. Pr ;= 8, Gr = 104.

Fig.2. Photograph of isotherms taken at the axial cross-section
z=0.95H, Gr « 2.5 xlO4 (from [9]).
The numerical study of the results of this experiment
was done in the following way. First, the axisymmetric
problem for the convective flow inside the container and
heat transfer inside its walls was solved using the finite
volume method. Then the calculated profiles of the
temperature at the side wall and the bottom were applied
as the boundary conditions for the Galerkin method,
such that boundary conditions for the temperature
became

9 = 0, at z=A;

9 = 9 wdl (z) at r=l,

(8,9)

and no-slip conditions for the velocity are imposed on
all boundaries. Streamlines and isotherms of the flow
calculated at Gr= 104 are illustrated in Fig.3. The
corresponding profiles of 6,mU and 9bot!om are shown in
Fig.4.
The Biot number, referred to the hot outer
temperature of the water bath, was estimated from the
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The study of the model example corresponding to the
described experiment [8] showed that the most unstable
perturbation of the flow is located just below the cold
cover and corresponds to the Rayleigh-Benard instability
in unstably stratified liquid layer. Therefore the stability
study was carried out for three different boundary
conditions for the perturbation of the temperature 6'
imposed on the side wall of the cylindrical container. An
assumption of perfectly conducting side wall leads to the
vanishing of the perturbation of the temperature:
9f=0
atr=7.
(10)
Another possibility of the boundary condition for the
temperature perturbation is:
at r=l,
^ = 5/9'
or
where Bi = 0 (corresponding to the vanishing of
perturbation of the heat flux on the wall) and Bi= 18
(corresponding to the calculated value of Bi) were
considered.
The calculated values of the critical Grashof number
Grcr for different azimuthal wavenumbers k are shown in
Fig.5 . It is seen that, independently of the boundary
condition at the wall, the minimal values of the critical
Grashof numbers correspond to k = 7, 8 and 9 and are

located close to Gr = 104. An example of isolines of the
perturbation of the temperature at the axial cross-section
z = 0.95^4 (corresponding to the location where the
photograph shown in Fig.2 was taken) is shown in Fig.6.
The pattern of the perturbation in this cross-section
contains 8 maxima and 8 minima and looks similar to
the experimental pattern of isotherms (Fig.2). However,
there is no complete agreement with the experiment,
because dark areas in Fig.2 correspond to the minima of
the temperature. Therefore one should expect the
existence of 16+18 maxima and minima in the
perturbation of the temperature.
4.E+4 n X

1
« perfect conduction
X
A ft

ABi = 0

3.E+4

<: A
2.E+4

l.E+4 -

CONCLUSIONS
The qualitative explanation of the experimentally
observed three-dimensional instability of the convective
flow was obtained by the use of hybrid numerical
approach. The introduction of the computed initial
distribution of the temperature on the boundaries allows
us to obtain not only qualitative agreement with the
experiment (as was done in [8]), but also to reach some
qualitative estimations. This will be used for planning of
further experiments and calculations.
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in Fig.2, can be a result of non-linear interaction of
modes with k = 8 and 9, or k = 7 and 10, whose critical
Grashof numbers have close values. On the other hand,
modes with k= 16-^18 also become unstable at
Gr & 2.5x104, and can become dominant at certain
conditions.
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Fig.5. Critical Grashof number versus azimuthal wavenumber
k, for different boundary conditions for the perturbation
of the temperature.

Fig.6. Isolines of perturbation of temperature at the crosssection z = 0.95^4 . Case of perfectly conducting side wall.

The disagreement of the experimental and numerical
results can be explained if one compares the Grashof
number corresponding to Fig.2 (Gr « 2.5x104) with the
calculated critical Grashof number (Grcr& 104). The
experimental study was carried out at more than 100%
supercriticality, where non-linear interaction of the
dominant modes of the perturbation cannon be
neglected. Thus, the 17 minima of the temperature, seen
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ABSTRACT
Image and signal processing tools are applied to thermal images
of turbulent flow to characterize the apparent streaks. The
thermal images are obtained by infra-red thermography of the
test section. We applied a modified "Canny" algorithm to
detect the edges of the streaks and retain only the information
regarding the location of the edges for statistical point
processing. The measured distances between the streaks are
distributed as a wide Gamma (F) distribution. We have also
shown, by both analysis and simulations, that autocorrelation
based techniques are not applicable when the underlying
distribution of the distances is wide.

1. INTRODUCTION

methods, however, are susceptible to varying degrees of
embedded history in the marker patterns and are generally
limited to low Reynolds numbers, making conclusions drown
from visual studies at least partially ambiguous" (Robinson
[13]).
1.3. Signal processing methods
Previous analysis algorithms were often based on spatial
correlation of arrays of measurements taken perpendicular to the
flow. The distance between the streaks can be estimated, for
example, by the distance between zero-crossings in the average
correlation signal or by the distance from the origin to the first
peak. Achia & Thompson [1] have used the average location of
the first peak in the correlation functions as the cross-sectional
spatial distance, which characterizes the distance between
streaks.

1.1. Coherent structures
The development of structures in turbulent flow and their
influence on the near-wall region is important for understanding
turbulent flow in general and for improving heat transfer in
particular. Coherent structures of sizes and shapes characteristic
of the flow conditions develop on the wall, burst from it and
decay downstream.
Using visualization techniques, Kline et al. [11] showed that the
flow near the wall creates regions of low and high velocity
streaks, where the low velocity streaks rise from the wall and
eject into the main flow. These bursts can be produced by
hockey-stick shaped vortices in the near-wall region. Kaftori et
al [10] have suggested that the dominant structures in the wall
region are large scale streamwise vortices shaped as expanding
spirals, wound around funnels which are laid sideways in the
direction of the flow (figure 1).

2. EXPERIMENTAL FACILITY
The experimental set-up (figure 2) consisted of a flume with
turbulent water. An infra-red camera was used to measure the
temperature field on the surface of a heater made of 50 \im
constantan foil, which was installed in the floor of the duct. It is
assumed that the heater is thin enough so that the temperature
measured on the outside reflects well the temperature of the
heater exposed to the flow.

Figure 2.Experimental setup
Figure 1. Coherent structures (Kaftori et al. [10])
1.2. Visualization techniques.
The most common visualization techniques in the study of
coherent structures in turbulent flow employ dye, particles,
bubbles and smoke. These methods "offer higher information
density than do probes for a given area or volume. These
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Hence, the velocity field of the flow, which affects the local heat
transfer, is visualized by imaging the temperature field (Figure
3). Low temperature (dark regions) reflects high local speed and
high temperatures (light region) reflects low local speed. The
temperature range of 1°C is imaged into 256 gray levels. The
processed section of the image of Figure 3 includes 185 by 250
pixels and covers an area of 13.3 by 10.4 cm.

Figure 3. Thermal image showing low-velocity high
temperature streaks (bright structures) separated by
high-velocity low-temperature dark regions.

3. RESULTS
3.1. Edge detection method
Given the highly correlated nature of the image in the direction
of the flow, only a single column from each image has been
considered as an independent sample of the flow process.
Different samples were selected from seventy-eight images
taken 0.5 sec apart to avoid temporal correlation. The "Canny"
algorithm, consisting of gradient finding and hystheresis
thresholding (explained below) proved much more effective
than the simple first order derivative operators ("Roberts",
"Sobel" and "Prewitt" [9]) and also superior to the second order
derivative operator offered by Hildreth and Marr [8]. The edge
detection algorithm includes the following steps:
1. Preliminary image enhancement;
2. Gradient extraction: positive and negative gradient images
are generated based on directional derivative calculations.
3. Zero crossing detection of second derivative.
4. Hystheresis thresholding:
• High threshold selection: The detected edges and thus
the measured distances are sensitive to the threshold.
However, the sensitivity is modest along a wide range of
threshold values and we selected the threshold at the
upper limit of this range.
• Low threshold selection: The low threshold is set to
third of the high threshold.
• eliminating low threshold edges which are not connected
to high threshold edges. The surviving edges constitute
"Canny's" edge image.
5. Intersecting the edge image with second derivative zero
crossing image. The surviving edges conform with second
derivative zero-crossing rule.
6. Morphological image enhacement for noise elimination.
7. Edge linking via specially designed dilation and erosion.
The detected edges overlaid on top of the processed image are
shown in figure 4. Following edge detection, a valid column,
with alternating positively and negatively sloped edges, is
selected and the distances between the edges in that column are
stored. The histograms of the distances extracted from seventyeight images (normalized to unit area) are shown in figure 4
along with the best matching shifted gamma distribution. The
corresponding parameters in wall units are given in the table
and indicate that the underlying distributions are wide.
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Parameters

Gamma

a

min

P

a

s

Separation

mean \i
54.6
62.8

32.2
34.4

7.5
7.5

0.045
0.047

2.15
2.65

7.5
7.5

Distance

117.4

66.6

15

0.023

2.36

15

wall units-*
Width

-P(X-J)

Figure 4. Detected edges overlaid on thermal image (a);
Normalized histograms (b) of distance between edges
bounding the dark regions (separation between streaks),
and between edges bounding bright regions (width of
streaks); Parameters of the distributions in (b) and
coefficients of best matching shifted Gamma
distributions [c],
3.2. Auto-correlation method
3.2.1. Cross-section of the flow image
It can be shown {14] that when the distribution of the distances
between the edges is wide, as in our case, the auto-correlation of
individual columns tends to become flat as the number of
columns increases (see Figure 5). Thus, auto-correlation based
estimators of the characteristics distance are unreliable.In an
effort to overcome this problem, it has been proposed [1] to
locate the first positive peak of the auto-correlation of individual
measurement arrays, and use the average lag of the first peak as
an estimate of the distance between streaks. Applying this
method to our data resulted in an estimated distance between
streaks of 181±110 wall units - a bias of 54%.

streak. We have shown that the separation between and the
width of the streaks are widely distributed.
We have shown that when the pdf of the underlying point
process model is as wide as the resulting histograms, autocorrelation based methods do not provide a reliable technique
for estimating the mean distance between the streaks.

5. REFERENCES
Figure 5. Auto-correlation of columns of thermal
images averaged over 78 columns one from each image
in a sequence of 78 images taken 0.5sec apart.
3.2.4. Texture generation model and analysis
A texture generation model has been developed by
Zacksenhouse et al [14[14] to further analyze the different
proposed estimators for the characteristic spatial distance. The
model is based on a spatial point process, a process that
generates points along a line, to localize the edges of the streaks
along a column. Pulses localized at the specified points are
integrated and filtered to generate cross-sections of the textured
images.
Assuming that the distances between the edges are independent
identically distributed variables, the underlying point process
can be assumed to be a renewal process. Using the above
results, the probability distribution function (pdf) of the
distances between the edges is assumed to be a Gamma
distribution. We have derived analytically the location of the
first peak of the auto-correlation for three different Gamma
distributions, with increasing width, as summarized in Table I.
The results demonstrate that the location of the first peak in the
auto-correlation is an acceptable estimator of the mean distance
only when the underlying distribution is narrow. When the
underlying distribution is as wide as the measured distribution
(Figure 4), the first peak in the auto-correlation is 40% higher
than the mean distance. This result can explain the overestimation obtained when applying the Achia method above.

Parameters

narrow

wirlp

Gamma

Autocorrelation
result - p. (half
period)

mean

O

5?..-?

n

57.3

37.0

7

57 1

1

P

a
52.1
7! Q

12 1
0019
Table I Parameters of pdf used in analysis along with
coefficients of the corresponding shifted Gamma pdf.

4. SUMMARY
The edge-based method proposed here provides a full
characterization of the separation and width of the streaks, not
only their mean value. Further analysis using this technique can
be applied to study how the separation between the streaks, and
how the temperature of the streaks, depend on the width of the
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ANALYTICAL CALCULATION OF VOLUME AND CENTROID COORDINATES OF "LIQUID BODY"
PLACED IN TILTING CONICAL/CYLINDRICAL VESSEL
L. A. Demyanets*,
mechanical engineer, Rekhasim, Israel
ABSTRACT
Industrial vessels (including technological aggregates
and travel-discharging facilities) emptied by tilting are
frequently used during manufacture and transportation of
liquid products. The vessels or their component parts often
have a shape of vertical right elliptical cylinders or conical
frustums with vertices directed both upward and
downward. Design and calculation of vessels and their
support-tilting devices require determination of volume of
liquid remaining in the vessel and coordinates of liquid's
gravity center as a function of tilting angle, during
discharge. Analytical solution of this problem for conical
and cylindrical vessels is proposed in the present work.
The solution is obtained using methods of integral calculus
and analytical geometry and is presented in the form of a
sequence of non-complicated formulas. This calculating
procedure may be simply realized on computer.
The obtained results may be used also in other fields of
applied mechanics.
INTRODUCTION
Production and transportation of some technological
liquids realizes in aggregates and vessels respectively.
These industrial vessels are emptied over open vessel's
mouth by means of tilting. The vessels frequently have a
shape of right vertical cylinders or conical frustums of
circular or elliptical section. The vessels and aggregates
are provided with support-tilting devices of various
constructions and complication, during design of these
devices some calculating problems may appear. Some
examples of these problems are: the determination of
volumetrical liquid rate during liquid discharge from a
vessel; computation of moments required for tilting of
vessel; calculation of loads in parts of drive tilting
mechanism; prevention of accidental self-dumping of
vessel with liquid; optimization of principal dimensions of
support-tilting devices for the purpose of decreasing of
energy expense, etc. For solution of these problems, it is
necessary, first of all, to determine a dependence of
volume V and coordinates X, Y, Z of centroid of "liquid
body" placed in the vessel from vessel's tilting angle (i.e.
to solve VXYZ-problem). That is just the matter of the
present work.
In the work partially used materials published in article
[1] by the present author.

CONTENT OF THE WORK
The vessels. The considered vessels ABDF were "cut
out" from three geometrical bodies: 1) right elliptical cone
with vertex directed upward - U-cone (fig. 1); 2) right
elliptical cone with vertex directed downward - D-cone
(fig. 2); 3) right elliptical cylinder (fig. 3).
Here BD is a bottom, AF is a mouth of a vessel (open
head). The bottom and the mouth have a shape of ellipse.
For U-cone, AF is small ellipse, BD is a big ellipse. For Dcone, on the contrary, AF is a big ellipse, BD is a small
ellipse. For cylinder, AF and BD are identical ellipses (for
example, both small ones).
The plane XOZ is one of vessel's tilt. Since it is also the
plane of symmetry of the vessel, then centroid of "liquid
body" is placed in the plane XOZ, and its coordinate Y
becomes Y=0.
The basic dimensions of conical frustums and cylinder
are: H - the altitude; r, pr - semi-axes of the small ellipse;
p - ratio between semi-axes of ellipses (p<l, p>l or p=l);
a = <ABD = <FDB - the angle between generatrices AB,
DFof a cone or a cylinder and the plane XOY (for cones
a < 0.5;r, for cylinder a = 0.5TI).
The auxiliary dimensions of conical frustums and
cylinder are: © = <FAD - the angle between diagonal
plane AD and plane XOY; R - semi-axis of a big ellipse;
p - dimensionless function of quantities H, r and a.
The configuration of the "liquid body". When the
vessel is in its initial position (the bottom is horizontal, the
. tilting angle cp= 0), the level of liquid coincides with the
plane AF. By tilting of vessel counter-clockwise, the liquid
partially flows from the vessel, its free surface (the
"mirror" of the "liquid body") as if turned about discharge
edge A clockwise and pass sequentially a number of
positions beginning from AF up to AB. The positions AF,
AD, AP (the plane AP is parallel to the generatrix DF) and
AB are boundary (constant), while the positions AT, AE,
AH are intermediate (variable). During a tilt of the vessel,
the "liquid body" takes the various shapes of spatial
segments of cone or cylinder - FABD, TABD, DAB, EAB,
PAB, HAB (see figs, lb, 2b, 3b). The segments FABD,
TABD, DAB are reached within vessels from
generatrix AB to generatrix DF and, therefore, may
be named the "full-segments". The segments EAB,
PAB, HAB are "short-segments" (or dihedrons or wedgeshaped elements) and may be named "wedge-segments"
("wedges"). The angle closed interval [cp=O, cp=0]

Former Senior Lecturer of Department of Machines and Aggregates of Metallurgical Manufacture, Metallurgical Institute,
Dnepropetrovsk, Ukraine. The work was carried out in Ukraine and Israel.
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Fig. 1. U-cone

Fig. 2. D-cone

corresponds to full-segments, the angle open interval
(tp=0 , (p=<pmiU() corresponds to wedge-segments.
Every spatial segments bordered by pair of faces (base
and "mirror") and conical or cylindrical surface. The faces
of spatial segments FABD, TABD, DAB are the total
ellipses - BD, AF, AT, AD. The faces of spatial segments
EAB, PAB, HAB are the flat segments: EB-EA (ellipseellipse), PB-PA (ellipse-parabola), HB-HA (ellipsehyperbola).
The next designations introduced in Table 1 are:
1) FABD - frustum of cone or cylinder;
2) TABD - truncated cone or cylinder;
3) DAB - diagonal wedge-segment;
4) EAB-wedge - '"ellipse-ellipse" wedge-segment;
5) PAB-wedge - "ellipse-parabola" wedge-segment;
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Fig. 3. Cylinder

6) HAB-wedge - "ellipse-hyperbola" wedge-segment. In
addition to basic and auxiliary quantities of vessels, also
variable parameters depending not only on dimensions of
vessels but on their tilting angle <p were applied. That are
key parameters d> for cones and cylinder and K - for
cones.
The method of solution of the problem. VXZ-problem
may be solved for spatial segments of cylinder and cones
with the help of known method of integral calculus previously dividing of the whole "liquid body" on
elementary volumes and following integrating. VXZproblem for cylinder was solved just so.
VXZ-problem for cones was solved more simply - by the
method of component volumes. The considered spatial

Table 1. Scheme of V X Z - calculation.
Shape and basic
Cylinder
H, r, p
dimentions of vessels
Auxiliary dimentions
of vessel
0 = tan"1 ( H / 2 r )
FABD
Shape of "liquid body"
TABD
placed within the vessel
EAB - wedge
DAB
0 < cp < ©

Angle of vessel's tilt

0<cp<O.5iT

K

of liquid
wedge
base

Segment
of liquid
wedge
"mirror"

parameter
of area
parameter
of centroid
coordinate
parameter
of altitude
parameter
of area
parameter
ofcentroid
coordinate

*

0 <cp < ©

© <cp < a

K = [ 1 (tan a - tan cp)/(tan a + tan cp) | ] 0 3

Principal variable
parameters of
"liquid body"
parameter
of altitude
Segment

D-cone
H, r, p, a
© = tan"' [H/(H/tancc + 2r)]
R = H/tana + r
p = H/tana/r
FABD
TABD
EAB - wedge
DAB

cj> tan cp =
=H/r - tan cp

<I> = H / r / tan cp - 1

A. = sin"' <D

X2 - O.STT

X2 = sin' 1 (<t>-p)

S = 0.5 ( TC + 2X + sin 2X)

S 2 =TC

S 2 = 0.5 ( TC + 2X2+ sin 2A.2 )

T = 2/3 • c o s 3 X / S

T, = 0

T 2 = 2/3 • cos 3 X2 1 S,

X = O.STC

T =0

<D>- H / r / t a n c p - 1

1

X = O.STC

X = sin" <t>

S=7t

S = 0.5 ( TC + 2A. -r sin 2X)

T =0

T = 2/3 • c o s 3 X / S

Xx = sin"1 [<S>/(l+p)J
X, = 0.5TI

S l = 0 . 5 ( T c + 2A,,+ s i n 2 X 1 )

T, = 0

T , = 2/3 • c o s 3 A., / S,

M = K 3 R 4 S, (1+T,)- r"1 S2 (1+T2)
F ormal
intermedi ite parameters
N = K5R4S,(l-T1)-r4S,(l-T2)

Volume of "liquid body"

Coordinates of "liquid
body" centroid

V = p S r3 ( <E>+T) • tan cp

V = p/3 • tan a • ( K V S , - r3S2)

X = p/4 • S r 4 (l+d>T) • tan cp / V

X = p/8 • tan a • (M-N) / V

Z= p/8-S r 4 (l+4<t> 2 + 5<t>T) • t a n > / v

Z = p / 8 - tan 2 a • (M+N) / v - r • tan a

segments S of cone may be obtained by severing of the
cone / from the cone 2. [n this case:

The received results, are undergone a number of
mathematical transformations, which allowed to obtain
greatly compact calculating formulas with common
structure for the three considered vessels.

vs = v r v 1 : x^cv^-VjXjyv,, z^cVjZrV.z.yv,
The examples are shown in figs, lb, 2b.
Infig.lb:.
1) 5-segment EAB, /-cone U 0 AE, 2-cone U 0 BE;
2) S -segment TABD, /-cone U 0 AT, 2-cone U 0 BD.
In fig! 2b:
1) S -segment EAB, 7-cone D 0 BE, 2-cone D 0 AE;
2) S -segment TABD, /-cone D 0 BD, 2-cone D 0 AT.
The area, coordinates of every cone base centroid and
distances from common vertex of two cones to both bases
were found previously for determination of quantities V , ,
V , , X ( , X : , Z , , Z 2 . For this purpose, theory and methods
of analytical geometry were used.

CONCLUSION
The procedure of analytical calculation of volume V and
centroid coordinates X and Z of ''liquid body" placed in
tilting conical/cylindrical vessel, was worked out.
Comparatively non-complicated and compact calculating
formulas united by common structure were obtained for
three variants of vessels. The summary table is, in essence,
the algorithm of solution of set mathematical problem, in
accordance with which the computer program may be
simply composed and realized.
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Table 1 (continued).
U-cone

H, r, p, a

t +2r) |
© = tan"' | H / ( Hl tan o

R= H/tan a + r

p = H / tan a / r

FA BD
TABD
DAB

EAB - wedge

PAB - wedge

HAB - wedge

0<(p < 0

0 < (p < a

<p = a

a <(p < (n-a)

K = [ 1 (tan a - tan cp)/(tan a + tan to) J '^
O = H / r / tan cp - 1
A., = sin"1 [o/(l+p)]
A,, = 0.5TC

S 1 = 0 . 5 ( 7 t + 2X.,+ s i n 2 A . 1 )

T, = 0

T, = 2/3 cos3 X., / S ,

A,, = sin"' (O-p)

A.3 = cosh"' (p - cf>)

S, = 0.5 ( n + 2A.2+ sin 2A.

S3 = 0.5 ( sinh 2A.3 - 2A,3 )

T, = 2/3 • cos3 A., / S,

T3 = 2/3 •sinh3 X.3 / S3

A. 2 =0.5TI

T, = 0

M = R 4 S,(1+T ,)-K" J r 4 S 3 (i+T 3 )

S,(l+T,)- K~ 3 r 4 S : (l+T,)

«•*

4
5 4
N = RS, (l-T,)- K' r S, (1-T,)

V = p/3•tana*(R 3 S,-K"Vs,)

4

3 4

M-I.'S,(l.T,).r'.32«.(rff,'

N = R S, (1-T, ) + K" r S 3 (l-T 3 )

V= p/3«tana[RJ S,-r4-16/3-( jp f\

V =p/3 • tan a •(R 3 S, -K"VS 3 )

:V. = p/8 • tan a • (M-N) / V
Z = R• tan a - p/8* tan2 a • (M+N) / v
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SUPPLEMENT
Analogous procedure for vessels, "cut out" from oblique
cones UaBD. DnAF and cylinder ABDF (fig. 4) was
worked out recently by the present author. The formulas
obtained for this case are common with respect to the ones
considered in the present work.
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ABSTRACT

The present work deals with generation of
interface solitary waves from interfacial unhomogeneity in a two-layer fluid. Governing equations subject to initial and boundary conditions
are presented in dimensionless form and
asymptotic approach to solution is under
consideration.

The mathematical statement of the problem in
dimensionless variables is given as

e(

Ps.xx T QS,ZZ = U,

z € [1 4- m ~ e2f(x),

INTRODUCTION
The problem of nonlinear interfacial waves
in two-fluid system due to interaction of ambient
flow with localized inhomogeneity has been in a
focus last years [l].But only the case of bottom
inhomogeneity has been considered [2,3].Huq
was first to discover experimentally in 1992
generation of interface solitary waves from
mterfacial inhomogeneity [4J.Present work deals
with preliminary theoretical considerations of
above problem.

1 -f- a + r)a]

(1)
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MATHEMATICAL MODEL
The wave motion of two-layer inviscid incompressible fluid of finite depth forced by a
slender obstacle localized on the interface is
considered.At that ,both the free surface and the
interface are unknown free boundaries and fluid
motion in both layers is assumed to be irrotational.
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where coefficients

= 1.2.3,4) include
all parameters responsible for behavior of the
system under consideration and the forced
function is of the form
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The upstream condition of the uniform flow
implies that

11)

at

r = 1 -f- rji

. = 0

on the bottom

(7)

z = 0

RESULTS AND DISCUSSION
The presence of the interfacial inhomogeneity
changes the forced term in fKdV equation (9)
and .as a consequence.leads to change the form
of solitary wave.Numerical calculations for
different height ratios and density ratios have
been carried out to demonstrate the influence of
interfacial inhomogeneity on the form of solitary
wave. Calculations are of qualitative agreement
with the data of laboratory observations obtained
byHuq[4].

(8)

where <P3 (©•;)
is the flow potential of the
surface (internal ) layer (accordingly). Tjs is the
free surface elevation , ?yv
is the interface
elevation, Us
and Ui
are the upstream
uniform velocities, a = Hsj Hi s the ratio of
depths, p is the ratio of densities.
P = A ^

< 1, e = ( F . / L ) 2 «

1,

e
is the dispersion parameter, the slender obstacle is described by f(x)
.Subscripts
preceeded by a comma denote partial differentiation with respect to corresponding coordinates.
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APPROXIMATE SOLUTIONS
Approximate solutions of the problem are
developed on the basis of asymptotic approach
following [l].The relation between the critical
velocities corresponding to two-layer fluid is
obtained.The boundary problem is reduced to
the firstsecond and third asymptotic approximations the successive solving of which leads
to the forced Korteweg-de-Vries equation

[3j Selezov LT.-Huq P.Interfacial solitary waves
in a three-fluid medium with a source.The Second European Fluid Mech.Conf.. 1994.
[4] Huq P.Experimental investigation of interaction of two-fluid current with a source flow
bodv.Private communication. 1992.

326

3D Modeling of Water Waves is an Open Reservoir
M. Toren* and E. J. Moses*
* Armaments Development Authority
** Planning, Development and Technology Division, Israel Electric Corp.
1. Abstract

We have chosen to perform this analysis by
using a Computational Fluid Dynamics (CFD)
code, {Fluent 4.4 [1], in this instance) because
free surface motion is clearly a quite
complicated phenomenon, especially if the
channel in question is sufficiently deep so that
shallow water theory does not apply. This
phenomenon is governed by nonlinear partial
differential
equations
solved
in
a
computational domain whose geometry
undergoes continuous change.

The object of the present work is a
numerical (two-dimensional) simulation of the
flow field induced by the fall/slide of a solid
into a water reservoir.. The simulation was
performed using the Fluent 4.4 code. The
purpose of this endeavor is to test the
capability of the code
to predict the
kinematics of the water/air free interface and
prediction of wave motion. This is a first step
in the development of a practical methodology
and engineering computational means for
design and analysis of relevant structures such
as sea water intake and outlet ducts of
condensers in power stations.

The strategy of building a practical means
to perform engineering computations for such
problems was divided into the following steps:
1. Choose a test case for which there are
experimental data readily available, as
well
as
approximate
analytical
solutions, to use for validation of the
CFD calculations. We have selected
the case of a solid body falling into a
water reservoir [2], for which there are
both analytical developments (in the
framework of small amplitude waves
and shallow water theory) and
experimental results. The objective of
the present study is to validate the
numerical approach to the solution of
the engineering problem (by comparing
computed and measured data) and to
evaluate the approximate analytical
solutions, to determine their limitations
and provide a better insight as to under
which
circumstances
simpler
calculations yield accurate and reliable
results.

The test case was chosen based on the
following criteria:
1. Relevant physical complexity of the
problem (waves generated by the a
falling solid);
2. Availability of a suitable analytical
approximate solution for comparison;
3. Availability of suitable experimental
data for comparison and validation.
The simulation results show good
agreement with both the experimental data
and the approximate solution. Therefore, we
conclude that reliable and accurate numerical
modeling of wave phenomena is feasible in
the framework of the Fluent code and, in the
next step, an attempt will be made to solve
real relevant problems at IEC, as well as
building a standard methodology for their
solution.

2. Solve
real
geometry
problems
involving segments of channels having
turning points, to see the capability of
the code to model reflections of waves
from the channel walls.
3. Develop a mixed approach to channel
simulation, in which straight portions
of channel can be modeled by simpler
approximate analytical solutions, turns
can be modeled by the present (more
complex) CFD code and the two

2. Introduction
The long term objective of the present
work is to develop a methodology and
computational means of analysis and design
for installations encountering free surface
motion (e.g. waves) during their operation,
such as intake and outlet channels for power
stations condensers.
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methods can be assembled together via
the boundary conditions.

interface between the phases is tracked by the
particle in cell algorithm. The numerical
solution is carried out (in the framework of
Fluent V4.4) by the Finite Volume method the technique of choice for fluid flow
problems, in light of its superior stability
features.

The present report is organized as follows:
• Physical problem description as
well as available analytical and
experimental
data
for
verification/validation;
• Theoretical background;
• Numerical approach;
• Results and discussion;
• Conclusions.

O

Present computations
Experimental measurements

3. Physical Problem Description

60

Consider an open channel 24 m long and
infinitely wide (such that two dimensional
modeling be justified) [2], containing water 61
cm deep into which a prismatic solid body, 7.5
cm wide by at least 61 cm length falls freely.
Water is, thus, dislocated from under the solid
prism and wave motion is created. This wave
subsequently propagates along the channel
and the goal of the present work is to compute
the history of the free surface level at a

Normalized Time

Fig.

2: Comparison of experimental
measurements with computations
carried out in the present study

The interface between the two phases is
computed by the Volume of Fluid (VOF)
method, whereby a single set of momentum
equations is shared by the two fluids and the
volume fraction of each of the two phases is
tracked throughout the domain.

Fig. 1).

The tracking of the interface is
accomplished by solving a continuity equation
for the volume fraction of each of the phases

5. Results and Discussion

Fig. 1: Geometric layout of test case

Our calculations were first compared to
measured data [2] from Berkeley, in order to
validate them. This comparison is shown in
Fig. 2.

The validation data [2] consist of a set of
the measured history of the free interface
route as a function of time as well as
computations performed within the framework
of shallow water theory.

Reference [2] also highlights a number of
theoretical approaches to modeling the wave
motion. The results of the model developed at
Berkeley are compared with the same
experimental data in Fig. 3.

4. Theoretical Background
The problem is described by the
Navier-Stokes equations together with
continuity equation for both phases (air
sea-water). The transient position of the

full
the
and
free

Examination of Figs. 2 and 3 shows that the
present calculations reproduce fairly well the
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propagation over straight tracts of channels,
these results can be subsequently patched in

Berkeley calculations
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Fig. 3: Comparison of experimental data with
Berkeley computations [2]

Normalized Time

Fig. 4: Comparison of present computations
with other theoretical approaches and
experimental data

experimental results, both with respect to
wave amplitude and phase, while the previous
theoretical approach [2] emphasizes a
discrepancy
in phase
prediction.
A
comparison of other theoretical approaches
(i.e. small amplitude theory and shallow water
theory) with experimental data is shown in
Fig. 4. Both these approaches show some
discrepancy in wave phase prediction, as well.
These shortcomings of the previous
theoretical approaches stem from their being
based upon some sort of local linearization of
the fundamental equations. The Fluent code,
on the other hand, solves the nonlinear full
system, thus allowing for better accuracy.

•the present model to calculate turning
points or other features requiring more detail.
•The present modeling approach (i.e. by
use of the Fluent code is found to give an
answer to real-life engineering problems
involving wave motion.

7. References
[1] *** Fluent - User Guide, Fluent Inc.,
August 1996
[2] T. L. Gvelessiani, N. O. Jgamadze, G. I.
Jinjikhashvili and L. I. Rozentur,

6. Conclusions
•The results of the present study show
good
agreement
with
experimental
measurements and even some improvement in
accuracy over previous calculations in the
literature.

Fall-

•The level of detail obtained from the
present calculations is high, allowing to
determine all the characteristics of wave
propagation, from the history of the free
surface to forces applied by the wave upon
obstructions in its way.
Such detailed calculations can be coupled with
simpler models in the following way: a
simpler model can be used to calculate
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3D Modeling of Flow in the Diffuser of a Gas Turbine
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regime. However, calculation of the
FSNL regime led to the conclusion that
there was no steady state solution and
that the flow was oscillatory, having
cycle duration of about 30 ms
(corresponding to a frequency of about
185 Hz). This frequency is quite close
to the estimated eigen-frequency of the
structure (around 200 Hz).

1. Abstract
A three dimensional CFD analysis of
the flow in the diffuser of a gas turbine
has been carried out in order to
investigate
possible
causes
for
mechanical failure of components at
low load regime. It was found out that
the flow was oscillatory under these
circumstances, with cycle duration of
30 ms.

3. Theoretical background

2. Introduction

The flow and heat transfer in the
diffuser are described by the continuity
equation, Navier-Stokes momentum
equation and the energy equation for a
compressible ideal gas [1], omitted
here for the sake of brevity.

The motivation for the present work
lies in the need at IEC to operate GE
gas turbines at full speed - low load as
a "spinning reserve". However, when
operated in this manner, cracks
developed in the exhaust diffuser
assembly parts as well as considerable
deformation and loosening of bolts
connecting the diffuser to the exhaust
frame. Since GE were unable to make
any suggestions to correct the problem,
it was decided to investigate the flow
in the exhaust diffuser of these
turbines.

Turning vanes

Outer casing

Inlet from turbine

Airfoils (x 10)
\
Supporting struts (x 16)

A Computational Fluid Dynamics
(CFD) model of the flow in the
diffuser was built and solved by means
of the existing commercial code Fluent
- UNS. The geometric configuration of
the flow domain was fully three
dimensional, with every detail of the
device accounted for.

Fig. 1: General outlay of diffuser
The working gas is a mixture of ideal
gases, corresponding to each of the two
regimes.
Fig. 1 shows the general outlay of the
diffuser. Part of the outer casing is
missing to allow seeing the interior.
The boundary conditions imposed
were as follows:

Two flow regimes were calculated:
the base load (BL) and the full speed no load (FSNL). A steady state
solution was obtained for the BL
330

the velocity distribution until the final
regime was attained. The "loading up"
of the solution in the second stage was
performed in a smooth manner, so as
not to induce any artificial, unwanted
oscillations.

•

Insulated wall for both casings,
airfoils, supporting struts and
turning vanes;
• Prescribed
velocity
and
temperature distribution at inlet
from turbine;
• Prescribed outlet pressure at the
radial outlet from the diffuser
(1500 Pa, corresponding to the
pressure drop in the stack and
associated ducts).
The system of equations mentioned
above together with the corresponding
boundary conditions, was solved by
the Finite Volume Method (FVM)
using Fluent-UNS. The domain was
meshed in a tetrahedral unstructured
grid, consisting initially of 500,000
elements. Gradual solution - driven
grid adaptation was employed in the
course of the solution, to insure proper
resolution of boundary layers. The
final mesh thus reached 750,000
elements.

Time[s]

Fig.2: Inlet and outlet flow - rates for
the FSNL case. Observe the periodic
quasi - stationary nature of the flow.
The flow behaved differently in the
two regimes. In the BL case, when the
gradual "loading up" ended, both the
inlet and the outlet flow - rates
stabilized at the same value (440 kg/s).
In the FSNL case, though, at the
conclusion of the "loading up" phase,
small ripples developed in the flow rate vs. time diagram, evolving into an
oscillatory pattern (both for inlet and
outlet) with constant amplitude and
cycle duration. These oscillations are
shown in Fig. 2. It is easy to observe
the cycle duration of 30 ms from the
graph. The average flow - rate is seen

4. Results and discussion
Calculations were performed first for
the FSNL regime and then for the BL
regime. The composition of the burnt
gas flowing through the turbine as well
as the velocity and temperature
distributions in the inlet section were
prescribed according to experimental
measurements.

350001
Surface 1
|- 7 - Surface 2
30000]- -Surface 3
Surface*
25000L . surface 4a
„„„,, J
Surface 4b
Surface 5

Straightforward steady state solution
of the equations proved impossible,
due
to
pronounced
numerical
instability. Therefore, a solution
strategy based on the continuation
method was devised and implemented.
In both cases the solution was first
carried out in steady state mode for a
velocity distribution scaled down to a
quarter of the final desired. When
convergence was attained for this case,
calculations
were continued
in
transient mode, gradually increasing

15000

Time [s]

Fig. 3: Total pressure history at
various sections along the diffuser for
FSNL. Surface 1 is the inlet and
Surface 5 is the outlet.
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to be about 300 kg/s (the figure shows
the flow - rate of half the problem, for
symmetry reasons), which corresponds
to the measured flow - rate to within
5%.
Figure 3 depicts the total pressure
histories of different sections along the
diffuser for FSNL. Surface 1 is the
inlet and Surface 5 is the outlet.
Observe how the average total pressure
decreases along the diffuser, while the
average static pressure increases (see
Fig. 4).

> Periodic quasi - stationary flow
has been observed to occur during
FSNL operation (-185 Hz).
• This frequency is quite close to
the eigen - frequency of turning vane
No. 2, being the potential cause of
crack developed in this vane during
FSNL operation.
— 72 re
! — 74 ms
i — 7 6 rrs
-•-78 ms
• — 81.5 ms
— 83.5 ms
— 85.5 ms
: —87.5 ms

j •*- 89.5 ms
— 91.5ms
I — 93.5 ms
! —95.5 ms
— 97.5 ms
— 99.5 ms
: —101.5 ms

(a)
I — 7 2 ms

[ —74ms
; — 76 ms
-*- 78 ms
:
— ei.5ms
— 83.5 ms
i —85.5 ms
i —87.5 ms
! -•-89.5 ms

Time [s]

— 91.5ms
[ —93.5 ms
:
: —95.5 ms
: — 97Sms
; —99.5 ms
— 101.5 ms

Fig. 4: Static pressure history at
various sections along the diffuser for
FSNL. Surface 1 is the inlet and
Surface 5 is the outlet.
(b)
Figure 5 depicts the history of the
force angular distribution on the
particular turning vane experiencing
the cracks development (vane No. 2).

— 72 ms
; — 74 ms
— 76 ms
-•- 78 ms
— 81.5 ms
— 83.5 ms
j —85.5 ms
— 87.5 ms
j -«-89.5ms
I —91.5 ms
\ — 93 5 ms
— 95.5 ms
i-97.5ms
• —99.5 ms
— 101.5 ms

Although the actual values of the
forces are quite small (see Fig. 5), their
periodicity with a 185 Hz frequency,
close to the eigen-frequency of the
structure itself, makes them a potential
cause for cracks development.
5. Conclusions
•

The flow in the exhaust diffuser
of a gas turbine has been modeled by
a CFD technique.
• Two operational regimes have
been investigated.

(c)
Fig. 5: Forces on turning vane No.2
[N]. (a) x component; (b) y
component; (c) z component.
6. References
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ABSTRACT
The research is made with the basic objective of
constructing effective stream section of cross-flow turbine.
In the research project are presented the results from
experimental testing of the cross-flow turbine with various
runner, nozzles and draft tubes.
The rotational and universal characteristics of the
turbine are presented. The experimental results have been
analysed.
The results from the research give the possibility to
make clear some important aspects of the working process
with the cross-flow turbines.
The characteristics derived from these tests prove that
the stream section of the tested cross-flow turbine can be
used as a model in the construction of cross-flow turbines
for power electric stations with small capacity.
four runner: DIM, D2PT, D2V and D2SM. The values of
efficiency are classified ( i.e. they refer to the maximum

INTRODUCTION
Our experience so far in designing cross-flow turbines
for various small hydroelectric plants in Bulgaria, proves
that the radical ways for the improvements of their energy
characteristics is the further improvement of the runner.
The runner is the most important element of the stream
section of any water turbine. It exercises strong influence
on the energy balance of the turbine. This problem is much
more important in the case of the cross-flow turbines,
because the working process is less effective compared to
the other types of water turbines.
In the project are presented results from tests of model
cross-flow turbine with several runner. These runners are
designed by using several methods and differ only by the
geometry of their blade set systems. The influence of the
nozzle and of the draft tube on the energy characteristics of
the turbine is also tested.

value derived in the runner D2PT). n\ =

is the

applied reduced frequency of revolutions ( n is frequency of
revolutions, Dt=0.32m
is the basic diameter of the
runner). The runners are characterised by the following:
• DIM has blades with constant curve, measured by the
classic chart [3];
• D2PT has blades with variable curve. It is sized up
according to method [2] in which as a result of optimising
procedure are measured the optimal values of the number
of blades, their angle of entrance and the optimal function
of the alteration of the angle of the middle line:
• D2V and D2SM have blades with variable curve.
They represent two modifications, derived by a method
based on the popular chart of Sonnek [3]. Under this
method is applied planned calculation experiment, as a
result of which are determined the optimal values of
diameter ratio d=D2/Di (D2 is the outlet diameter of the
runner), the number of blades and the curve changes.
Some of the data about the experimented runner are
shown in table 1.

TESTS CHART
The tests research are done on stand #4 of the water
turbines laboratory of the department of Hydraulic
machinery of the Technical university in Sofia [1]. The
object of the research is model cross-flow turbine with
regulation plate [2],
The tests were carried out under head H=6+8m. The
basic purpose of these tests is the following :
- estimations of the effectiveness of the worked out
methods for calculations on the blade set systems of the
runner for the cross-flow turbines;
- clarification of the origin and the cause for energy
loss in die stream part of the turbine.
- clarification of the influence of the draft tube on the
characteristics of the turbine;

Table 1.

DIM
D2PT
D2V D2SM
Runner
24
27
Input angle
30
26.6
90
90
90
90
Output angle
Diameter ratio
0.656 0.656
0.632 0.638
Number of blades
24
28
28
28
For the manufacture of the runner was created special
technology, which allows precise, quick and effective
fastening of the blades. In that way the runners cost are
diminished, and as it is known, that is one of the most
important requirements for the installed machinery in
small hydroelectric power stations.
The comparison of characteristics (fig.l) shows that
runner D2PT has the best data. On the characteristic of the
runner D2SM is observed rapid increase of the energy loss

EXPERIMENTAL RESULTS
RUNNER
In fig. 1. are shown the rotational characteristics of the
turbine r}=f(n\), results after experimental testing with
333

(according to both methods), are shown on fig. 3. Along
the ordinate are introduced the values of relative pressure
h=p/p0,
where p0 is the static pressure in the
corresponding point and p0 - total pressure at the entrance
of the nozzle suited for the corresponding regime of
operations. The curve line co-ordinate L is calculated from
the final contour point of the wall towards the nozzle
entrance.

if the introduced rotational frequency is increased above
the optimal range. That runner differ with the great
difference of the measurement gradient in the blade angles,
and in that connection his resistance is strongly increased
with the increase of the revolutions frequency at (when
H=const) or in decrease of the flow-rate (when n=consf).

The specifies of the stream part, at the outlet of the
nozzle, provoke deformity of the flow and the change of
pressure related to it (res. of velocity too) at each section,
located normally at the vector of velocity. And the pressure
gradient is positive in the direction of the outer nozzle
wall, and the speed gradient is negative in the same
direction. One can notice in fig.3 that in shaping of the
contour along the evolving line, the relative pressure on
the outer wall diminishes noticeably in the zone nozzle
entry arc ( esp. in the end zone). That proves that
development conditions are created for cavitational
phenomena at that zone of the nozzle. The pressure
distribution on the external wall, leads to the conclusion
that the nozzle cannot provide conformity of velocity
distribution (resp. of flow-rate) along the nozzle entry arc.
and at the evolving line profile, the irregularity is greater,
i.e. there are conditions for loss of energy.
DRAFT TUBE
It is known that the draft tube improves the energy
characteristics of the cross-flow turbine, especially in cases
of low-pressure turbines [3,4], In the concrete case we have
experimented about the influence of the shape of the draft
tube over the effectiveness of the working process. In fig.4
we have a general chart of the draft tube. It has curved
lines which form both walls, and the sections have
rectangular shape. The experiments are made under
different values of the minimum section area of the tube
(s = a.b) which naturally leads to change of the shape of
the form curves (fig.4).

Qi. l/s

Fig.2
In fig. 2 is shown the universal characteristics
V=f(ri> Q) of the tested turbine with runner D2PT
(Qj =

is the reduced discharge; Q-discharge). The

absolute values of efficiency are shown as the lines of
constant opening of the regulation device (a0=const).
When analysing the universal characteristics one must bear
in mind that the model cross-flow turbine is dimensioned
according to maximum value of flow rates.
In order to provide optimal energy of jet, it is necessary
that the magnitude of the velocity and the flow angle
should retain constant values along the runner part of the
nozzle entry arc (as for the tested nozzle the nozzle arc is
S= 72°). That is achieved by the suitable profile cutting
of the external nozzle wall. In the current survey,
construction profiling of this wall is done in compliance to
method [5].
Another alternative method is the one, proposed by
D.Banki, under which the runner is outlined by means of
circular evolving line with a centre of the initial circle - the
revolution
axis
of
the
runner
[3].
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In fig. 5 is shown the characteristic ?/„„,,
=f(sj.
where ij^ are the maximum values of efficiency at
different values of the area of the minimal section of the
tube, and s0 =s/s, is the relative area (s, is the area at the
tube entry). It is clear that in comparatively wide zone
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(so= 0.35-0.55)
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the values of efficiency remain constant. When analysing
this characteristics, one must note, that in the concrete
case,
the specific kinetic energy (per unit of weight), of the flow
at the exit of the runner is too small compared to the
turbine

5 30

L, mm

Fig.3
The results of the tests for the distribution of pressure
along the external wall of the nozzle and its delineation
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flow -rate, and that is why the its effective use does not
1.00

—

0.9 8

—

0.96

—

research shows that the flow does not attack the shaft.
From such point of view, the use of guiding apparatus in
the interior of the drive runner seems senseless. In fig. 7 is
shown the position of the free flow surface in the interior
of the runner, at the different working regimes of the
turbine ( for different values of n\ - lines 1.2,3 and for
different openings of the regulation device and optimal
values of n\ - lines 4,5)

0 .2
: '

,-•''

Fig.5
substantially influence the energy balance. Beside one must
note, that the distance between the turbine axis and the
water level in the draft reservoir of the stand is h =2.5DS.
It is proper to note, that the pressure of the operation
chamber proves strong influence on the effectiveness of the
working process, which is regulated under the executed
experiments by allowing atmosphere air to enter the
chamber by the aid of regulation valve.
ENERGY LOSES
The construction of the model cross-flow turbine allows
to observe and photograph the flow inside the runner and
at its exit. When these experiments were conducted, an
increment of the volume loss in the turbine were noted (
esp. in drive runner D2SM) in regimes for which the
values of n\ are higher than the optimal. On the one hand
this directly influences the effectiveness of the working
process, and on the other it proves influence on the losses
due to disc friction and to the losses of the ventilation in
the turbine chamber. With the purpose to evaluate the
extent of the volumetric losses, construction changes were
made to the chamber, and this made possible to measure
these losses. The result is shown on fig.6 (q =AQ/Q are
the
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Fig.6
relative volumetric losses and AO are the absolute
volumetric losses). In fig. 6 one can notice that the relative
capacity losses increase by the increment of the introduced
one-meter revolution frequency and that is more strongly
emphasised at values of n\ higher than the optimal. Clearly
there is a reserve for the increment of the effectiveness of
the working process, minding that the relative volumetric
losses in these turbines in the optimal operation regime,
usually do not exceed 1.5%.
The observations on the-operation of the turbine show
that in the interior of the runner the volumetric losses are
exceedingly low. In this concrete case the turbine shaft
does not pass through the inside of the tested runner, but
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CONCLUSION
The applied methods for calculation of runner for
cross-flow turbines, provide possibilities to synthesise
effective blade systems evidently the method described in
[2] has an advantage. The runner DT2PT provides the
maximal value of efficiency of the tested turbine ?j =85%.
The results from the research with the cross-flow
turbine give the possibility to clarify some important
aspects of the working process with the cross-flow turbines
such as influence of the forms of the nozzles and the draft
tube upon the operations, the shape of the flow in the
interior of the runner runner, etc.
The derived characteristics show that the stream part of
the experimented cross-flow turbine can be used as a model
in constructing of cross-flow turbines for electric power
stations of small capacities.
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THE FRICTION COEFFICIENT OF POWDER MATERIAL AND SEPARATION PROCESS.
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ABSTRACT
When powder material are transported on the
smooth surface , segregation process take place.
Large-size particles roll of inclined plane with
big velocity, then small-size particles. A series
of experimental investigation were conducted
to determine the change of the friction coefficient
in relation to the size of the particles, velocities
of movement etc.These experiments showed an
intensive increase of the friction coefficient ,when
the size of particles decreased. This process may
be used for different purposes, when technological
systems are developed. When we know position
of the fraction away from bottom change
friction coefficient, we can determine a trajectory
for powder materiel(particles) and to create new
methods of the separation. The results of measurements of powder materiel before and after separation were got by Galai Image Analysis System.New
method of separation showed good results.

per minute of rotating surface, if
angle of a particle in cross direction.
The trajectory of a particle movement
depends on the fnction coefficient.
We studied the dependence of friction
coefficient of particles on material
surface. When the phosphor particles
move on ceramic surface, friction
coefficient may be represented as graph
(Fig. 1). The graph illustrate a typical

INTRODUCTION
Theoretical and experimental investigation were
carried out to create of new separator for dry
substances. The separator has no screen. It operates
on centrifugal principle and processes interacting
surfaces in relative motion , that is remarkable effective. Control interaction of different forces(centrifugal,
inertia, friction etc.) and design of rotating surfaces
used for separation of dry particles on size or shape.
The experimental model of separator is function.
During investigation were received friction coefficient
of powder material and results of separation.
RESULTS OF INVESTIGATION.
The velocities of the movement of a particle on the
rotating surface may be represented as [1].

(i)
where Vt) Vf - velocities of a particle movement
longitudinal and cross directions; j . - coefficient
of a particle friction on the rotating surface; R* radius of the surface in cross direction; >X. - angle
of rotating surface; \/c - starting velocity of a
particle in cross direction; £.7, ^?y- starting and
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10
Fig. 1 Friction coefficient,
dependence friction coefficient on
size particle. As a result of our research
we have the equation for calculation of
optima! parameters of separator units
(angle and material of rotating surface,
its velocity and capacity, efficiency of
separation). Results of measurements
of powder material before and after
separation were got by Galai Image
System. The distributions of phosphor
T42 particles before and after separation
are shown on Fig.2. The graph illustrate
a typical sizing problem which was solved
by the our separator. Phosphor with a
mean size of about 23 micron are used in
the manufacture of flourescent electrical
conductors. The process uses a T42
phosphor stock obtained from a multinational supplier. The stock is rated as

a,

and Fig.3(phosphates) are shown separation on size. The experimental investigation was carried on the separator (Fig.4.)
in laboratory conditions.
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Fig.2 Distribution of phosphor T42
particles, a- before separation.

Fig.4. Separator.

3. CONCLUSION.
The investigation shown dependence of
separation process from friction coefficient.The experimental model of the separator is made. Sphere of application of
our separation technology to separate
luminescent powders into fraction, ceramic
and metal powders, abrasive material into
fraction(size) and on shape etc.The introduction of this technology will have a positive
ecological impact on invironment.

b- after separation, mean 19,3
microns which represent a full 10% of
the size distribution see Fig.2a.).The
separator removed this asymmetry in
sizing and produced a nearly perfect bell
distribution(see Fig.2b). Fig.2(phosphor)
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Fig. 3. Distribution of phosphate
particles, a- before separation,
mean 112/4/n, > \60jim~2Q%.
b- after separation, mean 86/I/M ,
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We consider a two-dimensional "pile" (Fig. 1)
A bstract.
consisting of nx (2n + l) rectangular granular
Two variational closure models are proposed in
blocks with a constant density r, where Y = tan(§)
order to describe stress distribution and arch
and the angle <1> can be interpreted as the angle of
formation in sandpiles located on a rigid base. The
inclination of the free surface of the sandpile. The
maximum strength and the maximum entropy
stress tensor at the center of a block with integer
closures are shown to yield the normal stress
coordinates (i, j) is:
minimum below the pile apex. Stress distributions
in sandpiles are determined numerically.
a

Introduction
One of the most intriguing and controversial
phenomenon in the statics of granular media is the
frequently observed vertical stress minimum just
below a sandpile apex. Although this problem was
investigated quite intensively in the past and also
recently (see, e.g., Refs. 1-5) it remains generally
unresolved.
It is of interest to suggest and to analyze the
continuum mechanics models which can provide
such a counterintuitive behavior. In the present
study we explore a possibility whereby external
driving forces play an essential role. It is known
that there is no chaotic thermal motion in a
granular packing. Thus, only external disturbances
can allow a granular system to sample all possible
configurations in a phase space. Notably, it is
known that even small perturbation can induce
extensive rearrangements in granular media as it
was observed in experiments '[6]. Therefore it is
conceivable. that stress distribution in piles is
governed by some form of a variational principle
similar to these of equilibrium statistical
mechanics. The main goal of this study is to
suggest two variational models of sandpiles which
imply the occurrence of the vertical stress
minimum below the sandpile apex and to present
the results of numerical analysis of these models.
These models employ the maximum load carrying
capacity and the maximum entropy closures for
continuum mechanics equation of sandpile
equilibrium.
Variational models of a pile and results of
numerical simulations

:
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= (°zz =

xz

= T 2 , aXJC

=p-

where p is the mean pressure and T, are
components of the deviator part of the stress
tensor. Interpolating the stress tensor between the
centers of the block

we arrive at the following equations of equilibrium
of the block (i,j):

V

2i,j+l\=°

J_
2L

(1)

where g is acceleration of gravity. Indeed,
formula (1) is the approximation with the accuracy
— for the differential equation of sandpile
n
equilibrium V • a - -pgz ,
The Coulomb yield criterion reads:

a
0.8
0.6
0.4
0.2

6
Fig. 1. Schematic view of a two-dimensional sandpile

0
-1

-0.5

0.5

Fig. 2. Vertical stress distribution

(2)

((2n + l)Lazz)/(Pmax
where 8 = tan~ (K) is an angle of internal friction
of the granular material and K is friction
coefficient. The angle of inclination of the free
surface of the sandpile 4> does not exceed the

+ ypgn(n + 1)L2) at the

base of a sandpile under an external load for
different angles of free surface (<}> = 8 = 33°, 27°,

21°, 18°, 15°)

angle of internal friction, i.e., <>
j < 8. Equation (2)
implies also that there are no tensile stress in the

The latter is in the agreement with the well known
fact that granular material cannot sustain a point
load. However, the stress field induced by applying
such a small force is of a greater physical interest.

granular body (i. e., p + V T | + T\ COS2X\I > 0 for
each value of the angle V).
At the free surface of the sandpile zero stresses
are set. At the rigid base the normal and tangential
stresses are satisfy the condition az < tan(&)an.
The well known problem arising in modeling
of granular media is that the system of equations
(l)-(2) is not closed. In the models we use to
describe the stress state of the sandpile the above
expressions are considered as constraints of an
optimization problem, i.e., we introduce an
objective functional of the stress field H(a) that
attains a maximum subjected to the constraints (1)
and (2). In the present study the maximum
load-carrying capacity and the entropy-like
functional are used as an objective functional.
Consider a vertical force P applied to the top
block of the sandpile. When P increases
quasistatically the stress field inside the sandpile
changes due to a rearrangement of granular
packing at the microscopic level. We assume that
stress changes in such a manner which provides
the sandpile the best chance to survive during
loading process. Thus we arrive at the following
maximization problem:

In the Fig. 2 we showed the dimensionless
normal stress below the piles with different angles
of inclination of the free surface (<1> = 8). When
<1> = 33° the normal stress has a maximum just
below the pile apex, but when § is gradually
decreased the more pronounced minimum appears,
i. e., arches are formed inside the pile in order to
achieve the maximum strength. The fact that
arch-like structures can sustain high loads is
known for thousands of years. Thus the arching
phenomenon can be explained as a result of
hardening processes inside a granular body
whereby flimsy granular elements are destroyed
during a loading process and more strong
structures are formed instead.
In the next numerical experiment no external
load was applied to the sandpile. Instead an
entropy-like objective function was employed. The
arguments we used in order to construct the
functional H(a) are as follows. The constitutive
relations have a local character, i.e.,

H(v)=

(a satisfies (J) and (2)) >max

js(a(x,z))dxdz
all the pile

where S(o~) is an arbitrary function. Since S must
be invariant with respect to the coordinate
transformations and the particles are hard (no
characteristic stress) 5 can depend only upon the

i- e-> Pmax is m e maximum load that the pile can
sustain. The values of Pmax obtained from the
computations were extremely small in comparison
with the pile weight (P max I (p g Ltr/)
> 0).
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(v satisfies (1) and (2))

max

all points

Oxz

Oxx

Oxx

where S is a decreasing function of rj.
We have no information about the concrete
form of the entropy S . Several approximations for
entropy were used in the simulations (power law,
logarithmic, exponential etc.) and it was found that

Oxz
Ozz

Ozx

for S = -(r\)m where to varies in the range from
3 to 9, the normal stress has a dip beneath the
sandpile apex [see Figs. 4]. Notably, calculations
showed that the stresses distribution is insensitive
to variations of the exponent co .
In summary, we have investigated numerically
two variational continuum mechanics closure
models based on the assumption that external
forcing plays the role of a selection mechanism. It
was showed that normal stress minimum does
appear for the wide range of a model parameters.

Fig. 3. An assembly of monosized particles
ratio of the stress intensity and the mean pressure,
i.e., S(a) = S(
The latter argument must be discussed in more
details. Consider a two-dimensional granular
assemble with a stress field a (we will refer to it
as a macroscopic state). At each contact point
between the individual grains there are two forces
f,, and fx (see Fig. 3):

IM-M4
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(3)

where u. is a microscopic coefficient of friction.
Since the above formula has the form of inequality,
the assemble is statically undetermined at the
microscopic level, i.e., there exist a large number
of microscopic states (arrangements of the
individual grains) which correspond to a given
macroscopic state a . Consider what happens

0.8

IF

when the ratio T| = \ t/ + ^2 /P' s^S approaches
unity. Then more and more contact points will
reach the critical state, i.e., formula (3) will
become an equality. Thus the shear forces reduce
the degree of indeterminacy of the system. The
latter argument can be interpreted as follows. For a
given stress field o the number of admissible
microscopic states Q is a decreasing function
of T). It is conceivably suggest that the stress field
in the sandpile provides the maximum value for
the configuration entropy S °^ ln(Q.) subjected to
the constraints (l)-(2). When a granular packing is
subjected to an external forcing (vibrations of the
support, thermal expansion of the grains or
particles falling from a source with a sufficiently
large intensity, etc.) the large force fluctuations
occur inside the granular material. It is clear that
contact points with r\ close to unity have less
opportunity to survive during the stress
rearrangement. Thus formation of a stress field
with small values of r) is more probable then with
r\ ~ 1 .Therefore the following optimization
problem has to be solved in order to determine a
stress field in a pile

-1
-0.5
Fig.4. Vertical stress
base of the sandpile
exponent ra : to = 4
line)

0
0.5
1
distribution c^/pgyLn at
for different values of the
(solid line), co = 8 (dashed
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ABSTRACT
The problem of expansion of a granular gas into a vacuum
is treated by an analytical, CFD and DEM methods. All
three methods are shown to give very close results for the
escape momentum, escape energy and hydrodynamic
velocity even for long times and large inelasticities. This
means that clusters formation exerts a small effect on these
quantities and may be disregarded with the engineering
accuracy, of 6-12%.
INTRODUCTION
Rapid granular flows of granules interacting through
inelastic collisions have attracted a lot of scientific and
industrial interest in recent years. Rapid shear granular
flows have been investigated and hydrodynamic models of
such flows have been devloped. More recently a
hydrodynamic model of vibroagitated nonsheared granular
layers have been proposed (Goldshtein et al, 1995).
According to this model a vertically vibrating piston
generates shock and expansion waves propagating across
the vibrofluidized layer. The merits of the hydrodynamic
model depends on applicability and accuracy of the
hydrodynamic description of the compression and
expansion waves.
The present study considers a model problem of
expansion of an initially agitated granular medium (gas)
occupying a half space into vacuum. The granular gas is
assumed to be spatially homogeneous and resting. It had
been shown that such initial state is unstable, and because
of energy dissipation due to the inelastic collisions and
appearance of clusters, the hydrodynamic description
eventually breaks down (Goldhirsch and Zanetti, 1993). We
aim to estimate the effect of the clusters formation on the
process of transformation of energy of granular chaotic
motion into the escape energy caused by the expansion
wave. Towards this goal the problem is treated by three
different methods: analytically, by a CFD method based on
the same hydrodynamic formulation, and a Discrete
Element Method (DEM), which employs direct calculations
of trajectories of all granules.

The hydrodynamic Euler type equations of the granular gas
were derived from the first principles on the basis of kinetic
Boltzmann-Enskog equation written for a system of moving
spheres with constant roughness and inelasticity
(Goldshtein & Shapiro, 1995). The problem of expansion
into a vacuum of a semi-infinite homogeneous agitated
granular layer (i.e., P(t, 0)=0) is considered in dilute
granular gas approximation of this hydrodynamic equations
(it means that distances between granules are much larger
that their diameters). Taking the initial density, granular
pressure, and the distance between particles as the reference
values one can write the Euler-like hydrodynamic equations
in the nondimensional form (Goldshtein et al., 1996):
d (0
dt^p)

du du
dh dt

1 dP
y dh

.

dP
dt

_ dp
dt

(la-c)

where
Here, t and h are the time and the Lagrangian mass
coordinate, p is the bulk mass density, u is the bulk
hydrodynamic velocity, P is the granular pressure, a is the
speed of sound, and / is the volumetric sink term,
accounting for particle kinetic energy losses, occurring
during their collisions. Coefficients y and 5 appearing in
(1), (2) are functions of particle inelasticity e, and
roughness, p investigated by Goldshtein & Shapiro (1995).
Here we consider a particular case of perfectly smooth (J3 =1) particles which yields
(3a>b)
7 = 5/3, 5 = ( 4 * / 1 5 ) 1 / 2 ( l - e 2 ) .
Due to the granular energy dissipation the density and
(zero) bulk velocity within the undisturbed domain is
unchanged, while the granular pressure and speed of sound
diminishes a s :

(

)

(

)

It follows from eq. (4d) that the trajectory of the rarefaction
wave front is:
(5)

PROBLEM FORMULATION AND METHODS
OF SOLUTION
Consider an ensemble of identical inelastic, rough
spherical granules of diameter <r, filling a semi-infinite
spatial domain x>0 separated from vacuum by a thin
partition. The granules are assumed to be sufficiently
heavy, so that the effect of the drag force (resulting from
interactions with the surrounding gas) on their motion is
negligible. At time f=0+ the partition is withdrawn and the
gas expands into a vacuum along the JC-axis.
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The granular flow resulting from the expansion of
the granular gas into vacuum is, thus, contained within the
region Q<h<H(t) (see Fig. 1). Since this region is adjacent
to the undisturbed domain, the solution at the wave head
h=H(t) should obey conditions (4a-d). On the other hand, at
the wave tail, fc=0, the pressure vanishes i. e., P=0.
Analytical solution. Problem (l)-(4) was treated by
Goldshtein et al. (1996) by an asymptotic expansion
scheme. In the present study these scheme is used to obtain

a matched composite solution, which is valid in the wave
head, wave tail and intermediate domains of the disturbed
part of the layer (see Fig. 1). The solution for the velocity
u is constructed in the following self-similar form:

particles were placed at random positions in the domain
with length= 1,600 particle diameters, and height and width
of 20 particle diameters. Periodic boundary conditions were
applied at the top, bottom and the boundaries. The lateral
boundaries were assumed to be elastic rigid walls. At time
t=0, the right wall is moved outward to the distance of
6,400 particle diameters, thereby creating an effectively
semi-infinite empty half-space. Simulations were carried
out for several restitution coefficients e=0.8, 0.9, 0.95,
0.99. Results of these calculations are presented as time
evolution of the escape momentum and energy of the
system, velocity distributions for several moments of time.
These results are compared with those obtained by the
analytical and CFD methods in the following section.

where
= t8.

(6b-d)
An unknown function f(x) appearing in (6a) is determined
from the global momentum conservation condition:

RESULTS AND DISCUSSIONS.
The hydrodynamic model predicts the selfsimilar form of
the escaping momentum, M, i.e., the product MS depends
on time, t and dissipative parameter, 8 only through 18
(see (6d), (7)). This prediction has been tested by our DEM
calculations (see Fig. 2). One can see that the data
practically reproduce a universal law of the momentum
evolution. The difference between DEM data and theoretical
curve does not exceeds 6%. The maximal discrepancy
occurs at T=9, when the granular pressure within the
undisturbed domain decreases 100 times (see (4b)). It is
worth mentioning that the CFD calculations and the
analytical model (6), (8) reproduce theoretical formula (7)
with high accuracy.
The results of the escape energy calculations by the
three methods are compared in Fig. 3. One can see that
analytical model slightly overestimates the CFD data,
though both methods predict selfsimilar form of the energy
evolution. The disagreement between the analytical and the
CFD solutions may be apparently attributed to the
approximate nature of the analytical solution. This may be
improved by including more terms in the asymptotic
expansion scheme.
In contrast, the DEM data demonstrate a weak
dependence of the energy on particles inelasticity, \-e. The
discrepancy between CFD and DEM data grows with time,
T and the inelasticity. However, the maximal discrepancy
again is small. At the moment "£=9 it is about 12%.
In order to explain the nature of this discrepancy the
velocity distribution at the moment T=9 calculated by the
three methods are plotted in Fig. 4. The CFD data and the
analytical results are presented by smooth solid and dashed
curves, which almost coincide. The DEM data are also
close to both curves, though demonstrate nonuniformities
of the velocity on small spatial scales. Such a behavior
may be attributed to the cluster formations. These clusters
are, apparently, caused by the energy losses and dilutness of
the granular system which both hamper energy and
momentum exchange between the particles.

This may be obtained by integrating equation (lb) subject
to the boundary conditions for the granular pressure at the
wave tail, h=Q, and wave head, h=H(t) (see (4b), (5)). We
use the following approximation for the function/:
f(x) = [ax + b(y - 1 ) / ( / +1)] l{x + b),

(g)

with fitting parameters a=2.0, 6=0.68. Analytical solution
(6), (8) is used to calculate the escape energy

which is compared below with the numerical solutions of
the problem (l)-(4).
CFD method. In Cartesian coordinates Eqs.(la-c)
may be presented in the following matrix form:
- r - + "v~+ "^— — I.
dt

dx

dx

(9)

Here Q = (p,pu,E)T,
F = (pu,pu2 + P,(E + P)u)T
and E is the total energy of unit volume. In contrast to the
molecular gas, particles inelasticity and roughness lead to
the appearance of volumetric sink term / and nondivergent
term BdQ/dx in the governing equations. The
nondivergent term changes characteristic properties of the
system and acts as a surface sink at the discontinuities.
These specific problems require modifications of the
existing numerical schemes.
The numerical algorithm for solution of Eqs. (9) is
constructed on the basis of the second order ENO scheme
(Harten & Osher, 1987; Harten et al., 1987). Standard ENO
schemes have been developed for numerical simulation of
the molecular gas flows; they are based on conservative and
characteristic properties of the system. Changes of the
characteristic properties of the system (9) and the effect of
the surface sink caused by the nonconservative nature of
particles collisions are taken into account in a modified
numerical algorithm. A full description of this algorithm
will be published elsewhere. Here we will note that the
developed scheme is consistent with the Rankine-Hugoniot
conditions imposed at the shock front within the granular
gas (Goldshtein & Shapiro, 1995). This scheme is used for
all CFD calculations presented below.
DEM method. In the DEM calculations 12,000

ACKNOWLEDGEMENT
This Research was supported by the Fund for the
Promotion of Research at the Technion

342

REFERENCES
1. Goldhirsch, I. & Zanetti, G. Clustering instability in
dissipative gases. Phys. Rev. Lett. 70, 1619-1622 (1993).
2. Goldshtein A. & Shapiro M. Mechanics of collisional
motion of granular materials. Part I. General hydrodynamic
equations. J. Fluid Mech 282, 75-114 (1995).
3. Goldshtein A., Shapiro M., Moldavsky L. & Fichman
M. Mechanics of collisional motion of granular materials.
Part II. Wave propagation through vibrofluidized granular
layers. J. Fluid Mech 287, 349-382 (1995).
4. Goldshtein A., Shapiro M. & Gutfinger C. Mechanics
of collisional motion of granular materials. Part IV.
Expansion wave. /. Fluid Mech. 327, 117-138 (1996).
5. Harten A. & Osher S. Uniformly high-order nonoscillatory schemes. I. SIAM J. Num. Anal. 24, 279-309
(1987).
6. Harten A., Engquist B., Osher S. & Chakravarthy S.
Uniformly high-order non-oscillatory schemes. III. ./.
Comp. Phys. 71, 231-303 (1987).

«o ° - 2 5

1

i

M

to
S

0.2
0.15 f-

M

|

o.,

1
S

0.05

ff

o

0
A
0

e=---O.S, DEM
e=0.9. DEM
c=ij.v)5, DEM -

a

e=0.99, DEM
- CVD

i

2

4
6
Dimensionless time.T

Fig. 3. Time evolution of the escape energy.

0
-0.1

o

-0.2

o
D

>•

-0.5

.2

-1.5

e----i;.S. PDB
c=0.9, PDE

v*)Si. PDfi

e=0.99, PDE
- iJitt.retii.-it!. CFO

-0.3
E

-0.4

s

-0.5

-2.5

-0.6
0

2

4
6
Dimensionless time, T

0.5
1
1.5
2
Dimensionless coordinate, h5

8

2.5

Fig. 4. Hydrodynamic velocity versus Lagrangian
coordinate (^=9).

Fig. 2. Time evolution of the escape momentum.

Wave head region (III)

Wave tail region (I)

Intermediate
region (II)
it) = l n ( l +8t)

8=0

•a

Undisturbed domain
p = i5 u = 0 , P = ( l + S t

mass coordinate,
Fig. 1. Regions of the expansion wave.

343

h

)~

2

18

FLOW MEASUREMENT AND ATTRITION OF PARTICIPATE MATERIALS
AT VARIOUS BENDS DURING PNEUMATIC CONVEYING
K. Aked* and H. Kalman
Department of Mechanical Engineering, Ben-Gurion University of the Negev
Beer-Sheva 84105, ISRAEL
* Conference Lecturer

Abstract

Klin/ing ct al. [9|. The second experimental icsl rig
consists of a screw feeder mounted on the bottom
of a hopper. Al the mixing chamber the pressure
was reduced by a venturi tube. After which the
tested pneumatic pipe line took place. It was
constructed from a 4 m 3/4" pipe of two horizontal
parts and one vertical part. Al the pipe line end a
bag-house separation device was used. The third
testing apparatus used the same feeder of the second
one. The separation system was of a cyclone type
mounted on the feeder lo enable close-loop
operation and the pipe line was I" in diameter. I 2.1)
m length and consists two bends [7].
At each running, the material was damaged by
passing through identical bends, although they
served in different directions. At the next running,
in the attrition tests, the same material was
damaged by passing again through the bends, and
so on. After a number of runs, the size distribution
of a sample of the material was measured by a
Malvern Maslersizcr S Long Bed system.
The first problem of evaluating an attrition
experiment would be ihe way of pronouncing the
attrition rale. If the material is initially monosized.
it would be interesting lo show the percentage ol
broken,particles or the percentage of the panicles
passing through ihe openings of a sieve thai is
slightly smaller than the initial size. However, in
practice, the tested materials have a si/c
distribution. In such a case, the parameter defining
the size should be depended on the requirement. If.
for instance, a material should be tested to bring
into a minimum the amount of dust less than 100
|im, then the increase of the percentage of this size
should be measured. Otherwise, one could he
interested with the mean size as dso. and so on

Attrition during pneumatic conveying is a
problem faced by the industry for a long time. This
paper evaluates first a few experimental test rigs
and procedures and then presents extensive
experimental investigation with most of the
parameters affecting attrition. The parameters are
categorized into material strength, operation
parameters and bends structure. It is shown that air
velocity, loading ratio, bend flexibility and number
of collisions are the main factors influencing the
rate of attrition. Most of them are in the hand of
the designer and operator to control the attrition.

1. Introduction
Hilbert [1] examined three bends: long-radius
bend, short-radius elbow and a blinded-lec,
experimentally. He found that regarding of wear.
the blinded-tee is the best device with the shortradius elbow taking a close second and the longradius sweep third. Marcus et al. [2] have measured
the pressure loss of the three bends and found that
for fine powdered materials, short-radius elbows
certainly appear to provide the lowest pressure loss.
Marcus et al. [3] measured the relative abrasion
resistance of eleven materials on a long-radius bend.
They have found that ureline rubber showed the
highest wear resistance and the mild steel the
lowest.
A comprehensive experimental study was carried
out by Agarwal et al. [4] on a long-radius bend.
They have studied the acceleration length due to
bends and the effects of phase density, conveying
velocity and use of inserts on the wear, particle
degradation and depth of penetration. Weinberger
and Shu [5] studied the effect of the curvature radius
of a bend on the transition velocity.
Recently, Bell et al. [6] presented attrition
experiments with salt in which the size distribution
was measured on line. They have shown that the air
velocity has the prime effect on the attrition rate,
although the loading ratio and the bend structure
have also some effect. Kalman and Goder [7]
measured all parameters for four types of bends:
long radius (three construction materials), shortradius elbow, blinded-tee and a turbulence drum.
Aked et al. [8] showed that even fine powders (15
|im) could be attrited significantly in certain
conditions.
In this paper three systems were used for various
materials, in wide range of sizes, to examine the
experimental procedure, bend structure and
conveying parameters on the attrition rate.

1101.
The second experimentation difficulty relates to
the way of conveying the material, whether
continuously or in batch ( 10]. The coniinuos
running enables long duration of experimentation
with a small amount of material. It also should be
preferable with strong and hard materials to measure
a significant change. However, it suffers from
inaccuracies concerning the feeding device. It is not
certain with any feeder that all the particles have
gone through the pipe line exactly at the same
times. If they do. conlinuos experiments can be
converted to batch experiments by the amount of
the material and the mass flow rale.
The third difficulty relates lo the procedure used
for determining the pressure drop over a bend.
Usually the pressure gradient is measured before and
after a bend. Then the pressure drop over Ihe bend is
defined by extrapolating the pressure distribution in
the point of the bend as shown in Fig. I. However,
this miiihl involve various difficulties due to ihe

2. Experimental Test Rig
The first experimental test rig consists a rotary
valve feeder and a baa-house filter as shown in
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and 3.3. The initial mean sizes distributed in a wide
range between 16.9 |_tm and 1.8 mm. To eliminate
the collision elasticity effect with the wall, ihey all
were tested with blinded-tecs, in which the collision
takes place between the material particles ami it
remains as a material factor. In order to compare
such a wide range of initial sizes the mean size
ratio was plotted against the number of passes
through the pipeline.

accuracy of many pressure transducers to be used.
An extensive study showed that a single differential
pressure transducer over the bend will due. In order
to overcome any blockage of the transducers a
pneumatic system is used. Prior to each
measurement an air supply was inserted to the
connections of the pressure transducer to remove
any particles from the small opening to the
conveying pipe.
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Fig. 2: Mean size ratio versus the number of passes
for five materials.

Fig. 1: The pressure distribution before and after
the bend.

3.2 Operation Parameters

3. Results and Discussion

The operation parameters arc the main ones
affecting attrition and some of them are in the hand
of the operator although some require a forehand
design. The air velocity and consequently the
particle velocity, before collision, define the
momentum that terns into the impact load during
the collision. As the air velocity higher the impact
load increases. The loading ratio or the
concentration of particles has also a major effect,
first through reducing the particle velocity for
increasing concentrations and then through defining
the two-phase flow regime.
The attrition rale for two materials. CA and TA.
with various superficial air velocities and loading
ratios is presented in Fig. 3. Clearly no attrition at
all or a negligible amount is found for both TA and
CA, respectively, in dense phase flow. As the
velocity increases, for CA, from 15.6 to 20.4 m/s
in the dilute phase regime (the loading ratio is also
changing slightly), the attrition rate is increasing
significantly. The difference between the attrition in
dilute and dense phases is more emphasized with
the TA experiments for the same air velocity (only

The attrition is caused mainly due to impact or
shear loads. The particles during pneumatic
conveying experience extensive impact loads
mainly at the bends since the flow is changing
direction. Therefore, the analysis of the attrition at
the bends is mostly important. The particles could
break in a single collision if the impact load is
higher than its strength. The collision velocity, the
angle of collision and the elasticity of the collision
are significantly affecting the impact load. Particles
could also break or damaged due to lower impact
loads than the strength, but occurring a number of
times, which is known as fatigue. The number of
bends and the elasticity of collision with long
radius bends (a few collisions with the same bend
could occur) affect the number of collisions.
Therefore, parameters affecting the attrition rate can
be divided practically into three categories: the
particle strength, operation parameters, and pipe
line and bend structure:
1. Particles strength
a. particles material
b. particles size and shape,
2. Operation parameters
a. particles velocity
b. particle concentration - loading ratio.
3. Bend structure
a. radius of curvature (angle of collision)
b. construction material
c. type of bend (for blinded-tee the collisions are
between particles and not to walls)
d. number of bends.

3.1 Particle Strength
Attrition tests with five materials are shown in
Figure 2. All the materials were tested with the
first experimental apparatus, in superficial air
velocities between 17.8 m/s and 21.6 m/s, and all
in dilute phase with loading ratios between 0.68

o

i

Fig. 3: The effect of the operation parameters on
the attrition rale.
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reduce loading to particles lo a minimum degree, in
order to reduce the total attrition of the panicles.

the loading ratio is changing).
3.3 Bend Structure
Not only the particle velocity and concentration
affect the impact loading during the collision. The
angle of collision should also affect the normal
impact loading. The main damage is caused by the
normal component that is decreasing with
decreasing the collision angle. Increasing the radius
of a bend will decrease the angle of collision. In
blinded tees the collision is in almost 90" that
should increase the attrition rate if we disregard
another important parameter - the rigidity of the
wall.
The rigidity of the wall is affecting the collision
character. As the wall is more flexible it can absorb
more of the collision energy. Flexible bends could
be provided by using flexible materials as rubber
for a long radius bend. In blinded tees the material
fills out the void of the bend and creates a wall
similar to that of short elbows, but made of
particles. Therefore the wall is more flexible and
the expected attrition rates should be lower.
In Fig. 4 are shown results of attrition of MR
conducted with the third test rig with various bends
and similar operation conditions. It shows that the
attrition becomes the lowest by using long radius
bend. However, this can be explained regarding the
small size of the particles. As the particles arc
smaller, their inertia is lower and they can follow
more easily the air flow as long as the change in
the flow direction is moderate.

4. Conclusions
The results shown in this paper emphasi/c the
need to evaluate the significance constrain from ihe
pneumatic conveying system, and lo select the
most appropriate bend in terms of atlriiion. In
practice, for reducing the attrition in pneumatic
conveying pipe lines, the operation parameters
should be evaluated. Dense phase pneumalic
conveying systems should be preferred, when
possible. If dilute phase systems have lo be used,
the velocity should be reduced (o minimum and (Inappropriate bend type, dimensions and material
should be evaluated and selected for each material.
Experimental analysis as shown in (his paper is in
be conducted for a seldom evaluation. A n \ \ \ ; i \ .
attrition is not a problem thai cannot be sol\ed and
it is not exclusive to granules. Attrition could
occur in some cases even in very fine powders.
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sample is related to a specific location or as
Abstract
TSI
if the sample is time related.
A preliminary investigation has been
conducted in order to distinguish between the
various mechanisms of segregation occurring
x -x
SSI = s F
(1)
during filling and emptying of a twoXF
dimensional silo. An experimental apparatus
has been constructed and used for the present
where Xg indicates the 9c wi of the fines in the
investigation. The tested material is potash
sample and Xp indicates the 9Kvt of fines in
with different particle size distributions. The
the feed.
size fractions used in the experiments
In order to quantify the total segregation
performed considerable segregation. The
occurred during a full experiment, there is a use
influence of different configurations of the silo
of the Segregation Intensity Coefficient (SIC).
structure on the intensity of segregation was
studied.

|l(xSi-xF)2

1. Introduction
The phenomenon of segregation is
recognized in the scientific literature since the
early 2 0 ^ century [1,2,3]. The causes that
initiate segregation are:
Particles diameter ratio
Particles size
Cohesiveness
Particles density
Particles shape
Friction coefficient
Modulus of elasticity
Surface roughness
The segregation mechanisms that had been
identified are:
• Rolling effects
• Sieving effects
• Push away effects
• Angle of repose effects
• Percolation
• Displacement segregation
• Trajectory segregation
• Air current segregation
• Fluidization segregation
• Impact effects
The more pronounced segregation
mechanisms involving filling of silos are the
air current segregation, rolling, sieving, push
away effects trajectory effects and angle of
repose effects. During discharge of silos,
percolation, trajectory fluidization and impact
effects, taken place along the other segregation
mechanisms.

1
SIC =

1=1

N

(2)

where N is the number of samples. X s . is the
%wt of fines within each i sample. SIC
provides the ability to compare the different
experiments.

3. Experimental
The principal scheme of the experimental
apparatus is shown in Fig. 1. The vibratory
feeder was manufactured by Malvern Co.. The
material was fed into the small conic feeder
after being mixed. From the vibratory feeder
the material was drawn into the centralizer cone
and from there to the two-dimensional silo.
After the filling of the silo, which was made
from Perspex", a small door at the outlet of the
silo was opened and the material was
discharged from the silo. The material was
conveyed into the sampling zone using a belt
conveyor.
Sampling was done from all the belt's cross
section using a centralizing chute. The silo's
hopper angles were changed in each
configuration in order to achieve different How
patterns during the silo's emptying. The angles
that were checked are : configuration 1 - 60°.
configuration 2 - 45°, and configuration 3 75°. The silo's outlet was 20 mm, its width
was 280 mm and it was 50 mm depth in all
configurations.
Two fractions were.used at each experiment.
The coarse fraction of compacted potash was
compounded from particles in the range of -6
mesh to 8 mesh (2.38 ram to 3.36 mm). The

2. Theoretical Basis
The Sample Segregation Indicator (SSI) is
representing the intensity of the segregation in
a specific sample. The SSI can. be referred as
LSI for a Local Segregation Indicator as the
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fine fraction of potash powder was compounded
from particles in the range of -35 mesh to +45
mesh (0.5 mm to 0.354 mm).

was more dominating, the SSI's became more
erratic and their absolute values were growing.
It was found that with the 60°. ihe
segregation was more erratic and greater ihan
the other configurations although the SSI's
absolute values were decreasing with the
increase of the fine fraction.

—O— C o n f i g u r a t i o n 1
~— • — C o n f i g u r a t i o n 2
- A - Configuration J

1.0 -

015 "

•
•I-J'"'

Fig. 1: Experimental apparatus : I. Vibratory
feeder, 2. Centralizer cone. 3. Twodimensional silo, 4. Belt conveyor.
5. Sampling container.

O—Cr^^~\ks\~ -. m

-0.5 -

These fractions perform definitely
segregation because the diameter ratios are 6.7
to 4.7 considering the high limit of the fine
fraction comparing to the limits of the coarse
fraction. This diameter ratio is supposed to
cause severe segregation. Various potash
mixtures were used with 10%, 50% and 90%
of the fine fraction. Each experiment was
carried with 5 kg of potash.

Fig. 3: The behavior of a mixture of potash
containing 50% fines during discharge of three
configurations ol" silos.
—O—Configuration 1
"

Configuration 2
L

" C o n f i g u r a t ion 3

4. Results arid Discussion
All the mixtures with all the configuration
had been showing funnel flow, even with the
steepest angle of hopper - 75°. However, as
the hopper angle (to the horizon) decreased the
funnel flow was emphasized.
The SSI's of the different mixtures with the
three silos' configurations are shown in figures
2-4. It was found that the SSI's values were
less influenced from the different
configurations and more affected by the
mixtures' compositions. As the coarse fraction

—I—

02

04

0.8

1.0

Fig. 4: The behavior of a mixture of potash
containing 90% fines during discharge of three
configurations of silos.
The 45° configuration did not show a more
segregating behavior than the 60° with most
of the experiments, even so the flow was more
funnel like than the other configurations. This
behavior can be explained with its less
tendency to flow readily, leaving the material
less possibilities of segregating.
A close look to the SIC's trends shown in
Fig. 5, summarizes the SSI's behavior. As the
flow is more funnel like, the SIC is smaller.
As the How is more readily there is more
tendency for segregation. Further more, il was
observed during the experiments that a definite
degree of segregation occurred inside both
fractions. This could be explained with the si/.e
distribution that exists in each fraction (the

-L0

02

I
0.6

% wt of mass drawn

Configuration 1
Configuration 2
Configurations

00

—i—
0.4

06

%wt of mass drawn
Fig. 2: The behavior of a mixture of potash
containing 10% fines during discharge of three
configurations of silos.
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flow pattern of granular potash and the
segregation occurring with different fractions.
It was found also that the greater the fines
fraction and the greater the hopper's angle, less
segregation occurs. When the coarse fraction
is greater and the hopper's angle is smaller the
more segregation occurs.
The segregation during filling and emptying
of the silo is combined from several
segregation mechanisms at the same time.
During filling of the silo, the rolling, sieving,
trajectory, impact and angle of repose
segregation were noticed while fluidization or
air current segregation were not observed.
During emptying of the silo percolation and
displacement segregation were also involved.
Another phenomenon that should be noted is
the agglomeration of fines that created now
particles of sizes similar to those of the coarse
fraction. These particles joined the coarse
fractions' zones in the silo during the filling
and emptying.

diameter ratios in the fine and the coarse
fractions are about 1.4).
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Fig 5 SIC's values vs. hopper's angle with
different feed %wt of fines.
During the experiments it was found that
the centralizer cone that was assembled on the
silo top was not able to avoid segregation as
the material passed through. Some impact
effects and trajectory segregation during the
filling of the silo were caused by this cone. It
should be mentioned that the segregation that
was supposed to occur during, the vibratory
feeding, was avoided by feeding the material
with high loads.
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5. Conclusions
Using the SSI and SIC had been giving a
good evaluation of the way in which the
material segregated in the silo. It was found
that there is a strong connection between the
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Abstract

The first designs of the en-masse
conveyors were made in the early 1920's in
Great Britain by the Redler Company. These
conveyors are built of a skeleton of joints,
connected into an endless chain. The chain is
enclosed inside a casing which divide the
conveyor into two parts, the conveying part
and the return part.
The en-masse operation is not based
on dragging or carrying the materials as in
most chain conveyors but is based on the
internal friction of granular bulk solids and
powders. The material conveyed is filling the
whole conveying part of the conveyor, and a
solid bed is moving into the unloading zone.
This paper deals with the design and
applications of the en masse conveyors, their
advantages and disadvantages, and the
considerations that should be taken, when
choosing the en-masse conveyors as the
conveyor for a certain application.
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Abstract

minerals are grinded to the required si/.e the harder
ones arc not grinded sufficiently. Particles thai arc
ready for the following process remain in the
mixture and consume an excess of energy. These
particles should be separated since they reached the
required size or the mineral grains opened to enable
extraction of valuable minerals.
Another technology relates to aggregates or
tablets production. For such processes a delined si/e
distribution is required for strength properties ol'ihe
tablets or aggregates. The bigger particles constrain
the structure of the paniculate bed. while the
smaller particles, filling the voids, conduct the
cohesive forces |4|. In order to gain stronger bed a
certain ratio between the particle sizes is needed.
Such a process following grinding requires .a.
selective grinding to achieve the postulated si/e
ratio.

It is very important in grinding technology to
avoid from further grinding after the required size is
reached. Another problem associates with fine
grinding of complex structure minerals, such as
Phosphate concerns the extraction of the
phosphorous. Therefore, the raw material has to be
grinded until its grain is opened. A pulverizing
system that enables a selective grinding to certain
size distribution and properties is required. On the
basis of the above requirements a new pulverizer
for selective fine grinding is introduced.

1. Introduction
A material might be grinded in several ways:
shearing, compression and impact (see Fig. 1). The
grinding system is selected based on the material
properties and the size distribution that is required
for the following processes. However, most of the
existing grinders are unable to conduct selective
grinding in which a portion of the material based on
the size distribution and properties has to be
separated. Therefore, addition devices have to be
used that increases the process cost.

223

2. Experimental Apparatus
The experimental apparatus contains three
chambers separated by two sieves of various sizes
as shown in Fig. 2. In the two upper chambers two
hard cylinders are inserted. This device is connected
to a motor through the base. On. the motor output,
an eccentric momentum wheel is attached. Since the
device is hanged on springs, by operating (he motor
it rotates in a special manner. The rotation of the
device drives the hard cylinders in such a way ihai
they apply impact and shearing loads to the raw
material inserted into the upper chamber. The ancle
of the motor operation can be changed in such a
way that the ratio between shear and impaci loads is
controlled. After a postulated time of operation, the
hardest materials arc found in the upper chamber
having larger particle sizes, and the softer materials
at the smallest particle size can be found in (lie
bottom chamber. A mixture of minerals much
richer with the valuable mineral is found in one of
the chambers (depend on its hardness relative to ilie
other mineral's hardness..) ,|5|.
The angle between the motor and the grinder
axes control the impaci and shear loads raiio. While
the angle is zero the particles arc grinded mainly due
to shearing loads. If the angle is <)()" ihey are
grinded mainly due to impaci loads. Any angle inbetween those extremes will cause a combination
between the loads.

7

ZZ\

zv//.^
Shear

Compression

Impact
Fig. 1: Principles of particles grinding.
The grinding.process composes of a few stages.
After each stage a different size distribution is
reached. Particles of such sizes that are not required
for further grinding, remain in the mixture. It might
be better to take them out from the process from
energy consumption considerations [1-3]. Most of
the grinders used in the industry are not conducting
such an action.
The strength of various minerals in a raw
material is different. Therefore, whenever the harder
minerals are grinded to the required size the softer
minerals are overgrinded, and whenever the softer

3. Results and Discussion
A research w i t h a laboratory scale grinder was
conducted. Phosphate was selected for the lesiiiiL'
material because its structure is complex and thestrength of the various minerals is considerably
different. The size distribution and t h e chemical
properties of the materials at the various chambers
of the grinder were measured. All the qualitative
preliminary results have shown thai (lie proposed
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grinder enables to conduct selective pulverizing.
Further investigation is required to quantitatively
optimizing the procedure.

5. References

_ , - Sprmj:

Milling
Cylinders

Vibrator

5.
Fig. 2: Schematic diagram of the proposed grinder.

4. Conclusions
This paper presents a new pulverizer for selective
grinding. It's benefits concerning save of energy
consume and opening of the valuable mineral grains
is described. The use of this selective pulverizer
will reduce the quantity of raw material for grinding
and the quantity of the grinded material for the
following processes. The benefits arc
unquestionable. However, a quantitative research
has to be conducted to evaluate the optimum usage
of such a pulverizer for various minerals.
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a major merit in attrition and comminution design
(although not all the problems are solved).

Comminution and attrition are processes in
which particles are broken or damaged. It occurs
when a load higher then the particle strength is
applied constantly. Breakage could occur also with
lower loads that are applied repeatedly, a
phenomenon that is known as fatigue. Fatigue is
the real cause for the breakage of particles in many
industrial systems as: grinding in a rotating drum
or impact with bend walls at pneumatic conveying.
In this paper experimental results of the fatigue
behavior of an assembly of particles of three
materials are analyzed. Engineering fatigue curves
of constant damage are presented with compression
stress versus the cycle's number.

2. The Test Rig
The test rig was designed in such a way thai it is
able to apply compression stresses to a bulk
material as well as to single particles (in a future
smaller scale rig). The bulk material (A) is inserted
into a cylindrical dye containing up to five layers of
particles (see Fig. 1). The material is compressed
by the upper piston (B) that is loaded by ;i
pneumatic piston (C) through a beam. The location
of the pneumatic piston can be varied to control the
arm length. The load is also controlled by the air
pressure inserted into the pneumatic piston and the
die dimensions. An electrical device controls the
load of the pneumatic piston between two
pressures, although in this research the lower
pressure was always zero. The maximum pressure
is controlled by valve (E). The frequency of
operation is controlled by a needle valve (D). By
these arrangements the pneumatic piston increases
the load until the upper set point of pressure is
reached and then the pressure reduced to zero, and so
on. The frequency was set to very low values to
avoid impact effects. The total number of cycles
was set by an electrical controller (F), that enables
long experimentation overnight for thousands of
cycles. After each test was terminated, either the
size distribution or the percentage of material under
a certain size was measured.

1. Introduction
Conveying systems which increase attrition are:
free fall and chutes, screw conveyors, pneumatic and
hydraulic conveyors, fluidized bed systems,
cyclones, silos etc. [1]. Wearing, fracturing and
chipping initiated by impact, compression,
frictional or shear forces can occur immediately if
the applied stress overcomes the material's
resistance to these modes of failure; or after repeated
loading below the critical stress level, a process
known as fatigue [2].
Many different types of tests have been described
by the British Materials Handling Board [1], and in
studies such as those of Bemrose and Bridgwater [3]
for assessing the attrition tendency of paniculate
materials. They include both single particle tests
and multi particle tests. A variety of test equipment
and procedures, within each type of test, have been
reported [3]. To realize the abundancy of so-called
standard attrition tests one can refer to a review of
particle attrition [1] in which 16 different drum
tests (differing by geometry, size and test procedure)
for measuring friability are reported. The situation
is not considerably different in other tests. Most of
them fit into Cliffs category of "ritualized" tests
[4]: "Ritualized tests are easy to spot: the
dimensions of the equipment and the procedure are
set in stone, with no evident rationale." As a
consequence, most known attrition tests provide
various attrition indexes that are, at most,
comparative in nature. They certainly are unable to
provide well-defined engineering design procedures.
Various attrition indexes have been summarized [1].
This paper concentrates on the right hand side of
the design equation to enable pure fatigue strength
characterization without any linkage to the system
in which the particles will perform. First, a new
testing machine for fatigue characteristics of bulk
materials, which applies compression stresses, is
presented. Then, the results of a few materials are
shown and analyzed. Since this research could have

3. Monosize Materials
As a first step in the research, materials having
initially monosize particles were tested.

n
1

I

JJL
B

Fig. 1: Experimental apparatus.
3.1 A Hard and Brittle Material
The fatigue behavior of potassium sulfate (PS)
which is a brittle material is shown in Fig. 2. The
initial size of the PS was between 2 and 2.3X mm.
that could be considered as a monosize material.
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After the desired number of compression cycles was
reached the PS was sieved to measure the under 2
mm and under 0.5 mm weight ratios. The material,
shown in Fig. 2, is sensitive to the compression
load. By increasing the load two times from 25 to
50 kg/cm^ the undersize (under 2 mm) weight
percentage increased five times from 10 to 50%.
Although, this material is not too sensitive to
fatigue (compression cycles) the undersize
percentage increased more significantly for lower
loads.

analysis more difficult. Since it is impossible to
indicate from size distributions the mother and
daughter particles after damage, and il is a desire to
describe the damage by a single parameter, il is a
tendency to analyze the mean diameter d5(). In oilier
cases (where for instance the dust amount is more
interesting) other size as d|() could he used.
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Fig. 4 presents the accumulated si/.e distribution
of quartz sand in a 25 mm die subject to cyclic
loads of maximum 51.84 kg/cm-. The sand has ah
average crush strength of a single particle of 120.4
N. Clearly the fatigue affects significantly the si/c
distribution also of such a hard material. The
amount of dust increases as the compression cycles
increase. This indicates (hat the sand particles are
going t h r o u g h a b r a s i o n
rather
through
fragmentation. Only after 30.000 cycles,
fragmentation of particles is observed ami the si/c
of the largest particles decreases significantly. In
such a case as shown in Fig. 4. mean si/.e as d s o
would not describe the damage because up in
30,000 cycles il is reduced only slightly.

Fig. 2: The effect of compression cycles on the
breakage of potassium sulfate.
It should be emphasized that during the test, the
particle's size decreased and the number of particles
increased. This changes the stress distribution
within the particulate bed and each particle has more
contact points. Therefore, the percentage of
undersize particles should be stabilized for any
compression stress. Looking more carefully at the
results, different curve fit could be plotted to
emphasize the stabilization. However, the
experimental evidence is not clear at the testing
range. The stabilization might be clearer for much
more compression cycles.
3.2 A Soft And Ductile Material
A similar figure as was plotted for potassium
sulfate (Fig. 2) is plotted for zirconium spheres
(Fig. 3). The zirconium is a ductile material and
much more weaker than the potassium sulfate.
Therefore, similar levels of percentage of broken
particles are reached by lower stresses. However, the
zirconium is more sensitive to fatigue, and therefore
the effect of loading cycles is more emphasized.
With the experiments of zirconium a new
phenomenon was observed. The compression stress
as well as the loading cycles has both effect the
agglomeration of the. particles. In some tests,
particles that are bigger than the initial ones were
measured. All the experimental results shown in
Fig. 3 have no measured agglomerates.

"i io' t-

Fig. 4: Size distribution of quartz sand after various
number of compression cycles.

5. Fatigue Curves
The fatigue curve of potassium sulfate is shown
in Fig. 5. The percentage of undersi/.c particles is
an uncontrolled parameter in the experiments. It is a
result of the compression stress and cycles and is
measured only after the lest is terminated.
Therefore, it was impossible to conduct
experiments result with a constant amount of
damage. However, the percentage of undersi/e

4. Initial Size Distribution
Both previous experiments were conducted with
monosize materials. Therefore, it was easy to define
the damaged particles simply by the amount of
material passing through a sieve defining the lower
size of the original material. However, in reality
materials have a size distribution that makes the
354

particles is indicated in the figure for each
experiment. By these indications the fatigue curves
were estimated and plotted manually. As was
expected, the amount of damaged particles increases
with both the compression stress and cycles. The
curves are also, as expected, stabilized after a certain
number of compression cycles.

characterize a material and to enable appropriate
engineering design. In some cases, as for soft
materials, such tests could provide the
agglomeration rate as well. However, ihe border
line between the agglomeration and size reduction
zones is significant in characterizing the fatigue
behavior of a material.
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Fig. 5: Fatigue curve of potassium sulfate.

Fig. 6: Fatigue curve of zirconium spheres.

The fatigue curve of zirconium spheres is
presented in Fig. 6. As was mentioned previously,
in higher stresses and compression cycles bigger
particles than the initial size were observedagglomeration. The border line between the
agglomeration and damage zones is also indicated.
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6. Conclusions
In this paper the fatigue characteristic of
particulate assemblies is shown and analyzed. By
testing three different materials the effect of the
loading cycles and fatigue are undoubtedly proved to
dominate the damage process of particles that can be
attributed to engineering design of comminution
and attrition. Fatigue curves as shown in this paper
for two different materials could be the best way to
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SOME RESULTS OF INVESTIGATION OF SOLID PARTICLES DISTRIBUTION IN THE VICINITY OF
VARIOUS SHAPES IN TWO-PHASE FLOW AND SEDIMENTATION ON THEIR SURFACES
M. Hussainov, A. Kartushinsky*, I. Shcheglov and S. Tisler
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ABSTRACT
The behaviour of solid particles in a two-phase laminar
boundary layer for various streamlining shapes (flat plate,
curved surface and cone) was experimentally investigated.
The velocity of gas and the particle mass concentration
were measured in vicinity of these surfaces while the
intensity of the particle sedimentation was measured on the
surfaces for various flow conditions (for the different stream
velocities and particle sizes, for the different attack angles
of a streamlining plate as well as different vertex angles of a
cone).

! i>

INTRODUCTION
A large number of technological, and natural processes
is bound with the motion of solid particles in gaseous flows,
e.g., combustion of solid fuels, processes in scrubbers,
pneumotransport, diffusion of solid suspension in the
atmosphere. These processes are accompanied by the
deposition of solid particles on the working surfaces of
various devices.
The process of sedimentation on a body surface
streamlined by a two-phase flow, is substantially stipulated
by the particle motion and their distribution near the wall.
The object of our experimental investigation was to obtain
the data for building and improving the numerical models of
the particle sedimentation, which can be applied for
sedimentation prediction on the real objects.

Fig. 1. The flat plate and
Fig.2. The cone model.
the curved surface.
Electrocorundum powders (A1 2 O 3 ) with the density of
3950 kgfm' and the average particle sizes 12, 23 and 32 urn
were used for experiments.
The main parameters of laboratory tests (flow velocity
Vm particle size 5, particle mass concentration a«,) were
stipulated by the steady formation of a two-phase laminar
boundary layer on the streamlining models and by uniform
inflow of the dispersed phase in the working space of a
wind-channel. The values of the stream flow velocity U*.
were 1.5 and 3 m/s, the particle mass concentration in a free
stream a«, was 0.01 kg dust/kg air for the streamlining of a
flat plate and curved surface and 0.0044 kg dust/kg air for
the streamlining of a conical surface.

EXPERIMENTAL CONDITIONS
The experiments were carried out using the facility for
formation of vertical two-phase flow (Hussainov et al. [ 1 ]).
A flat plate, curved and conical surfaces were used as
models for investigation (see Figs. 1, 2). The models had
the following dimensions:
- stainless steel flat plate: length 500 mm, width 100
mm, thickness 2 mm;
- aluminium alloy model with a curved surface: length
320 mm, width 170 mm, the curvature radius 300 mm,
thickness in middle cross section 50 mm;
- four aluminium alloy cones with the values of the

MEASURING OF THE VELOCITY AND PARTICLE
MASS CONCENTRATION
Distributions of the local averaged parameters (velocity
of gas and particle mass concentration) in a two-phase flow
in vicinity of the various shapes were measured with the
help of the optic-electronic system which included the laser
Doppler anemometer (LDA) and the laser concentration
measurer (LCM) for determining the relative particle
concentration by the methods described in [2].
The LDA consisted of the two channels (each channel
for the concrete phase of the dispersed flow), the sending
sections of the LDA-channels were combined. One of the
LDA beams was used in the optic scheme of the LCM. The
receiving section of the optic-electronic system consisted of
the two LDA registration units for the scattered radiation
and the LCM registration units for the scattered and

vertex angle a of 30°, 45°, 60° and 90° and with the base
diameter of 100 mm.
The surface quality was characterised by the roughness
height of the surface profile, which was about 6 um for all
models.
Each model was installed vertically in the working space
of the wind channel with the help of a special holder. The
design of the holders enabled to vary the value of attack
angle.
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attenuated radiation. Each of the LDA receiving units could
pick up signals from the particles of a certain size. Signals
of the instantaneous particle velocities from the LDA
photoreceivers entered the channels of the carrier and
dispersed phases of the processing system, which contained
counters described by Pavlovski et al. [3]. These counters
processed the Doppler signals from the particles of the
dispersed flow.
As showed our experimental investigations, distribution
of the particle mass concentration has the maximum located
inside the boundary layer. The value of this maximum
grows downstream while it immerses into the boundary
layer.
The transformation of the concentration profile due to
changing the attack angle is presented in Fig. 3 in the crosssection of 100 mm for the particle size 8 = 23 urn and
stream flow velocity UM = 1.5 m/s. Here and below the
values of the particle mass concentration are related to the
same in free stream (a/oO, the transversal coordinate of the
boundary layer Y is related to the thickness of the laminar
boundary layer Dj,. The substantial transformation in the
distribution of the particle mass concentration takes place
while changing the value of the attack angle from 0° to 1°.
The subsequent increasing of the attack angle results in
growth of concentration in the vicinity of a flat plate (Fig.
3).

Fig.3. Concentration profiles on a flat plate.
Distributions of the particle mass concentration in
various cross-sections of the curved surface for the particle
size 23 urn and the stream flow velocity 3 m/s are shown in
Fig. 4. The concentration profile is transformed, the
concentration maximum, observed in vicinity of the surface
upstream, moves away from the surface and decreases
downstream (Fig. 4).
Fig. 5 represents the distributions of the particle mass
concentration in vicinity of the conical surface for various
values of the vertex angle, for 23 um particles and for the
stream flow velocity 1.5 m/s. Here the concentration
profiles have the maximum values near the conical surface.
The increase of the attack angle results in the growth of the
concentration.
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Fig.4. Concentration profiles on the curved surface.
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Fig. 5. Concentration profiles near the cone surface for
different vertex angles.
MEASURING OF THE PARTICLE
SEDIMENTATION
The amount of the sedimented particles and their
distribution along the surfaces were measured by a special
weighing method. A special bench for removing the dust
from the surface of flat plate and curved surface is shown in
Fig. 6. After blowing by the two-phase flow during the
given period of time T the model (Pos. 4) with sedimented
dust on its surface was installed on the fixed plate (Pos. 3)
by means of a holder (Pos. 2). The sedimented particles
were removed from the surface with the help of a head (Pos.
1), which could move along a rod (Pos. 5). The removed
dust fell down on the surface of
the film specimen (Pos. 6),
which was installed on the slab
(Pos. 7). The mass of the
specimen had been measured
beforehand. The width of the
head was determined by the
width of the stripe on. the model
surface from which the particles
were removed. The width of the
head was 3 mm. Then the film
JL/
specimen with the dust on its
Fig.6. Bench for dust
surface was weighed. The
removing.
difference of the masses with
and without dust was the mass M of the particles
sedimented on the model surface in the given cross-section
during the given period of time T. The dimensionless

Fig. 9 represents the distribution of the particle
sedimentation intensity along the curved surface for the
particles of two sizes.
The distributions of the particle sedimentation with
respect to the cone vertex angle are represented in Fig. 10.
The intensity increases with the growth of the cone angle
and the maximum shifts towards the cone vertex (Fig. 10).

intensity of the particle sedimentation I was determined as
follows:
M
1=
,
(1)
U^pcc^ST
where U<», Ooo are the parameters of a free stream; p is the
density of gas; S is the area of the stripe on the model
surface from which the dust was removed.
Fig. 7 shows that the sedimentation intensity for a flat
plate installed at zero attack angle grows downstream, but it
reduces with the growth of the stream flow velocity and the
particle size. Here and below I is the dimensionless
sedimentation intensity; Rex is the Reynolds number along
the surface. The particle sedimentation substantially
depends on the value of attack angle (Fig. 8). It grows with
the increase of the angle.
—•

I

Fig. 10. Intensity of particle sedimentation for different
vertex angles of cone.
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CONCLUSIONS
Our experimental investigations have revealed the
following tendencies in the particle behaviour near the
surfaces of various shapes and the particle sedimentation on
their surfaces:
1. The profile of the particle mass concentration has its
maximum value inside the boundary layer for all the shapes.
2. The maximum location and its magnitude are defined by
the stream flow velocity, the particle size and the attack
angle. The maximum increases and immerses into the
boundaiy layer downstream with decreasing of the stream
flow velocity and the particle size. The concentration
maximum shifts towards the surface with increasing of the
attack angle.
3. The particle sedimentation on a flat plate intensifies with
the reduction in the stream flow velocity and the particle
size and with the growth of the attack angle. The intensity
of the particle sedimentation on the curved sui'face becomes
stronger for the smaller particles, while for the cone surface
it increases with the vertex angle.
The given experimental investigations were fulfilled
within the international project "Mars 94/96" in the frame
of the co-operation between the Russian and French Space
Agencies.

Fig.7. Intensity of particle sedimentation along the plate.
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Fig. 8. Intensity of particle sedimentation along the plate for
various attack angles; 8 = 23 urn, UTO=1.5 m/s.
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Abstract

electrical energy to fluid kinetic energy. A
maximum mechanical efficiency of 7.59f was
observed for a rod tip speed of 50m/s. Wolny
[5] investigated the effect of an electric field (;i
series of needles to horizontal surface), on the
evaporation process from a Hal and a
cylindrical surface into an air stream (lowing
tangential to these surfaces. Owsenck ct ai. |6|
studied the effect of corona wind enhancement
of free convection, with a needle lo plate
geometry in air.
An electrostatic blower which consists of a
series of emitting sharp electrodes made of
stretched wires (rather than needles) has been
employed by O'brien and Shine |7], Franke
[8], used a series of stretched wires electrode
to study the effect of vortices induced by
corona discharge on free-convection heat
transfer from a vertical plate. Sadek et al. [*•)].
have studied the influence of electric fields on
convective heat and mass transfer from a
horizontal surface under forced convection.
Franke and Hogue [10], studied the effect of a
corona wind on the heat transfer coefficient
from a heated horizontal cylinder.
It is the purpose of the present work lo
study the effectiveness of an electrostatic
blower which employs a single stretched thin
wire electrode, to cool heat-generating bodies
(such as electronic components). In the present
study, the electrode is confined by two inclined
wings which provide a longitudinal nozzle for
the air stream, and at the same lime.an electric
shield.

An electrostatic blower, which is utilized to
cool heat-generating bodies, such as electronic
components, is studied. The electrode is
confined by two inclined wings which provide
a longitudinal nozzle for the air stream, and at
the same time an electric shield. This method
facilitates a scaling up of the wind effect well
above that obtainable with a series of sharp
electrodes. It is concluded that the heat transfer
coefficient can easily be multiplied by a factor
of more than two, as compared with a natural
convection mechanism. The present device
may be applied to cooling heated areas typical
to power-unit chips.

1. Introduction
When a strong electric field is applied
between a sharply curved electrode and a blunt
surface, a voltage is reached at which the gas
near the sharp electrode breaks down. This
occurs at a voltage less than .the sparkbreakdown voltage for the gap length. Under
some conditions, the corona may result in a
gas movement in the electrode gap which is
directed toward the blunt curved electrode
irrespective of the polarity of the voltage
applied. The widely practical utility of an
electrostatic blower is limited by an efficiency
of operation in the neighborhood of 1-5% [1,
2], However, due to the lack of moving parts,
the electrostatic blower has a significant
advantage over conventional fans in areas of
applications where high-voltage low-current
power is available, where noise and gyroscopic
effects can not be tolerated and where simple
sturdy construction is required.
The existence of corona winds has been
known for a long time. As indicated by
Robinson [1], Hauksbee reported that he had
experienced a weak blowing sensation on
holding charged tube to his face. Chattock [3],
was the first who proposed a quantitative
explanation of the corona wind phenomenon.
The first data showing increase of natural
convection by corona wind have been
published by Senftleben [4].
Robinson [1] proposed an approximate
theory relating the electrical and mechanical
parameters of an electrostatic blower consists
of a needle and a screen. Bondar and Bastein
[2] investigated the conversion efficiency from

2. Experimental Apparatus
The apparatus (Fig. 1) consisted of a heated
horizontal plate made of cast aluminum, a
single stretched thili wire electrode confined
by two inclined wings, a high voltage power
supply, an infra-red temperature gauge, a pilot
tube and a pressure difference measurement
device, and instrumentation to measure voltage
and current. The aluminum plate with 307mm
length, 235mm width and 4mm thick, was
mounted on a surface-uniform electrical
heater. Lower surface and sides of the plate
were thermally isolated. A 0-50kV. 0-3mA. dc power unit provided the electric field
between the electrode and the wings. The
electrode was a nickel-steel wire with ;i
diameter of 0.5 mm pulled taut and situated
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above the short centerline of the plate. The
wire electrode and the wing system assembly
is shown in Fig. 2.
Two sets of experiments were performed:
1. Cold experiments - a parametric study to
investigate the effect of various
parameters on the velocity profile of the
corona wind.
2. Hot experiments - a study to investigate
the effect of the corona wind on the heat
transfer coefficient.

breakdown (close to 27kV). The peak velociiy
was measured with a lmm diameter pilot luhe.
The tube was situated vertically. 132mm
below the wire electrode. The combination of
wing gap of 26mm and wing inclination angle
of 60° seems to be the optimal combination lo
result the highest peak wind velocity.

a

o9

Wing (iap - d [mm |

Fig. I: A schematic layout of the
experimental apparatus.

Fig. 3: Peak corona wind velocity vs. wing
gap, d. and wing inclination angle, a.

3. Results and Discussion

The relationship between the peak velociiy
of the corona wind vs. the vertical distancebetween the electrodes. L. and the wing
inclination angle, a . is shown in Fig. 4. The
experimental conditions were essentially
similar to those of Fig. 3 The combination <>l
vertical distance between electrodes. L. of
32mm and wing inclination angle of 60° seems
to be the optimal combination to result the
highest peak wind velocity.

3.1 Cold Experiments
The wind velocity profile development
along the plate in the x direction is shown in
Fig. 2. It seems that the velocity profile is
characterized by a remarkable high velocity
gradient near the plate surface, peaks at l-2mm
above it and then decreases in a moderate
fashion with the height. Due to the shear
stresses, the peak velocity decreases with the
distance from the central axis, and the velocity
profile is flattened. The maximum velocity
seems to reach a value of 1.5m/s, at an
horizontal distance of 40mm away of the wire
electrode.
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Fig. 4: Peak corona wind velocity vs. the
vertical distance between the electrodes, L. and
the wing inclination angle, a.

x=40mm.

3.2 Hot Experiments
Following the above observations, the hot
experiments were performed with the
following optimal geometrical proportions:
d=26mm. L=32mm and a = 6 0 ° . The hot
experiments were conducted by applying two
prespecified heat fluxes to (he plate: q |=257.S

1.5

Development of velocity profile for
positive corona.

The relationship between the peak velocity
of the corona wind vs. the wing gap, d, and
wing inclination angle, a, is shown in Fig. 3.
In this experiment, the voltage was set to its
m a x i m u m possible value without gap

and q2=580.1 W/m-. For both cases the plate
temperature was measured first under free
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for constant heat flux. Here, the Nusscll and
Grashof numbers arc based on a characteristic
length S=A/P where A is the plate area and P
is the plate perimeter.

convection conditions (without corona wind)
and then when the corona wind was applied
under various conditions. For both heat fluxes,
the plate temperature was found to be uniform
over the plate; for the lower heat flux free
convection a value of 54°C was recorded
while for the higher 74°C. When the corona
wind was applied the temperature of the plate
was significantly decreased and performed a
temperature distribution that decreases from
the plate center (below the electrical wire)
towards the plate edge.
Fig. 5 presents the local Nusselt number
versus the local Reynolds number. The
Reynolds number is based on the maximum
velocity. The experimental results seem to
perform a linear relationship between Nussclt
and Reynolds numbers, with reasonable
distribution of the experimental points. The
linear relationship can be correlated by a
simple curve-fitting empirical expression of
the form of:
3

=—=0.382+9.7 1CT3 Re
k

Hullmv Symbols: Cnrua-i Win.l
10

I.

4. Conclusions

(2)

«=60".q "=257.8 W/m2

-a
A

a=65",c '=257.8

o

a=55".q '=257.8

o

a=60". q =580.1
- Eq.(2)
-Eq.(l)
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The performance of an electrostatic
blower which consists of a long stretched thin
wire electrode confined by two inclined wings,
has been studied experimentally. A
combination of a wing gap of 26mm. a vertical
distance between electrodes of 32mm. ami a
wing inclination angle of 60 degrees was
found to be optimal The local Nusselt number
resulted by a corona wind is upper-bounded by
that resulted by a forced convection How. The
average Nusselt number resulted by a corona
wind is lower-bounded by that
resulted by
a free convection mechanism.

Also plotted in this figure is a classical
empirical correlation for forced convection due
to parallel flow over an isothermal plate [111:
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Fig. 6: Comparison between experimental
and theoretical Nu vs. GrPr numbers.
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Fig. 5: Comparison between experimental
and theoretical Nu vs. Re numbers
Figure 6 presents a comparison between the
present results and free convection models.
Two empirical correlations [1 1], for the
average Nusselt number, are shown:
Nu=0.54(Gr s Pr) 1/4

(3)

for constant plate temperature, and
Nu=0.13(Gr s Pr) 1 / 3

(4)
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Abstract

4. The heat transfer coefficient is consiani.
5. The ambient temperature is consiani.
6. The problem is one-dimensional.
7. The thermal contact resistances are negligible.
8. No heat sources or sinks exist within the fin.
9. The fin tips are insulated.
10. The fin base temperature is uniform.
1 !. The heat rate from the fin sides is ne<rlkribk\

A general method of analysis is presented for
heat transfer through a heat sink composed of
rectangular fins attached to each other in orthogonal
fashion. By treating each fin in the array as a single
fin and considering its place in the array through the
boundary conditions, the analysis of the problem is
reduced to the solution of a system of linear
algebraic equations. Furthermore, an analysis of fin
performance and optimum dimensions is presented.
For design purposes the results are presented
graphically and in simple correlations.

1. Introduction
Heat transfer analysis of single fins has been
extensively studied in the literature and the
solutions for various fin geometries are well
documented. However, heat transfer analysis of an
array of fins is a complicated matter and only a
limited number of papers are available in the
literature.
The method of analysis proposed by Kern and
Kraus [1] involves the simultaneous solution of a
set of ordinary differential equations associated with
each of the fins in the array. If the differential
equations can be integrated, the problem becomes
one of solving a system of linear algebraic
equations associated with the determination of the
integration constants.
Kraus et. al. [2] proposed a method of solution
based on a new parametrization of the fin. By using
a thermal transmission matrix the thermal
conditions at the fin tip (heat flow and temperature
excess) are derived from the thermal conditions at
the base. In this way, all the fins in the array are
cascaded via matrix operations. Kraus and Snider [3]
presented solutions for composed fin arrays of
annular fins and spines. Razelos [4] used a
computer algorithm to solve more complex fin
arrays by the same method. The method has been
summarized in Kraus [5]. Mikhailov and Ozisik [6]
described a straightforward finite-elements procedure
for heat transfer analysis of a composed fin array.
This paper presents a study of the optimum
performance of composed fin arrays. We adopt the
approach of Kern and Kraus [1], the only difference
being that the equations are solved numerically. In
this way we were able to solve problems of
composed array fins having many orthogonal fins.

Fig. 1: Schematic diagram of a composed fin array.
Based on the above assumptions,
differential equations can be dcicrmincd
stem and orthogonal fins |7j. The general
can be derived for the stem and orthogonal

common
for ideal
solutions
Tins:

respectively.
A number of boundary conditions can ho applied
to such a fin svstcm.
base temperature:

<b

X , = I)

= I

junction temperature:

< t > X i = i = <t>

=o -

y ,=n=<l>,

deb

tip insulation:

CJt

junction heat balance:
d(b

, - >

V. = ( ) +

X, = 1 ~~ -

2. The Theoretical Model

L,

The postulated model for solving the heat
transfer equations of a composed fin as shown
schematically in Fig. 1 is based on the following
assumptions [1,7]:
1. AH the orthogonal and stem fins are rectangular.
2. The thermal solution is steady-state.
3. The thermal conductivity is constant.

dx i + l

=0

and for the last junction the lasl lerm of ihc lasi
boundary condition is omilled.
According lo the above formulation, wo were
able to solve the problem for composed fins and to
determine the temperature distribution wiih n
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junctions by 5n linear equations with 5n
' unknowns: Aj, Bj, Q , Di and <$/[.
The equations were solved numerically by the
method described by Conte and De-Boor [8] and by
Press et. al. [9] for unity width. In order to confirm
the numerical models, the solution was compared to
the analytical solution of Kern and Kraus [1] (for a
maximum of three junctions) and the solution of
Kraus [5] which is based on the thermal transform
equations. The results were almost identical.

efficiency decreases for any fin parameter. This is
due to the increase of both fin heal dissipation and
maximum heat dissipation, but not al the same
quantity. When 0 junctions is indicated, it means
that a common rectangular longitudinal fin is
concerned, and n(l + 2G) in Eq. (3.2) is replaced by

3. Efficiency

A least-material optimum fin is defined by
geometrical considerations and leads to maximum
heat dissipation for a given mass. The following
optimization procedure is the same as thai used for
common fins in Kern and Kraus 11 ] and in Kalman
et al. [10], [11]. The heat dissipated by the fin is
defined by applying Fourier's law of conduction at
the composed fin base:

4. Optimum Performance and
Dimensions

The efficiency of a composed fin is defined like
ordinary fins, namely, the heat dissipated by the fin
divided by the heat that could have been dissipated if
the temperature of the whole fin was kept equal to
the base temperature. This can be postulated
according to Fourier's law of conduction for the
numerator and Newton's law of convection for the
denominator.

-kS X| Z(T ( ) -T«

dd>

(4.1)

x,=O

Qfin

- k Sxx , Z ^ >
L XI

dx.

x,=0

(3.1)

The fin mass is defined bv ils volume:

h(T 0 -T oo )Zl(2L xi +4L y .
i l

M = Vp = Z p l ( 5 x . Lx. +28V. Lv.

Using equal fin lengths and thicknesse, fin
length ratio G = L y . / L x . , and the fin parameters

where Z is the width of the fin (throughout ihis
paper it actually was taken inlo account as unity).
and by using the fin length ratio. Eq. (4.2) becomes
(for Lv =L V and 5V =8,. ):

nifx. and rnfy. and the relation between them
rrify. =Girif x ., Eq. (3.1) can be written more
simply as:

= Z p n 5 x L X i (I + 2G)

X|=0

(4.3)

(3.2)

m~ n(l + 2G)

The heat transfer rate per unit mass (whose
maximum rate determines the optimum fin) is
determined by dividing Eq. (4.1) by Eq. (4.3). and

Eq. (3.2) can be solved numerically for any fin
length ratio G and fin parameter nifx . The

further normalize the heat rate by hZ~(T () -T.,.)

solutions of efficiency of the composed fin. versus
the fin parameter for G=0.5 and various number of
junctions are shown in Fig. 2.

and the fin mass by p Z' to yield:
_q_

Bi L>

n(l + 2G) dx,

X|=(>

(4.4)

1.0

5=5

G=0.5

tr
A

*

0.6

c

g

The optimization procedure can be conducted by
locating the geometrical conditions that give the
heat transfer rale per unit mass a maximum value.
These maximum values were gathered into a single
and continuous line which describes the optimum
fin. The procedure was conducted numerically. Alter
a maximum was found. L/Z was slightly increased
and a new maximum is searched. By multiplying
the non-dimensional heat per mass and dividing the
non dimensional fin thickness by ihe Biol number
we attained unique lines for all the properties
considered, such as base and ambient temperatures,
thermal conductivity, and heat transfer coefficient.
In the logarithmic coordinates, the optimum heat
transfer rate per unit mass as well as the optimum
thickness appears to be linearly dependent on the Jin
length as shown in Fig. 3.
Fig. 4 presents the optimum heat transfer rate
per unit mass of n junctions divided by the

0 Junctions
- \ Junctions

0.8

- 2 Junctions
3 Junctions

— - -4 Junctions
5 Junctions

0.4
0.2
0.0

2
3
Fin Parameter, m

Fig. 2: Efficiency of composed fins for various
number of junctions.
All the solutions demonstrate that the
maximum is reached without the presence of the fin
( m fx, = 0) which is a common observation and has
been explained in other studies. It is interesting- to
note that by increasing the number of junctions the
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optimum heat transfer rate per unit mass of an
ordinary fin (n=0) of the same volume versus the
number of junctions. According to this figure, it
seems that composed fins are preferable to ordinary
ones up to 4 junctions, when the dimensions are
acceptable from an engineering perspective.

heat rate. [W]
heat dissipated by the fin | W |
)irmx maximum heal dissipated by a fin (W|
T temperature [K]
T M temperature of surroundings |K|
c

V
x
X
y
Y
Z
8
r\
p

fin thickness |m|
fin efficiency
density of material |kg/mM
<J> normalized temperature = ( T - T ^ A T Q - T , , . )
Sub and super scripts
fin base
0
* non dimensional parameter
1 order of fins in ihe array
x x direction - stem
y y direction - orthogonal

52

a

r-

S

ur1

o.ooi

fin volume |nv 1 ]
normalized distance from stem fin base
distance from stem fin base | m |
normalized distance from orthogonal I'm base
distance from stem fin base | m |
fin width |m|

.000

Fig. 3: Normalized heat transfer rate per unit mass
and normalized thickness of optimum fins.
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Abstract

brated Cole-Hopf transformation. However,
when transforming the boundary conditions,
some complication may show up.

The present investigation employs eigenfunction expansions to solve the Burger's equaThe present investigation employs eigention. The nonlinear partial differential equa- function expansions to solve the Burger's
tion is reduced to a system of first order differ- equation without using the Cole-Hopf transential equations for the temporal component formation.
of the solution.

2

1 Introduction

Analysis

Consider the Burger's equation
One of the best-known model equations in
mathematical physics is the Burger's equation Ut + uux = uxx. This equation describes the conflict between cumulative nonlinear distortion due to convection and the
competing linear diffusive processes that this
distortion evokes. The Burger's equation is
essentially a mathematical model written out
in an intuitive manner to represent some features of the Navier Stokes equations. This
equation has a beautiful structure and has
the distinctive feature that it can be exactly
linearized to the heat equation by the cele-
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du
du
1 d2u
"57 + " a T = T5f5I7> 0 < x < l ,

*>0(l)

subject to the following initial and boundary
conditions

We make use of an auxiliary eigenvalue problem

CO

in 0 < x

dx2

NT

(3)

(4)

7 1 = 1 jfc=l

which gives i>n{x) — sinAna;, where An =
nir, n — 1,2,... Introducing the following
eigenfunction expansion

= S^ f (x t)

(7)

n=1

where

*)r»(0

(5)

n=l

fn{x,t)=

into Eq. (1) and rearranging yields
Expand fn(x,t)

as follows

(8)

where
n=l

So fn(x,t)if>j(x)dx
(6)

So'I
/o1 #

where prime denotes differentiation.
We aim at obtaining an expression of the
oo

type ^ ipn(x)[function of time] = 0 in or-

= /y

n=l

der to obtain an ordinary differential equation for the temporal solution component.
with
According to Cauchy's summation rules,
the second term in (6) can be rearranged as
Cnik —
follows
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(9)

Thus,

(14)

n = 1,2,...

(11)

From the initial condition we. have

71=1 i = l

Jo

Changing dummy induces n and i in Eq. (11)
and reversing the order of summation gives

n—

Equations (14) constitute an infinite system
of nonlinear ordinary differential equations.
For practical computations, this system is
truncated to a finite number of equations,
say, N. These equations subject to initial
conditions (15) can now be solved by standard packages for the numerical solution of
systems of ordinary differential equations.

n = l «=1

2s 2^
i=l n = l

oo

wn\x)ax

oo

E M*) E Fin{
n=1

71=1 i=\

3

i=1

Example

(12) For f(x) = sin27ra; and Re = 50, we obtain
the results shown in Fig. 1

n=l

Invoking (3) and (12) in (6), we obtain
Re=50

n=l

(13)

,Since, in general, il>n(x) are not zero, we must
have

-1
-t=o—t=o.i —t=o.2 —t=o.e

\2

oo

i

'i + -^r
Re n + E E Ci
i-\ k=\

— o,

t=o.8

Fig. 1. Velocity distribution for f(x) =
sin 2Kx and Re = 50.

FLOW AND HEAT TRANSFER IN COOLING MICROCHANNELS WITH PHASE-CHANGE
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ABSTRACT
The subject of the present work is the parametrical
investigation of hydrodynamic and thermal characteristics
of laminar flow with phase-change in a heating
microchannels. The study is based on the quasi-onedimensional model of non-isothermal capillary flow. This
model takes into account the evolution of flow, heating and
evaporation of the liquid, as well as the influence of
capillary, inertia, friction and gravity forces. The effect of
various parameters (sizes of microchannel, initial
temperature of cooling liquid, wall heat flux etc.) on
hydrodynamic and thermal structures of the flow, the length
of heating, evaporation and superheat regions is studied.
The specific features of the phenomena is discussed.
1. Introduction
Fluid flow in a heated capillary attract the attention
of investigators in large measure because of their wide use
in cooling systems of electronic devices. Beginning from
the work of Tuckerman and Pease [1] attention has been
paid mostly on single phase fluid flow in microchannel
(Weisberg et al. [2]; Peng and Peterson [3]; Wu and Little
[4]; Bailey et al. [5]). Although single phase flow in
microchannels can effectively cool miniature devices, they
present some inherit disadvantages, like large pressure
drop and streamwise increases in the heat sink temperature.
As opposed to that, two phase heat dissipation can achieve
very high heat fluxes with low flow rate while maintaining
a relatively constant surface temperature. The experiments
of Bowers and Mudawar [6] conducted on boiling flow in
mini and microchannels demonstrated that high value of
heat flux can be achieved. Nowadays, there are a number of
models of the evaporation liquid/ vapour meniscus in a
capillary slot (Landerman [7], Khrustalev and Faghri [8]).
An evaporation two phase flow model that takes into
account the multistage character of the process as well as
the effect of capillary, friction and gravity forces was
proposed by Peles et al. [9] and Hetsroni et al. [10]. The
aim of the present work is the analysis of the two-phase
non-isothermal flow in a heated microchannel, which is
based on the quasi-one-dimensional equations for capillary
flow suggested by Peles et al. [9].
2. Governing equations
Figure 1 shows schematically the flow regions
occurring in a capillary slot during phase change. The
first region (heating region) is the region where the liquid
temperature increases, beginning from the inlet up to the
evaporation region. As the liquid temperature increases to
its evaporation temperature, phase change begins, and halts
at the superheating region inlet, where dry out occurs.
The quasi-one dimensional equations of the mass,
thermal and momentum balance, describing the evaporation
two phase flow and heat transfer in a heated capillary, were
in troduced as eqs. [5 4] - [58] in Peles et al. [9], The
equations were then supplemented by equation [59] - [62]
(Pcles et al. [9]).
3. Numerical calculation
The subsequent calculations were performed for laminar
flow of water (p ( 2 ) = 10 3 kg/m 3 ,c p = 4.19 kJ/kg-K, P =

IL0006687

0.059 N/m, q ev = 2256 kJ/kg, 9 = 0.67 rad) in a vertical
slot height 1.5 d mm. The inlet water temperature T ^ ,
gap-size d, heat flux q and gravitational acceleration g
were varied within the limits;
273 <
T

S\ < 3 7 3 t K ] . 1 < d < 500[nm], 10 < q
< 600 [W/cm2], 1 < g < 600 [m/s2]. The following non
dimensional parameters were chosen:

[10]
The calculations show that

,(2);
P-^j
,

for a fixed vapor

evaporation pressure, depends very weakly on T ^ . d and
q at large Euler numbers. For example, the variation
0.52<^<0.68, 4xl04<d<2xl07;
10~8 < q < 2.5 x 10~7 corresponds (at Eu > 108) to less
than 0.02% change in P - ^ . The temperature in the
meniscus symmetry point T 20 equals the saturation
temperature T s . Since the pressure drop in the liquid
region of the capillary flow is small it is possible to assume
that T s corresponds to P ^ . The estimations show that
such assumption does not effect practically, the results of
the calculations.
4. Results and discussion
The effect of the inlet liquid temperature, the size of
the capillary gap, the wall heat flux and gravity on the
hydrodynamic and the thermal characteristics of the flow in
microchannel were studied. These data show that the
preliminary heating of the liquid (increase of Tjn^) is
accompanied by displacement of the meniscus toward the
inlet of capillary. In accordance with that the length of the
liquid region of the flow (x %) decrease whereas the length
of vapour region increase. Noteworthy that the length of the
evaporation region (as well as the shape of interface
surface) does not depend on T-^.
Increasing the inlet liquid temperature causes the
expansion of the vapour region, leading to a vapour
temperature and velocity growth at the outlet. The latter is
accompanied by a significant change of the microchannel
drag. The calculation has shown that the decrease in the
liquid region drag is smaller than the growth of the
hydraulic drag at the vapour region. As a consequence the
total pressure drop between the inlet and outlet cross
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1. Introduction
Fluid flow in a heated capillary attract the attention
of investigators in large measure because of their wide use
in cooling systems of electronic devices. Beginning from
the work of Tuckerman and Pease [1] attention has been
paid mostly on single phase fluid flow in microchannel
(Weisberg et al. [2]; Peng and Peterson [3]; Wu and Little
[4J; Bailey et al. [5]). Although single phase flow in
microchannels can effectively cool miniature devices, they
present some inherit disadvantages, like large pressure
drop and streamwise increases in the heat sink temperature.
As opposed to that, two phase heat dissipation can achieve
very high heat fluxes with low flow rate while maintaining
a relatively constant surface temperature. The experiments
of Bowers and Mudawar [6] conducted on boiling flow in
mini and microchannels demonstrated that high value of
heat flux can be achieved. Nowadays, there are a number of
models of the evaporation liquid/ vapour meniscus in a
capillary slot (Landerman [7], Khrustalev and Faghri [8]).
An evaporation two phase flow model that takes into
account the multistage character of the process as well as
the effect of capillary, friction and gravity forces was
proposed by Peles et al. [9] and Hetsroni et al. [10]. The
aim of the present work is the analysis of the two-phase
non-isothermal flow in a heated microchannel, which is
based on the quasi-one-dimensional equations for capillary
flow suggested by Peles et al. [9].
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q at large Euler numbers. For example, the variation
0.52 < Tig) < 0.68, 4 x 10 4 < d < 2 x 10 7 ;
10~8 < q < 2.5 x 10~7 corresponds (at Eu > 108) to less
than 0.02% change in P - ^ . The temperature in the
meniscus symmetry point T 20 equals the saturation
temperature T s . Since the pressure drop in the liquid
region of the capillary flow is small it is possible to assume
that T s corresponds to P^/ t . The estimations show that
such assumption does not effect practically, the results of
the calculations.
4. Results and discussion
The effect of the inlet liquid temperature, the size of
the capillary gap, the wall heat flux and gravity on the
hydrodynamic and the thermal characteristics of the flow in
microchannel were studied. These data show that the
preliminary heating of the liquid (increase of T-jy) is
accompanied by displacement of the meniscus toward the
inlet of capillary. In accordance with that the length of the
liquid region of the flow (x * ) decrease whereas the length

2. Governing equations
Figure 1 shows schematically the flow regions
occurring in a capillary slot during phase change. The
first region (heating region) is the region where the liquid
temperature increases, beginning from the inlet up to the
evaporation region. As the liquid temperature increases to
its evaporation temperature, phase change begins, and halts
at the superheating region inlet, where dry out occurs.
The quasi-one dimensional equations of the mass,
thermal and momentum balance, describing the evaporation
two phase flow and heat transfer in a heated capillary, were
in troduced as eqs. [5 4] - [58] in Peles et al. [9]. The
equations were then supplemented by equation [59] - [62]
(Peles et al. [9]).

of vapour region increase. Noteworthy that the length of the
evaporation region (as well as the shape of interface
surface) does not depend on T - ^ .
Increasing the inlet liquid temperature causes the
expansion of the vapour region, leading to a vapour
temperature and velocity growth at the outlet. The latter is
accompanied by a significant change of the microchannel
drag. The calculation has shown that the decrease in the
liquid region drag is smaller than the growth of the
hydraulic drag at the vapour region. As a consequence the
total pressure drop between the inlet and outlet cross

3. Numerical calculation
The subsequent calculations were performed for laminar
flow of water (p ( 2 ) = 1 0 3 k g / m 3 , c p = 4.19 kJ/kg-K, (3 =
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2
sections of the microchannel increase as the liquid
preliminary heating increases.
The effect of capillary gap-size on the interface
surface, vapor velocity and the difference of pressure and
temperature between inlet and outlet cross sections of the
microchannel was studied. Increasing the capillary gap size
(d) leads to the expansion of the liquid region. This effect is
explained as follows: at the fixed values of the other
parameters an increase of d leads to a growth in the total
mass flux of the liquid through the capillary. Since the area
of heat transfer surface and wall heat flux are invariable,
the energy per unit mass of liquid decrease. Accordingly
the heating rate of the liquid decreases too. The latter is
accompanied by a displacement of the meniscus toward the
outlet cross section and therefore x „, increases. The length
of the evaporation region increases proportionally to the
size of the gap, whereas the (X *„, - x „ )/d ratio does not
depend on d. The latter shows that the shape of the
interface surfaces are similar for various d. The decrease of
the superheat region length with gap-size growth leads to a
decrease in the outlet vapor velocity and temperature.
The effect of gravity on the liquid and vapor
parameters in the inlet and outlet cross section is also
studied. It is seen that an increase in the gravity is
accompanied by a significant growth of the liquid pressure
Fml . At the same time an increase of the vapor pressure in
the outlet cross section is observed. However, the rate of
liquid and vapor pressure growth are very different. This
causes an increase of the difference Ap = pVjy - p^J t as
gravity increase as well as the sign change at some value of
g. The temperature difference AT = T^p - T ^ t
and
vapor velocity in the outlet cross section of the
microchannels practically do not depend on gravitational
acceleration.
The effect of wall heat flux on the length of the
heating and evaporation regions, vapor velocity,
temperature and pressure in the outlet cross section is
shown in Fig. 2 - 3. These data illustrate some important
features of capillary flow at large Euler numbers.
As was shown in Peles et al. [9] at Eu > 10 8 the
mass flux through the microchannel is directly proportional
to the wall heat flux. In this case the energy per unit mass
of liquid absorbed from the wall does not depend on the
value of the heat flux. As a consequence the length of the
heating and evaporation regions as well as the liquid and
vapor temperatures are invariable on q. This phenomenon
which may be called "The effect of self-regulation" has an
important meaning to estimate the limiting permissible
thermal states of the system with phase change of a cooling
liquid.
5. Conclusion
A quasi-one-dimensional equation of non-isothermal
capillary flow is applied to study parametrically the
thermohydrodynamic characteristics of two-phase flow in a
heated microchannel. It is shown that a self-regulated
regime of flows may be realized at large Euler number. It
is significant to note that at these flows the liquid mass flux
through the capillary is directly proportional to the heat flux
on the wall. Under this condition the length of the heating,
evaporation and superheating regions as well as the
temperature distribution, practically, do not depend on the
wall heat flux.
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Figure Captions
Fig. 1 Flow scheme
Fig. 2 The effect of wall heat flux on the meniscus
position
a) the dependence of x*(q)
b) the dependence of x***(q)
c) the dependence of Ax(q)
Fig. 3 The dependencies of vapor temperature, pressure
on a velocity in outlet cross section of capillary on
heat flux on the wall

a) the dependence AT(q)
b) the dependence u^\q)
c) the dependence Ap(q)
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The heated test section is shown in figure l.Two
types of macro-scale roughness were used to disturb
the flow:

Abstract
The present work deals with an experimental
study of a temperature field on the wall in turbulent
flow. The measurements of the local, instantaneous
and average temperature of the wall were carried out
by the hot-foil infrared technique. The detailed data
on the average and fluctuation
temperature
distributions are presented. It is shown that
temperature fluctuations, as normalized
by the
difference between the temperatures of the
undisturbed fluid and the wall, do not change.

windows

Introduction
Heat transfer in turbulent flows over smooth walls
have attracted attention of a number of investigators
for the last decades. The results of numerous
researches devoted to this problem are presented in a
number of publications dealing with the effect of ribs,
coarse particles etc. on convective heat transfer in
turbulent flows (Han [1], Han et al. [2], Hirota et al.
[3], Hetsroni et al. [4]). These works contain, mainly,
the data related to the mean characteristics of the
flow. This does not allow one to estimate the specific
features of heat transfer in the immediate
neighbourhood of the wall. For better understanding
of the real mechanism of heat transfer from smooth
and rough walls to a fluid, of great importance is the
study of temperature fields on the walls. The aim of
the present study is to investigate instantaneous and
average temperature fields on the heated surfaces of
smooth and rough walls in developed turbulent
channel and pipe flows, as well as the effect of
macroscale roughness on the heat transfer intensity.

pipe

Fig. 1: Test section
a single cylinder d = 4-10~3m placed on the wall in
the spanwise direction and lattices of spheroidal
particles. Their parameters are given in Table 1.
Roughness
type

Diameter
d, mm

cylinder
lattices:
Ml
N2
N3

4.0
5.0
3.9
2.7

Streamwise
pitch
Pst, mm

Spanwise
pitch
Psp, mm

35
15
11

8
7
6

Table 1: Roughness type
The information on the temperature field was
obtained by using an infrared technique.

Experimental Facility
To study the temperature fields on the smooth and
rough walls in the range of Reynolds numbers from
Re = 5,500 to 68,.500, two experimental loops were
used (Re is based on flow depth or on inner pipe
diameter for channel or pipe flow, respectively). The
open channel is described by Hetsroni and Rozenblit
[5], therefore we present here only the pipe loop. It

Results
Thermal pattern on the wall
The structures of
temperature fields over the
smooth wall and wall with roughness in the form of
spherical particles are shown in figures 2a - 2c.
Figure 2a shows the temperature field on the wall
without the lattice. We can see typical instantaneous
thermal streaks over the wall. Figure 2b shows the
infrared image created by lattice No. 1 (Table 1)
inserted in the pipe. The image in figure 2b is darker
than the previous one. It means that the wall

includes a 4.9-10'2 m inner diameter plastic tube,
section for the temperature measurement, a pump and
flowmeter. The constantan heater was made of 50 um
thick foil.
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temperature is lower, thus the heat transfer coefficient
is higher.

Dependence of sT on x/H in the channel flow
over the smooth wall is plotted in figure 4, where x is

Fig. 3: The level of heterogeneity vs time of
averaging

20 °C

25 °C

Fig. 2: Structures of thermal fields
The image in figure 2c is the darkest, in this case the
lattice No. 3 is mounted. There are only small
"islands" of the high temperature since the flow is
completely
disturbed
by the
lattice.
The
measurements show that the increase of Reynolds
number leads to significant decrease of
wall
temperature.

Fig. 4: Dependence the level of temperature
fluctuations in the streamwise direction (open
channel)

Distribution of temperature fluctuations
The study was performed in a channel flow. We
use
RMS(T) of the spanwise
temperature
distribution as a measure of average temperature
heterogeneity in the given cross section, to study the
behaviour of the temperature field on the smooth
wall vs. time. The dependence of the RMS(T) vs t a v
is shown in figure 3,
where t av is the time of
averaging. These data show that the level of
heterogeneity of the temperature field decreases with
increasing the averaging time. This
effect is
connected to the migration of thermal streaks in the
spanwise direction and leads to smoothing of average
temperature field at large time averaging intervals. It
shows that the probability of thermal streaks, within
any regions of the wall, is the same. Hereafter we
study the behaviour of temperature fluctuations
averaged during time interval t av = 300s. We
estimated the intensity of temperature fluctuations as
sT = RMS(T)/Tw, where Tw is time averaging wall
temperature, K, at a given point.

the distance from the heater edge, H is the flow
depth. It can be seen that at values of x/H > 1.5 ST
does not change in the streamwise direction.
It is consistent with fact that the intensity of
streamwise velocity fluctuations s u does not change
downstream in the developed turbulent channel flow
(e u = u'/U, where u' and U are RMS of velocity
fluctuations and mean flow velocity respectively). It
should be noted that the value of BJ depends on the
heat transfer coefficient a. This phenomenon was
studied both theoretically and experimentally.
For the simplest type of flow disturbances
(harmonic fluctuations of velocity) Hetsroni et al. [5]
showed that:
sr <x>suqTf I a
where q is the heat flux; Tf is the mean fluid
temperature, K. This equation shows that &,. is
proportional to the heat flux and inversely
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of the temperature fluctuations on the surface of
the smooth wall is directly proportional to the heat
flux on the wall and inversely proportional to the heat
transfer coefficient. Existence of the macro-scale
roughness on the wall (a single cylinder, lattice of
spherical particles) leads to the destruction of the
thermal streaks structure.

proportional to the heat transfer coefficient a. The
experimental examination of this correlation was
carried out in the pipe flow.

looocr
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Fig. 5: Dependence of the temperature fluctuations
level on the heat flux and heat transfer coefficient
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The result for the smooth wall is plotted in figure 5
as the dependence of s T on q/a at various q and Re
numbers.
The disturbance of flow by macro-scale body
leads to significant
change
of temperature
fluctuations near the disturbing body. However, the
level of temperature fluctuations approaches the level
over the smooth wall at the large distance from
roughness.
Heat transfer coefficient
The effect of macro-scale roughness on heat
transfer in a pipe flow is illustrated in figure 6. It is
seen
that macro-scale roughness in the form of
spherical
particles
leads
to the noticeable
enhancement of heat transfer coefficient. This effect
depends on parameters of lattice and can obtain
200-300% as compared with undisturbed flow.
Conclusions
The temperature distributions of the smooth and
rough walls in the developed turbulent flow, in an
open channel and a pipe, were studied by using
infrared thermography. It is shown that the
instantaneous temperature fields on the heated walls
possess a clearly expressed streaky structure, whereas
the average temperature fields are practically
uniform. The measurements show that the intensity

373

Re
Fig. 6: Dependence Nu number vs Re number (pipe)
This process is accompanied by a sharp
transformation
of
average
and
fluctuations
temperature fields and increasing of the heat transfer
coefficient by 200-300%.
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EXCHANGE OF ENERGY BETWEEN A MOVING BLADE AND A LIQUID.
S.Yedidiah
Centrifugal Pump Consultant
89 Oakridge Rd.
West Orange, NJ 07052
ABSTRACT.
This paper discusses the physical meaning of
different equations for calculating the head developed
by a rotodynamic pump.
The conclusions arrived at, however, relate to the
whole family of engineering disciplines which originated
from these equations.

NOMENCLATURE.

A

= distance from inlet-tip, in axial direction

B

= blade width

CE = equivalent velocity-component of the liquid, in

INTRODUCTION.
The exchange of energy between a liquid and a
moving blade forms the basis of a whole family of
different fields of engineering.
Consequently, the findings which we present here in
relation to the operation of rotodynamic impellers, are of
importance also to all other disciplines which originated
from the interaction between a liquid and a moving
blade.
We start with a study of the physical meaning of the
most popular equations which express the head
developed by a rotodynamic impeller. These are:

a. Euler's equation

the direction of U
CL = Lift coefficient
Cm = meridional velocity-component of the liquid
Cu = velocity-component of liquid in direction of U
E
= energy per unit of time (power)
g
= acceleration due to gravity
H
= total head
K
= coefficient used in equations
L
= length of chord of a blade-segment
Q
= flow-rate of acted-upon (pumped) liquid
Q, = flow-rate between two consecutive blades
(=Q/Z) .
Qv
= volume of liquid displaced by a moving blade
AQV = volume displaced by a finite blade-element
AA
R
= radius
t
= pitch of blades (= 2nR/Z)
U
= peripheral velocity of a blade
W = relative velocity
Z
= number of blades
pb = blade angle (=pw + X)
Pw = angle of relative velocity
p
= density
cj
= angular speed, rad/sec
T)
= efficiency
X
= angle of incidence

and

b. An equation based on the aerofoil theory.
For simplicity, we shall restrict our studies to a
cylindrical section through an axial-flow impeller,
developed on a flat surface.
THE PHYSICAL MEANING OF EULER'S EQUATION.
Euler's equation for the head developed by a blade
of an axial flow pump is::
H = U (Cu2 -Cul) / g
(1)
Multiplying the head by the mass-flow of the liquid,
we get the amount of power E transmitted by the blade
to the liquid:

E=pQU(C u 2 -C u l )

(2)

Since U = (distance /Time), equation (2) can be rewritten as:
E = (pQ) [(Cu2- Cu1) / Time] * Distance
(3)
The first term on the right is mass-flow, and the
second is acceleration. Together, they express force
divided by time. Since the direction of U and of Cu are
identical, equation (3) expresses the DOT-product of
force times distance, divided by time. This means that
Euler's equation is simply a direct definition of the power
transmitted by the blade to the liquid.

THE PHYSICAL MEANING OF THE EQUATION
BASED ON THE AEROFOIL THEORY.
According to the aerofoil theory, the head developed
by the blades of an axial flow pump is given [1] by the
following equation:

SUBSCRIPTS.
av = average value
1
refers to the leading edge of a blade
2
refers to the outlet-tip of a blade
n
refers to the n-th element of a blade
n-1 refers to the preceding blade-element

LUW 2 a v Sin(P w +A)
H = CL-

• (4)

2g t Cm Cos X
or (See Fig.1.):
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LU(U-Cuav)2 Sin((3w + X)

LUCm*Sin(pw + X )

Number of

bladesj

Z = 6

2gt Cm Cos X

2gt Cm Cos X
(5)

For the purpose of our study, whenever Cm2 is small
relatively to (U-Cuav)2 we can replace W2av by (U-Cua,)2.
In that case, equation (4) can be approximated by the
following equation:
« (U-Cuav) [Z(U-Cuav) L Sin 0 J
H « CL

(6)
4ng Cm Cos X

When a blade of width B is moving, it displaces a
volume of liquid equal to (U-Cuav) B L Sin Pb.
This
means that the expression in the square bracket of
eq.(6) represents the volume of liquid displaced by a
blade of unit width (B=1), per unit of time: multiplied by
the number of blades.
This leads to the following conclusion:
Euler's equation, although absolutely true, tells us
only a part of the whole truth. It tells us nothing about
the effect of the number of the blades and of the
volume of liquid which these blades are displacing in a
unit of time.
By law, a proof is valid only, if it is based on "The
truth, the whole truth, and nothing but the truth". Each
of the discussed equations tells us the truth, but not the
whole truth. The resulting implications are best
illustrated by the results of tests performed on 6impellers of identical axial sections, identical number of
blades and identical inlet- and outlet-angles [2],(Fig.2.).

Fig.2. Geometry of the impellers discussed in Ref.[2].

opt

1300 KPM
6-bladcs
$1= 18° 30'
R,= 30°

Fig. 1. Some of the symbols used in equations.

I t

According to all major slip-theories which are based on
Euler's equation, All these impellers were expected to
produce identical QH-curves. In reality, however, each

0

1

2 q/Qd

Fig.3. Performance of the impellers shown in Fig.2
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To be able to transfer power to a liquid, a blade has
to increase the velocity-component of the liquid in the
direction of the motion of the blade. Such an increase
can take place only, if the blade is displacing a certain
volume of liquid per unit of time.
The volume Qv displaced by a moving blade in a
unit of time is equal to the projection of the blade-area
on a plane perpendicular to the motion of the blade,
multiplied by the difference between the blade velocity
U, and the velocity-component Cu with which the liquid
is moving in the direction of U. This can be expressed
as follows (See Fig.1.):

of these impellers has developed a completely different
curve [2],(Fig.3.).
The aerofoil theory does not share a better fate:
Equation (4) tells us nothing about the effect of the
changes in the C^-component of the liquid on the
developed head.
Here is an example of some of the implications:
According to equation (4), the head is expected to
increase with blade-length: - without any limitations.
In reality, however, it increases only up to a solidity of
L/t=1 [3]. After this, it remains constant (Fig.4.).
Head coefficient

0.6

0.8

_L
1.0

1.2

J_
1.4

1.6

Qv = ( U - C u a v ) B L S i n p

_L
1.8

(7)

Where B is the blade-width the direction
perpendicular to the plane of the illustration.
If the action of the blade will change the magnitude
of the Cu-component of the liquid from Cu1 to Cu2, then
the power E transmitted by the blade to the liquid will be
equal to:
E = p Q v U(C u 2 -C u 1 )
or

J
2.0

Solidity ///

Fig.4. Effect of solidity on head coefficient (Ref.3.)
E = p B L U (U - Cuav) (Cu2 - Cu1) Sin p

(8)

Equation (8) leads to the following expression for
the head added to the liquid by an impeller (i.e.by Zblades):

This is yet not all:
Let us see what each of these two approaches tells
us about the effect of Cu2 on the developed head,
when Cu1 = 0.
In that case, Euler's equation assumes the form H
= U Cu2/g. This means that the head increases directly
as C u2 . With regards to aerofoil theory, as
C ^ ^ C ^ + C ^ ) , therefore, when Cu1=0, then

= Z [ B L U ( U -Cuav)(Cu2 - Cu1) Sin p] / Q.

•(9)

The most significant feature of eqs.{8) and (9) is,
that they address simultaneously all parameters which
were discussed in connection with both: Euler's
equation and the aerofoil theory.
However, the aerofoil theory points also towards the
existence of an additional parameter which determines
the head developed by a moving blade. This parameter
is the shape of the blade. The aerofoil theore takes into
account the existence of this factor, by using the lift
coefficient CL. Equations (8) and (9) can also be
modified in a manner which will take into consideration
the effects of the blade-geometry. This can be
accomplished by subdividing the axial distance between
the inlet- and the outlet tips into finite elements AA
(Fig. 1.)- In that case, the equivalent Cu-component of
the liquid at the outlet tips (CE2), can be calculated by
means of the equation:

LU(U - .5CU2)2 Sin(p+ Y )
H * CL
2gt Cm Cosy
This means that the head H decreases whenever
Cu2 increases .
This contradiction between the two approaches is
not due to some faults in one of them, but simply
because each theory adresses different aspects of the
same process. Conclusion: None of the two theories
discussed above is capable to produce reliable results,
as each of them disregards certain important factors
related to the transfer of power from a blade to a liquid.
Recently, a new approach has been developed,
which takes into account the factors adressed by both:
Euler's equation and the aerofoil theory [4, 5, 6]. Below
are the basic principles, on which this approach is
based.

(Q, - AQvn) CEn., + AQvn Cun
CE =

.(10)
Q,

PRINCIPLES OF POWER-TRANSMISSION FROM A
BLADE TO A LIQUID.

Equation (10)provides us with a direct explanation
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of why, in a constant-pitch inducer of high solidity, the
head increases only up to a certain solidity, and
afterwards remains constant.
In a constant-pitch inducer, the blade angle along a
given cylindrical section of the impeller remains
constant, this means that the magnitude of
Cun
= U - C m Cot p remains constant along the total
distance between the inlet- and the outlet tips. The
magnitude of CE n , on the other hand, increases
continuously with the distance from the inlet tip. This
increase, however, can continue only until C E ^ ,
becomes equal to C un . At that point, most of the terms
of eq.(10) cancel out, and we are getting:
CE n = C E n . r (This means CE = constant).
Eqs. (8) to (10) relate only to blades in which all
elements move in the direction of flow with the same
velocity U (like in an axial flow impeller). However, the
principles on which these equations are based, can be
easily modified for use with a rotating blade [6, 7]. For
such a case, eq(10) can be transformed into:
AQ v n K C un + (Q, - A Q J CE n .,} Rn
•(11)

Q,(R n + . 5 A R n )

CONCLUSION.
we have learned here of new developments in one
single branch of engineering. In addition to providing
ansvers to many phenomena related to rotodynamic
pumps, these findings have already found usefull,
practical applications [6, 7, 8]. This fact is indicating,that
the presented findings can be of great assistance also
in all other disciplines which evolved from the interaction
between a liquid and a moving blade.
This rises the question: How can engineers, who are
specialised in the other related disciplines, learn of the
existence of these findings?
In the era of explosion of information we live in, this
is a question of utmost importance.
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Tested heads, divldad ty
the overall efficiency

0.1

Equation (11) explains not only the differences in
the QH-curves shown in Fig.3, but it can be also of
significant assistance in solving a number of additional
engineering problems [4, 5, 8]. A spectacular example
of the potentials of the developed approach, is given in
Fig.5. We see here that, within the total practical
operating range of the pump, there exists an excellent
agreement between the calculated and the tested
heads.

0.2

Fig.5. Theoretical heads calculated acc.to eq.11, versus
tested heades divided by overall efficiencies.
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Equation (11) explains not only the differences in
the QH-curves shown in Fig.3, but it can be also of
significant assistance in solving a number of additional
engineering problems [4, 5, 8]. A spectacular example
of the potentials of the developed approach, is given in
Fig.5. We see here that, within the total practical
operating range of the pump, there exists an excellent
agreement between the calculated and the tested
heads.

of why, in a constant-pitch inducer of high solidity, the
head increases only up to a certain solidity, and
afterwards remains constant.
In a constant-pitch inducer, the blade angle along a
given cylindrical section of the impeller remains
constant, this means that the magnitude of
C un
= U - C m Cot p remains constant along the total
distance between the inlet- and the outlet tips. The
magnitude of CE n , on the other hand, increases
continuously with the distance from the inlet tip. This
increase, however, can continue only until CE,,.,
becomes equal to C un . At that point, most of the terms
of eq.(10) cancel out, and we are getting:
CE n = CE n .,. (This means CE = constant).
Eqs. (8) to (10) relate only to blades in which all
elements move in the direction of flow with the same
velocity U (like in an axial flow impeller). However, the
principles on which these equations are based, can be
easily modified for use with a rotating blade [6, 7]. For
such a case, eq(10) can be transformed into:

CONCLUSION.
we have learned here of new developments in one
single branch of engineering. In addition to providing
ansvers to many phenomena related to rotodynamic
pumps, these findings have already found usefull,
practical applications [6, 7, 8]. This fact is indicating,that
the presented findings can be of great assistance also
in all other disciplines which evolved from the interaction
between a liquid and a moving blade.
This rises the question: How can engineers, who are
specialised in the other related disciplines, learn of the
existence of these findings?
In the era of explosion of information we live in, this
is a question of utmost importance.

AQvn K Cun + (Q, - A Q J CEn.J Rn
(11)
Q,(Rn + .5 ARn)
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ANALYSIS OF HEAT AND MASS TRANSFER BETWEEN A WET FIN
AND A MOIST AIR FLOW
Boris Abramzon
T.A.T. Technologies, Ltd., P.O.B. 80, Gedera 70750, ISRAEL

ABSTRACT
The paper presents an accurate model of heat and mass
transfer between the wet surface of the heat exchanger fin
and the flow of the moist air. The mathematical model takes
into account the nonlinear character of the relationship
between the saturated humidity ratio and a fin temperature,
and the effect of the Stefan flow on heat and mass transfer.
The problem is solved numerically, by a finite-difference
method. The computational results are given in the range of
parameters relevant for air-conditioning applications. The
accurate solution is compared with the existing simplified
models.

boundary conditions for the temperature distribution along
the fin.
The problem linearity is violated in moist air heat
exchangers where the rate of the latent heat release or
consumption during the vapor condensation or water film
evaporation at the wet surface of fins is a nonlinear function
of the surface temperature and the humidity and
temperature of the air flow. Under these conditions, there
are no apparent advantages to use the fin efficiency since
this value can itself significantly vary from one to another
portion of the extended surface
Complexity of heat and mass transfer process occurring
within the moist air heat exchangers led to a number of
approximate analytical solutions for predicting fin
performance in presence of vapor condensation [3-8]. All
these approximate solutions reduced the problem to the
linear one with respect to the fin temperature, and in that
way allowed to employ the fin efficiency concept.

INTRODUCTION
Firmed heat exchangers of a plate-fin or tube-fin type are
widely used in air-conditioning systems for cooling or
heating atmospheric air. In many applications, the heat
transfer between extended surfaces (fins) and flowing air
occurs simultaneously with the diffusion mass transfer of
water vapor. For example, moisture condensation takes
place on the finned surfaces of cooling or dehumidification
coils and compact refrigerant evaporators. In direct or
indirect evaporative air coolers, the extended surfaces are
wetted by the circulating water, which then evaporates into
the air flow.
Theory of compact heat exchangers operating with a
single phase cooling or heating fluids, such as a dry air is
well documented in the literature [1,2]. This theory makes
an extensive use of the concept of the thermal efficiency of
the heat transfer fin, r). Thus, the heat transfer flux from
the extended surface at either hot or cold side and the flow
in certain element of the heat exchanger is expressed as:

ANALYSIS
Statement of the Problem
The present paper deals with a straight flat fin of uniform
rectangular cross-section shown schematically in Figure 1.
The length of the fin is denoted as L; S fin is the fin
thickness.
kfin is the thermal conductivity of the fin
material. The fin is located in a stream of moist air. The air
flow parameters in the fin vicinity are: temperature Tm,
pressure Pm and the humidity ratio Ww (kg vapor/kg dry
air), the fin base temperature is 7j. As a result of the
moisture condensation from the air stream or of the water
spraying within the heat exchanger, the fin surface is
covered by liquid water in the form of small drops or as a
very thin liquid water film.

q = f(l-Af/A) + (Af/A)tiJh(Th-TJ
where A, Af are the total heat exchanger area and the area
of fins from one side; h is the averaged heat transfer
coefficient; 7&, Tn are the local temperature of the prime
surface (between the fins), and of the flowing fluid,
respectively. Thefinefficiency is defined as a ratio of the
actual heat transferred from the fin surface to that of the
ideal case when the fin material conductivity is infinitely
high so the fin temperature is equal to the temperature of
the fin base.
It may be noted that introducing the fin efficiency has a
sense only if 77 is independent of temperatures Tb, Tx which
can vary considerably along the heat exchanger. This
assumption is approximately valid for single-phase flow
heat exchangers where the heat transfer coefficient h is
usually assumed to be constant. In such cases, the problem
of heat transfer between a fin and a surrounding flow is
governed by a linear differential equation and linear

Fig.l Straight fin geometry
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temperature of the air-vapor mixture; hlg = htg (TJ is the
latent heat of liquid vaporization at the liquid film
temperature Ts ; CPtVap is the average specific heat of the
vapor. The mass transfer Spalding number can be also
expressed through the humidity ratios as:

Although the photographic observations by McQuiston
[5] of moist air dehumidification in forced convection flow
show that the vapor condensation on clean metallic
surfaces, such as aluminum or copper, is mostly dropwise,
the droplets are usually so small and close each to another
that this can be considered from the heat transfer point of
view as an uniform film covering the surface. Special
surface treatment or coating allows to achieve the filmwise
water covering of heat exchanger surfaces and to improve
the total effectiveness of evaporative cooling systems. In
the present study, it is assumed that the surface wettability,
Fwet defined as a fraction of the surface area covered by tie
liquid film, is essentially constant over the fin. For
condensation process Fwet = 1, while for the film
evaporation some portions of the surface can be dry and 0 <

BM = <Wt - Wm) I (1 + Wx).

Subscripts "s'\ "oo " are related the conditions on the fin
surface and at ambient flow, respectively.
If the Stefan velocity is negligibly small, the thickness of
the thermal and diffusion films is calculated as:
5io=L /Nu0;
8MO - L /Sh0,
(3)
where Nu0 = hoL/kg and Sho= fio L/D are the Nusselt and
Sherwood number, respectively. L is the characteristic
length appearing in the definition of Nu, Sh and Re; h0 is
the surface-averaged heat transfer coefficient; fi0 is the
mass transfer coefficient; For a given problem geometry, the
correlations for the Nusselt and Sherwood numbers are
usually written in the similar form:
Nu0 = Nu0 (Re,Pr) = A Re"P/"
(4a)
Sh0 = Sh0 (Re,Sc) = A Re"Scm
(4b)
where Re is the Reynolds number, Py=v/a is the Prandtl
number, and Sc= v/D is the Schmidt number. The values
of coefficients A, m, n for the heat and mass correlations
(4a,b) are similar, with the power m * 0.33 for the
boundary-layer type flows. Therefore, the ratio of the
thermal and diffusion film thickness is SM0 /$TO X Le2/3
where Le = Sc/Pr = a/D is the Lewis number.
The classical film model (Bird et al. [9]) assumes that
the same expressions for the thickness &? A &TQ , 6u A SMO
can be used for cases of evaporation or condensation. The
"extended film model" introduced by Abramzon and
Sirignano [10] for analysis of the droplet vaporization at
high temperature environment, suggests that the presence of
the Stefan flow influences the values of &r, 4r in much the
same way as a blowing or suction velocity on the surface
causes the thickening or thinning of the laminar boundary
layer. It is also assumed that the relative change of the
stagnant gas film thickness due to the Stefan flow is
approximately the same for heat and mass transfer:

FKet<l.O.

The water film is a stationary and continuously
renewing, and its thermal resistance to heat transfer is
negligible. Therefore, the local temperature of the liquid
film surface is equal to that of the fin. The vapor
concentration near the film-air interface corresponds to the
saturated conditions: W = WS(P,T) . The humidity ratio is
calculated as

W = 0.62198 Pvap / (1 - Pvap), where P, Pmp

are the total pressure and the partial pressure of water
vapor, respectively [11].
Heat and Mass Transfer from Wet Surface
The process of evaporation or condensation of water vapor
involves the gas velocity component on the liquid-air
interface toward or outward the surface in a normal
direction (Stefan flow). To calculate the local heat flux and
vapor diffusion flux on the fin surface in presence of the
Stefan flow, the so-called "stagnant film theory" (Bird et al.
[9], Abramzon and Sirignano [10]) is employed. The film
theory assumes that the resistance to heat or mass exchange
between a surface and a gas flow may be modeled by
introducing the concept of stagnant gas films of constant
thickness: Sr , SM . Within the film, species diffusion and
heat transfer occur in the direction normal to the fin
surface, i.e., the "locally one-dimensional model" is
employed. The Stefan velocity is determined from the
condition that the water surface is impermeable to air. The
vapor mass flux and the enthalpy flux through some
imaginary surface y = const parallel to the fin are expressed
as follows (Bird et al.[1960]):

Sr/Sro A SM/SMO • For a given flow geometry, the film
thickness correcting factor Rg= S/So depends primarily on
the Spalding mass transfer number: Rs = RS(BM).
To check the extended film theory, a model problem of
the laminar boundary layer flow past a vaporizing wedge
has been numerically solved [10] in the range of wedge
angles 0 < p < 2n. These calculations confirm that the
relative change of the thermal film thickness Sr/Sro is
practically (within the 1.5%) equal to that of the diffusion
film 8M /SMO •
However, the ratio R# is somewhat
dependent on the flow geometry. The literature
experimental data for evaporating droplets and the
numerical solution for tlie stagnant point P = n can be
closely approximated as:

(1)
J

M

Similarly, the expression for the enthalpy flux on the fin
surface is given by:
*•

s

J^~I

T

tr*

/ t

i

»
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^
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where BM = (Zs - Z«,) / (1 - Zs ) is the so-called Spalding
mass transfer; Z is the vapor mass fraction of the air-vapor
mixture which is related to the humidity ratio as: Z =
W/(l+W); p,kg are the average density and thermal
conductivity of air-vapor mixture, respectively; Cp>vap is the
specific heat of water vapor; D is the diffusion coefficient
of water vapor in air; V is the Stefan flow velocity; T is the

Rg =3/So = (1+ S A / 7 W +BM)/ BM.
In the case of constant physical properties corresponding to
water vapor-air mixture (Pr = 0.78, Sc = 0.62), the averaged
numerical results for the film thickness correcting factor in
the range of 0 < p < 2n may be approximated as:
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McQuiston [4] for a wet fin is taken as an initial guess for
the temperature profile.
For most cases studied, no relaxation parameter is required.
Usually, less than 10 iterations are necessary to achieve the
convergence with the accuracy | T - Tld\2 < 0.001°C in
each grid point. The grid independence has been checked by
using the 20 grid intervals. The results for the total heat
obtained with both grids differ less than 1 percent.

Finally, the vapor mass flux on the fin surface is written as:

Jv

2/3
=Fwe!R--'Le~
s'Le~ (h0

/Cp) ln(l + BM)

(5)

Here, the multiplier Fwt is arbitrarily introduced to take into
account the fraction of dry surface in case of the water film
evaporation. In the present study, we consider only the case
of a fully wetted surface: Fwet = 1.
Temperature Distribution Along the Straight Flat Fin
Using Eqs.(l), (2) and (5), the temperature distribution
along a straight flat fin, T(x), is governed by the following
differential equation and boundary conditions:

d2T
dx2

=(m0Ly

x =0

APPROXIMATE APPROACH USING
LINEARIZATION TECHNIQUE
An accurate analytical solution of Eq. (6) is not feasible due
to a strong nonlinear relationship between the local
saturated humidity ratio and the fin temperature. To
simplify the problem, the vapor mass flux Jv can be
approximated as a linear function of T within some
temperature range of interest:
C(TTb)
.(12)

(6)

T = Tb;

x=l

dT/dx

= 0;

(7)

Here x is the distance along the fin (related to the fin
length, L), and other dimensionless groups are defined as:

^ph0L2/(kfin8fin)

where the coefficient C is evaluated as:

(8)

(— —

(13)

,

1

R; -I

.

.. _ D /

exp(r) -

(9)

and Tref is some reference temperature between the base and
tip temperatures of the fin: 7 j £ Tref< Tttp .
Finally, the following linear differential equation for the fin
temperature is obtained:

Fin Efficiency
The thermal (enthalpy) efficiency of the wet fin may be
defined as:

where

where Q is the total heat (enthalpy) transferred through the
fin base (per unit width), and Qid is the total enthalpy
transferred to the fin surface in the case if the fin
temperature is uniform and equal to the base temperature:

(15)

T=-L
P

(11)

f—

-JJTJ]}

(16)

T?2

and the value of E is averaged over the fin length. The
solution of Eq. (14) with the boundary conditions (7) is
given by the following expression for the fin temperature
profile:

NUMERICAL METHOD
In the present work, the one-dimensional problem (6),(7)
has been solved by a finite-difference technique using the
Thomas algorithm. Since the coefficient E and the mass
flux Jv are the nonlinear functions of the surface
temperature, the iterative solution is employed. Nonlinear
terms are evaluated using the temperature values at the
previous iteration. In addition, in case of condensation (Jv <
0 ), the source term in RHS of Eq.(6) is linearized as
recommended by Patankar [12] in order to ensure the
diagonal dominance of the system matrix of the
finite-difference equations:
ld
J = ° +

(14)

dx2

=T

+(Tb_T

cosh(mL)

The total heat transferred through the fin base is:

kfin8fin(dT\
L

\dx)^0

= 2h0LL,(lb-l

(18)

J
mL

Using Eqs. (16) and (17), one obtains:

oU
(T - ToU
)

or

Here, the subscript i denotes the i-th point of the
finite-difference grid, and the superscript old shows the
values calculated using the surface temperature at the
previous iteration.
The solution domain is subdivided into 100 grid
intervals.
An approximate analytical solution by

Qid=2h0LE2(Tb-Tp)

(19)

As can be seen, Eq. (19) is consistent with the Eq. (11) for
the heat transferred by an ideal fin, if the parameter E in
Eqs. (15),(16) is evaluated at thefinbase conditions: E= Eb.
Finally, the enthalpy efficiency of the wet fin is given by the
familiar expression:
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1J =

tanh(mL)
mL

water film, even if the relative humidity of the ambient air
is very low. Therefore, the situation is possible (especially
for long fins) when the vapor condensation takes place near
the cold fin base, while fin temperature near the tip is high
enough to cause the water film evaporation in that region.
Note that Wu and Bong [7] considered the somewhat
different physical model assuming that the water film
presents only in the condensation zone.

(20)

where the parameter m is evaluated from Eqs. (15) above.
In the present study, the slope parameter C in (12) is
proposed to evaluate using the averaged fin temperature as
a reference temperature in Eq.(13):
Tref= Taver

(21)

where Tmer is the surface-averaged temperature obtained by
integration of Eq. (17) over the fin surface:
Tmer=Tp+(Tb-Tp)V
(22)
and the local vapor fluxes Jv(TiJ, Jv(Taver) are calculated
using the general expression (5). Since the average fin
temperature Taver is not known in advance, the iterative
procedure is required. The value of the average temperature
of the dryfincan be taken as a first guess for Tmer. .
RESULTS AND DISCUSSION
In the present study, the computations have been performed
for a wide range of parameters: the fin base temperature 0
< Tb < 90 °C, ambient temperatures 0 < Tm < 90 °C,
ambient pressures 0.3 < Px< 3 bars, relative humidity 10 <
Rhum < 100%, and the fin parameter (moL) within the range
0.1 <(m0L)< 1.0
Figure 2 illustrates the finite-difference solution for
temperature and vapor flux distributions along the
condensing and evaporating straight plate fins. The fin
parameter for a dry fin has been assumed to be (moL) = 1.0
(That corresponds, for example, to the fin length L =
10mm, fin thickness S = 0.1mm, the fin material
conductivity kfin = 200 W/(mK) and the heat transfer
coefficient h0 = 100 W/(m2K) ). The relative humidity of
the ambient air R^ = 1. Thefinbase and ambient air
temperatures are as follows: a) Tb = 10 °C, Tm = 50 °C,
(condensation), and b) Tb = 50 °C, Ta = 10 °C,
(evaporation case). As can be seen, in presence of moisture
evaporation or condensation, the fin temperature profile
changes more rapidly from Tb toward the ambient
temperature Tm.
In Figure 3, the local mass flux obtained by the
numerical solution is plotted as a function of the fin
temperature. The comparison between
different
approximate methods of mass flux linearization is shown.
Table I shows the effect of the relative humidity in the
ambient air on the total amount of heat transferred to the
straight flat fin, Q, and on thefinenthalpy efficiency, TJ.
The accurate numerical solution for the fin efficiency is
compared with several approximate solutions involving the
linearization approach: die method proposed in the present
study, the Wu and Bong [7] method, and the McQuiston [4]
method. The solution by Threlkeld [3] coincides with the
McQuiston method at Rhum - 1. Cases 1 and 2 in Table II
correspond to the same fin parameter (moL) and
temperatures Tb ,!«, as in Figure 2. The calculations for
Case 3 are made for the conditions similar to those of the
study by Wu and Bong [7], The last column in Table II
shows what the kind of the phase change occurs at the fin
surface: water film evaporation ( E ) , or vapor condensation
( C ). Note that the physical model under consideration
assumes that the whole fin surface is covered by the thin
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Figure 2 Distribution of thefintemperature and vapor flux
The computations presented in Table II may resolve the
controversy discussed in the literature (McQuiston [4],
Kandlikar [6], Wu and Bong [7], Wang et al. [13]) whether
or not the fin enthalpy efficiency depends on the ambient
relative humidity. The results of Cases 1 and 3 indicate that
the enthalpy efficiency can significantly depend on the
ambient relative humidity. From another hand, at low rates
of the mass transfer (Cases 4,5) and for the evaporating fin
at low ambient temperatures (Case 2), when WS(TX) «
Ws(Tb), the enthalpy efficiency is relatively insensitive to
the ambient humidity.
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Fig. 3 Vapor mass flux vs. the local fin temperature
Comparing the results of Cases 1 and 3, we arrive at the
conclusion that the fin enthalpy efficiency generally
depends on parameters which are varied within the moist
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air heat exchanger: the base temperature, Tb , and air flow
conditions: Tm , Rjam. Therefore, the fin effectiveness
concept loses its significance as a convenient tool for
calculation of heat transferred to an extended surface in a
moist air flow.
Employing the approximate iterative
linearization method to calculate the fin efficiency and the
heat flux transferred at different locations within the moist
air heat exchanger require essentially the same computation
Table I
Case
u

1

2

3

Straight Fin performance vs. Relative Humidity of the Ambient Air (P = 1 bar)
Conditions
( u»l

Rhum

1)

moL= 1
Tb=10;
TK=50
ridq, = 0.762
moL= 1
^ = 5 0 ; ^ = 10
71^ = 0.762
moL= 1
T b = 30;
^=80
T|dry — 0.762

4
T b - 7,
TOT= 27
T ^ = 0.830

5

efforts as the accurate finite-difference solution. In addition,
the finite-difference solution converges much better than the
approximate linearization methods. The finite-difference
method can be easily implemented into the computer
software.
Finally, the mathematical model and the
numerical technique introduced in this study may be
recommended for analysis and design of the moist air heat
exchangers.

moL = 0.8

^ = 27^=7
11^ = 0.830

0.10
0.25
0.50
0.75
1.00
0.0
0.5
1.0
0.25
0.50
0.75
1.00
0.0
0.2
0.4
0.8
1.0
0.0
0.5
1.0

Q,
[W/m]
-44.9
-78.2
-130.0
-178.2
-223.9
178.6
169.7
161.0
-138.6
-280.1
-421.5
-553.7
-3.2
-16.6
-30.0
-56.3
-69.2
75.8
67.4
59.1

Fin Enthalpy Efficiency, r\
Numerical
Method
0.560
0.538
0.504
0.474
0.449
0.348
0.344
0.340
0.357
0.307
0.270
0.239
0.700
0.693
0.686
0.672
0.665
0.586
0.581
0.577
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ABSTRACT
The Marangoni effect is exploited in a
variety of
thermochemical
applications,
including absorption heat pumps to enhance
heat and mass transfer rates. Certain absorption
machines have benefited from rate enhancing
additives for many years, yet the absorber is still
a relatively large and expensive component in
such systems.
A better quantitative
understanding of the mechanisms causing
increased transfer rates may lead to improved
designs and can aid the search for effective
additives for machines using LiBr-H2O and
other working pairs.
A numerical model has been developed for
the absorption of vapor into a static horizontal
liquid film containing small concentrations of a
surfactant additive. The two-dimensional finite
difference model accounts for the occurrence of
Marangoni convection. An effective additive
enhances the absorption rate by causing intense
surface mixing. Studies have been performed to
determine the degree of enhancement
achievable
with
additives
relative
to
diffusion-controlled transfer. The influence of
absorbate and additive Marangoni numbers, as
well as additive diffusivity is considered.

surface tension to increase with temperature
and absorbate concentration [5].
However, while the mechanisms of
Marangoni convection have been understood in
qualitative terms and have guided numerous
experiments
investigating
additive
enhancement,
a
solid
quantitative
understanding has not been fully developed.
This paper will discuss a 2D numerical
model which accounts
for
Marangoni
convection in a static absorbing film. The
model uses a vorticity-stream function finite
difference approach to solve the Navier-Stokcs
equations for the velocity field in the film. The
convective energy and absorbate species
equations are solved to yield temperature and
concentration distributions. In addition, the
additive species equation is solved to account
for surfactant concentration. Perturbation of the
concentration field introduces
interfacial
gradients in temperature and absorbate and
additive concentration, which in turn cause
interfacial
vorticity, which
may cause
significant mixing, depending on the system
parameters. Such mixing increases the heal and
mass fluxes at the interface and thus the vapor
absorption rate.

INTRODUCTION
In the absence of additives, the absorption of
high heat-of-absorption vapor into a static
horizontal liquid film is equivalent to the
combined processes of heating from above and
salting from below. In general, the surface
tension at the liquid-vapor interface will
decrease with increasing temperature and
absorbate (i.e., water in LiBr-H2O systems)
concentration, thus forming a stable system
according to linear stability theory [1,2].
However, when certain surfactants are added to
the solution in small quantities, they can
significantly enhance the rate of absorption
beyond the diffusion-controlled rates of the
stable system [3,4]. It is widely agreed that this
enhancement arises due to the Marangoni
instability, considering the fact that the
interfacial adsorption of the additive causes

PROBLEM FORMULATION
The governing equations for the system are
the non-dimensional
2D
incompressible
Navier-Stokes equations in terms of vorticity
and stream function
3co

3co 3co
+ 11
hV

dt

dx
dv
3"cp 3'<

r
dx~

11)

(2)
=»-<0.
dx2 3v
and the convective-advective energy and species
equations
ae ae ae 1
(3)
hU
I-V
3^
dx
dv
3y
3y
(4)
dt
dx
dv Sc [ dx
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£I± + M£U + viiI± = _ i _ p L i + ULi
dt

dx

dy

Sc^ ^ dx"

cA of the surfactant. The value for F in the
model is taken from the Gibbs relationship for a
static system [8]

(5 )

dy" )

All transport properties are assumed constant in
the model.
The solution is carried out on a rectangular
unit cell 0.5 mm deep and 1 mm wide. The
entire film is approximated as a repetition of the
behavior of this cell. The lateral boundaries are
given zero-flux conditions.
x—0, x=x!Hm-:
_ _ 3 e _ dy __ dyA _
(6)
dx dx dx
At the bottom wall, zero-flow, zero
penetration, and insulating conditions are taken.
y~0:
cp = 0
(7)

(15)
RT
NUMERICAL SOLUTION
The implicit finite difference solution of the
governing equations is carried out on a uniform
Cartesian grid with 0.025 (12.5 (.an) nominal
node spacing and 0.0005 nominal lime step
(0.0001 seconds for a film depth of 0.5 mm).
In order to provide accurate initial
equilibrium conditions at the interface, a
penetration theory model [9] is used to give
temperature and concentration profiles at a time
for which the discretized domain can capture
the sharp concentration profile. For the grid
used, this initial time was approximately 0.02
seconds.
The initial laterally uniform concentration is
given a random perturbation at each node of
maximum absolute value 5xlO 6 . which serves
as the seed of the Marangoni instability.
The vapor mass absorbed at the interface is
calculated over each time step from the average
absorbate mass flux over the boundary nodes.

(8)
3y

dy A

39

(9)
dy
dy
dy
The absorbent solution at the assumed flat
interface is assumed to be in equilibrium with
the vapor at a known pressure, and the heat flux
is proportional to the mass flux by the heat of
absorption.
The assumption of a linear
absorbent for which y and 0 behave
proportionally at a given vapor pressure [6],
allows the use of a single Marangoni number
combining the dependence of surface tension on
temperature and absorbate concentration, in
addition to the independent additive Marangoni
number [5].
Lastly, the boundary equation for the
additive is derived from a species balance on the
interface, to which the surfactant can diffuse
from the bulk [7]. Desorption of the additive to
the gas phase is assumed negligible in this
study. Thus the boundary conditions at the
interface are:
1=7:
(p = 0
(10)
(

dy

Quantity
d
Pr
Sc
Sc A , Sc As

dy

= - Ma—+ Ma,

RESULTS
Various runs of the model described above
used LiBr-HiO properties as a loose basis for
determining
parameters,
however
the
non-dimensional problem is general, and can be
applied to any working pair, given the proper
inputs. Table 1 shows the major parameters
used in the control set.

'

a*

(11)
Ma
MaA
8

(12)

39 ,dy
dy

3y 4
dt

1

(13)

Sc.. dx1

Table 1 - Input Parameters

dy

a^

Of primary interest is the behavior of the
system as a function of the solution Marangoni
number at zero additive Marangoni number
(Figure 1).
It can be seen that for increasing values of
Ma, the total absorbed vapor at a given time

•(14)
dx

Value
0.5 mm
10
500
1000
0.08
500
-500
0.0016

8 Sc . dv

The
adsorption
number
8
is
a
non-dimensional representation of the ratio of
interfacial concentration F to bulk concentration
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influenced by the rate at which the additive in
the bulk can resupply the dynamic interfacial
adsorption layer. The higher the diffusivity of
the additive molecules (i.e., the lower the value
of ScA), the more quickly the adsorption layer
can be replenished. Thus (Figure 4), increasing
ScA increases the gradients in yA, and reduces
the enhancement achievable for given values of
Ma and MaA.

increases. However, this is due more to the time
at which the instability manifests itelf than the
actual rate of absorption. The slopes of the
curves are all relatively uniform once the jump
from the diffusion curve has occurred. The
lower the value of Ma, the later this jump
occurs. Figure 2 shows the average absolute
value of the interfacial velocity during the runs.
Clearly, the increase in interfacial activity is
directly responsible for the absorption
enhancement.

Additive Marangoni Number
at

E
x>~ 3 0 —
<u
€

Solution Marangoni Number

— -100
300
•-• -500

VaporAb

8

0.0

0.3 t i m e ^8.6

0.9

Figure 3 - Vapor Absorbed vs. time for varying
Additive Marangoni Number. Ma=500.
Figure 1 - Vapor Absorbed vs. time for varying
Solution Marangoni Number. MaA=0.
Interfacial Velocity
3

2

<

Ma=100
Ma=300
Ma=1000

A
i '\

'g. Velocity (A

5

i

s

0.0

*

I

45

|

30

Additive Schmidt Number
— 100
••••500
•-• 2000

8
SI

< 15
o

»

Q.

§

o
0.0

I

.

I

0 6 time,^ ? 2

0 i i m S ' ^fe.S

0.9

.

1.8

Figure 4 - Vapor Absorbed vs. time for varying
Additive Schmidt Number. Ma=1000, Ma,v=-500.

Figure 2 - Average Interfacial Velocity (Abs.
Value) as a function of time.

CONCLUSION
The results of this numerical model
qualitatively corroborate previous studies [5] of
Marangoni convection in pool absorption in lhat
they show the positive solution Marangoni
number (Ma) that exists in the presence of
surfactant additives to influence the instability
of the system. The degree of enhancement is a
function of the time after the introduction oi" the
vapor to the static film. At just under one
second, a film with Ma equal to 1000 had
absorbed on the order of 100% more vapor than
the stable film.
In addition to the solution Marangoni
number expressing the dependence of surface
tension on absorbate concentration (and
temperature), the model shows a significant
contribution of additive species transport on
enhancement.
An additive which diffuses
slowly in the solution will tend to decrease the

When the effect of additive concentration on
surface tension is introduced, one can see
(Figure 3) that an increased absolute value of
MaA slightly decreases the enhancement effect.
This can be explained by considering that
positive gradients in additive concentration
exist in the direction of the interfacial flow of
the solute. In other words, the greater the local
age of the solution at the interface, the more
additive will be present, having adsorbed from
the bulk.
However, since surface tension
decreases
with
increasing
additive
concentration, and since interfacial flow is from
points of lower to points of higher surface
tension, the effect of the additive gradients is to
lessen the gradients in surface tension and
weaken the interfacial flow.
The effect of additive concentration
gradients on enhancement is significantly
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enhancement effect for given values of Ma and
MaA.
Thus additives which diffuse quickly on the
one hand, and give high values of solution
Marangoni number and low absolute values of
the additive Marangoni number are considered
to be the most favorable in terms of their ability
to enhance vapor absorption.

NOMENCLATURE
Quantity

Units

solute concentration
additive concentration
initial additive
concentration
equilibrium solute
cone, at To
initial solute cone.
film thickness
solute mass
diffusivity
additive mass
diffusivity
additive interfacial
mass diffusivity
heat of absorption
thermal conductivity
solute Marangoni #
(3a/9c)(ce-co)d / uv
additive Marangoni #,
Oa/3cA)(cAo)d / uv
Prandtl #,
v/ a
universal gas constant
solute Schmidt #,
v/D
additive Schmidt #,
v/DA
additive interfacial
Schmidt #, v/ DAs
time, t* / (dVv)
temperature
equilibrium temp, at

kmol/m3

Symbol
c
CA
CAO

Cc

Co

d
D
DA
DAs
Ha
k
Ma
MaA
Pr
R
Sc
SCA
SCAS

t

T
Tc

m
m /s

J/kmol
W/m-K
kJ/kmol-K
s
K

v
6
o

u,v
x,y
a
Y

initial temp.
velocity components,
(u,v)* / (v/d)
Cartesian coordinates,
(x,y)* / d
thermal diffusivity
solute concentration,

ITL 2 /S
-

(c-C0)/(Cc-Co)
YA

additive
concentration,

-

CA/CAO

8

r
X

n

adsorption #,
T/(cAd)
additive surface
concentration
heat of absorption
Ha D(ce-co)/k(Te-To)
dynamic viscosity

nr/s

N/ m
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FAST COOLDOWN JOULE-THOMSON CRYOCOOLING FOR INFRARED DETECTORS
B-Z. Maytal
Rafael, Missile Division, P.O.Box 2250(39)
Haifa 31021, Israel

ABSTRACT
Joule-Thomson cryocoolers are used for
infrared detectors in missile seekers. Some
applications require fast cooldown, within few
seconds, to temperatures of liquid nitrogen
(77.3 K) and argon (87.3 K). A comprehensive
classification and review is proposed to spread
the entire space of alternative strategies for fast
cooldown Joule-Thomson cryocooling.

gap between ambient and boiling point. Chou,
Pai and Chien [14, 15] used numerical
modeling to predict the transient behavior. This
study is an attempt to propose a method to
organize the wide variety of means and efforts
for achieving fast cooldown. The general view
of classification is displayed in the next page
Figure, further explored and explained below.
THE PASSIVE STRATEGY
This category relates to the hardware of the
cryocoolers. The key issues are low thermal
mass and high thermal diffusivity. It includes
(a) thermal properties of constructive materials,
(b) configuration and (c) features of the
recuperative heat exchanger, manifested by its
effectiveness,
compactness
and
low
hydrodynamic impedance. Within such short
periods of cooldown, heat load plays a minor
role, hence, nonevacuated encapsulation is
satisfactory. Most of the heat exchangers
common in practice are coiled tube Giauque
type. Silver has higher thermal diffusivity than
copper. That is why Pahler et al. [16] used it
for fins. Similar argumentation is relevant to
the dewar and packaging of the cooled object.
Steel is of higher heat capacity than glass,
however, it can be prepared as thin as 0.1 mm
so that the entire steel made cold finger is of
lower thermal mass. Clark et al. [17] studied
thermal delays of
A compact heat exchanger exhibits less thermal
mass per unit heat transfer area. Instead of the
traditional finned tube heat exchangers, Steyert
et al. [18] used fine wire mash. Little [19] built
narrow channel heat exchangers made of glass
or silicon by the photolithography technique.
Conic configuration (of coiled pressure tubes)
reduces
hydrodynamic impedance, thus lowering the
associated boiling point and temperature of
operation.

INTRODUCTION
The traditional application of miniature
Joule-Thomson cryocoolers, below 1 W
capacity, is the mode of continuos operation
[1-3]. It is characterized by long term run with
special emphasis on low gas consumption, high
vacuum
dewar with minute thermal and
substantial thermal mass, tolerating cooldown
under 30 s. During the last decade a
remarkable
progress
in
mechanical
cryocoolers, as Stirling cycle [4] and pulse tube
[5] is observed. In some cases where a few
minutes cooldown is still acceptable, these
successfully substitute the Joule-Thomson
cryocoolers. However, the fast cooldown
application remains an unreplacable niche of
the
Joule-Thomson
cryocooling.
Such
initiation following long term rest on shelf.
Fortunately, these are in general short mission
of less than 100 seconds. Miniature
Joule-Thomson cryocooling seems to be the
sole suitable technique for such a purpose.
Some attempts were reported to analyze
cooldown as the transient phenomena of gas
liquefaction process. Bodio et al. [6 to 10]
applied similarity consideratiions pointing on
the ratio of heat transfer area per unit thermal
mass as a dominating parameter. They
proposed
experimental
correlation
for
cooldown periods, however, for relatively low,
under inversion pressures. Other scalling rules
were proposed by Little [11], Maytal [12, 13]
developed and verified similarity ratios for fast
cooldown for various ambient temperatures,
pressures and gases. He introduced the actual
temperature decrease by the recuperative heat
exchanger which is significantly less than the

ACTIVE STRATEGIES
This category deals with the characteristics
of coolants and their involvement. The most
obvious concept is to increase the cooling
power of a given cryocooler by elevated flow
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STRATEGIES of FAST COOLDOWN
JOULE-THOMSON CRYOCOOLERS

PASSIVE
1. materials
2. configuration:
conic, stepped, cylindrical
| 3. heat exchangers
effective, compact and
low pressure drop

High flow rate

Adding a refrigerant
two pressure vessels

1.. Non regulated

Coolants

Precoolants

1. nitrogen
Ar, CH4, Kr, CF4, R-23 2. high pressure Ar
3. mixtures:

2. Regulated

N2-Ar,N2-Ne,N2-He
4. boiling point

reduction.

Sequence

Parallel
Two stage cryocooler

Coolant
recuperative
Precoolant
recuperative

Coolant
recuperative

non recuperative (jet)

Precoolant
non recuperative
(direct blow down)

J
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Single stage cryocooler

Precoolant
recuperative

rate. However, some drawbacks are associated
with this strategy. The gas reservoir becomes
larger, unless one incorporates a flow
regulating mechanism, which in return
increases the thermal mass at the cold end.
A common alternative would be the
employment of an additional refrigerant of
higher specific cooling content, unfortunately,
with elevated boiling point. It will pump more
heat and more effectively, but only part of the
way down to the target low temperature. Than,
the main, final coolant takes over and
completes (though slower) the rest of the
pursuit towards the 80 to 90 K goal. It
necessitates two separate pressure sources and
doubles the initiation device.
High pressure argon at 220 K and nitrogen
at 180 K reach their boiling point under a
single isenthalpic expansion. Hence, for
reasonable effectiveness, the boiling points of
preccolants has to be below these values.
Accordingly, the preccolants in use are: Ar,
CH4, Kr, CF4 and R-23. Simplicity is gained as
the precoolant is the first to flows through the
cooler and then, followed by the main coolant,
in a sequence [20]. The cryocoolers remains
with a single stage but the proper switch timing
is required.
Parallel run of both gases [18, 19, 21, 22] is
accomplished by two stages in heat transfer
relation. The precooling stage intensifies the
recuperative self sustained feedback of the
slower main coolant. One of the stages may be
non-recuperative which adds two other
versions. It may be the final stage [23]
(precooled by CH4) or the precooling one [24]
(of R-23) just undergoing direct blow down.
This example introduces an application of
cooling down to neon boiling point (27 K) by a
couple of prior stages: R-23 precooling argon
that precools neon. Actually, liquefaction of
room temperature neon or hydrogen is
impossible without precooling.
The asymptotic approach of the boiling
point of pure gases slows the cooldown. Mixed
gas coolants like, Ar-N2 [25] or N2-Ne [26] or
N2-H2 [27] focus to improve this issue. Pushing
down the boiling point, a lower level is
asymptotically approached, which might in
some cases significantly shorten the cooldown
to a desirable temperature.
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Abstract

pCp

The
thermo-hydraulic
and
chemical
phenomena taking place during quenching by
water of degraded fuel rod bundles are
considered to be poorly understood and
unsatisfactorily modeled by severe accident
codes [1]. The main objective of this paper is
to develop and assess a theoretical model to
describe the interrelated processes of
quenching and exothermic steam-metal
reactions at the vapor Zr cladding interface
during quenching of oxidizing fuel rods. The
model solves analytically the heat conduction
equation in the cladding to predict the
rewetting velocity and the temperature in the
cladding. Heat generation due to chemical
reactions at the cladding and precursory
cooling are approximated by a heat source
function at the solid-coolant interface.

W at

(2)

Q(x),

x>0

,o) = e , ; ed(o,t) = i ; ed(w,t) = e1
where Q(x) describes

the

combined

precursory cooling heat flux and the heat
produced by the exothermic chemical reaction
between the Zrand H 2 O . In the following
we demonstrate the solution for a nonoxidizing surface using the following axial
profile of precursor)' cooling:
bx

Qo e
SW(T-Tsat)

Rewetting Model and Solution

(3)

The dimensionless variables in (l)-(3) are:

Consider the problem of rewetting, by liquid
film of an infinitely long thin plate initially
hotter than the Leidenfrost temperature. At
time t>0 a wet region is formed having a
constant heat transfer coefficient. The one
dimensional unsteady conduction equation in
this zone becomes, in dimensionless form and
using a Lagrangian coordinate system [2]:

-J=

P-Ur

x-*
^

y

A

=

T

—, r =
Z

0-

—, u =

T

0- T sat

V

Using the following reference length, time,
and velocity:

z =

pc

(4)

(1)
9W;

U =

x<0

The dimensionsless system of equations for
the wet region becomes:

with the following boundary and initial
conditions:

dt
Similarly, the problem in the dry region is
described by:

dx2

~r r

3x

(5)

Gw (x,0) = 0 ; 8 w (-«,t) = 0 ; 9 w (0,t) = 1
and in the dry region:
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at

(6)

dx

d-.

9d(x,0) = G i ; e d ( 0 , t ) = l ; Od(oo,t) =

0d(M) = 0s>d(x) + 0 M ( x , t )
(12)
where 0S)a(x) is the solution for the steadystate part of the problem, A similar
transformation is introduced
(13)

Where: q(x) is:
where

<x 2 =-P/2, P 2 =-P 2 A

h

(14)

and the combined solution becomes:

To achieve closed form solution of (6)-(7), the
Peclet number. P , is taken as a constant in
the
mathematical
deliberation.
This
approximation appears to be reasonable as the
rewetting velocity tends to reach a quasisteady state shortly after the liquid film is
brought into contact with the hot plate.

(15)

b2~Pb

V-Pb

e-^erfc

Solutions for the wet region
The solution of the wet region problem is split
into two parts.

{b2-Pb)t-hx

21?-Pb
(8)

where 9S)W(x) is the solution for the steady
state part of the problem , while 0 h w is the
solution to the transient part of the problem.
To solve the transient solution, the following
transformation is introduced [3]:
(9)
where
a1=-P/2 ; P1=-l-P2/4
Therefore, the combined solution is:

(10)

ibz-Pb)t+(b~P)x

where 5 — b ~ P 11. At the rewetting front,
the conductive heat flux is continuous [4], i.e.,
r?0.
x=0

50;
dx

(16)

Upon the substituting (11) and (15) into eq.
(16), the dimensionless rewetting velocity
Pcan be determined by the expression:

(11)

1

(ai+7)x
x ;

— ev
2

..

ertc

r

2Vt.

+ exp
where y =

+1

Solutions for the dry region.
The solution for the dry region follows a
similar procedure to that for the wetted region.
The solution is split into two parts.

(17)
By setting t -* QO and Q o = 0 the above
- 9X which
solution reduces to P~~ =
is identical to the well known Yamanouchi's
solution [4].

k - thermal conductivity
q - heat flux function.
T - temperature
Tsat - saturation temperature.
Ur - rewetting velocity

Results and Conclusions
Figures 1 and 2 show the rewetting velocity
vs. time for low and high initial wall
temperature and Qo=0. In both cases the
rewetting velocity attains a steady value after
less than 1 sec. For lowGj (low initial wall
temperature) the velocity decreases with time
(Fig. 1). On the other hand, for high 9 j the
velocity starts negative and increases with
time. The initial velocity depends on the
transient development of the temperature
profile along the surface. More complicated
results are obtained for Qo ^ 0.

Greek symbols:
8W - cladding thickness
0,8 j - dimensionless temperature, initial
temperature
6 w ,0 t i- dimensionless wet temperature, dry
temperature
p - density
i -time
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ABSTRACT
MATHEMATICAL FORMULATION

Many cases of radiation transport in nature and
technology can be described as a continuum transport
process through an interacting Participating Medium,
governed by the Radiative Transfer Equation. Current
numerical methods for solving the RTE, in particular
Discrete-Ordinates based methods, are in a process of rapid
development during recent years. However, they are still
lacking in generality and sometimes suffer from
performance limitations in three-dimensional problems
involving strong coupling between ordinate directions. We
present a new numerical solution procedure for the Discrete
Ordinates approximation of the RTE, including treatment of
anisotropic optical properties and generalized boundary
conditions. The numerical schemes used here are well
established in CFD, but have not been applied previously to
the solution of the RTE. The new scheme is guaranteed to
converge, subject to a numerical stability condition. We
demonstrate the validity of the developed code on a series of
verification cases.

The governing equation for radiation transfer in a general
Participating Medium is the RTE:
3/(s,W)

^

.

1 r

0)

On the boundaries, we distinguish between outgoing
directions, where the radiation propagates outwards from the
domain towards the boundary (sn>0); and incoming
directions, where the radiation propagates from the boundary
into the domain (s-n<0). We present the boundary condition
in a form analogous to the RTE, using the directionalhemispherical reflectivity p(co) and a boundary phase
function <J>'(co,ca'):
)= -

(2)

Jp(to'

Note that the optical properties of both the medium and
the boundary are in general anisotropic, as shown in
equations (1) and (2). This statement of the RTE is adequate
for a gray medium, or may be used as spectral representation
of non-gray medium and boundaries.
The RTE (1) is discretized in the directional coordinates
by dividing angular space into a finite number N of solid
angle subdomains u)m, referred to as ordinates, where
m=l,...N. A function/(co) within an ordinate m in the
interior of the domain is represented by its average value fm.
We shall use the following definitions: /m=/m<Mra,
Qm=qm(&m, since these new quantities represent radiative
energy fluxes in the ordinate direction, rather than
intensities, and are therefore convenient in expressing
radiative energy conservation. Applying this directional
discretization to the RTE results in a coupled set of ordinary
differential equations for all the fluxes Jm of ordinates cura,
m=l ,..,N, as expressed in the following matrix equation:

INTRODUCTION
Radiative energy transport through a medium that
interacts with the radiation is an important problem with
many applications in science and technology. General
treatment of radiation transport through Participating Media
(PM) is usually modeled by the Radiative Transfer Equation
(RTE). A popular approximation of the RTE in recent years
is the Discrete Ordinate Method (DOM), analogous to
finite-volume discretization in directional space [1], [2]. It
has been developed and extended over the last decade to treat
complex problems with irregular grids, anisotropic
scattering, and various schemes for spatial discretization [3][7]. However, the common solution procedure using
sequential sweeps in each ordinate direction may be
ineffective in the presence of strong scattering, and may
yield conflicts for complex geometry [8]. The procedure is
not guaranteed to converge when complex geometry,
scattering, opaque boundary conditions or anisotropic
properties are present. Advanced procedures commonly used
in CFD codes cannot be easily applied to this algorithm.
The Discrete Ordinates with Time Stepping (DOTS)
method presented here uses the 'pseudo-time' iteration,
which is widely used in CFD. This technique transforms
the original boundary value problem to an initial value
problem by adding derivatives of the dependent variables by
a time-like parameter to left-hand-side of the equations [9].
The solution of the original boundary value problem is
obtained in the limit of 'time' going to infinity. The timeiterative method is well developed and widely used for
solving CFD problems. Its application to the radiation
transport problem will therefore provide access to the wealth
of theoretical knowledge and enhancement procedures that
have accumulated through CFD experience during the last
few decades.

i-J + BJ-Q = O

(3)

where J is a vector with elements /„,, Q has elements Qm,
and the elements of the matrix B are:
(4)
An

A similar discretization is applied to the boundary
condition (2). We continue the discretization process by
applying the finite volume method (FVM) to the DOM
system of equations (3). The spatial domain is divided to
computational cells. The cell is denoted by P, its six
neighbors are denoted by W (west), E (east), S (south), N
(north), L (low) and H (high). Appropriate approximations
of convective terms are used [9], [10], with a central
difference scheme, and addition of 'artificial dissipation'. We
add a pseudo-time term dJJdt for the iterative process,
where t is an artificial time-like variable, and an artificial
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viscosity term D(Jm). We chose a scheme where the
corrective and artificial dissipation terms (east contribution,
say) are given by:
r

=

2V

0.5

(a)
0.4

-s,,, • ncAe

(5)

0.3

D,,,,. = —A, max{ |s,,, -n^C,,,,}

0.2

where C,in is some small non-negative number. The scheme
then becomes the first order upwind scheme. The discretized
DOM equations are then:

4

J

+Tj

./ -O -D(J

)= 0

— Exact
o Moder et al.
n DOTS

0.1

W

0

20

at

The pseudo-time explicit discretization is now
introduced. We define the local time step for each ordinate
and each cell as At/WmP, where Wm? is a positive local
weight function. Application of the simple Euler forwarddifference scheme in time to (6) yields:
J'"-Jm

a,,

60

0.5

(b)
0.4

(7)

0.3

— - Exact
0 Moder et al.
D DOTS

0).

b

The RHS is the residual at cell P, ordinate m. The first
term on the RHS is the convection, the next is due to
absorption and scattering, the third is the source due to
emission, and the last is the artificial viscosity. As the
residual diminishes, the pseudo-transient term tends to zero,
and convergence to the stationary solution is reached.
Based on stability analysis, the pseudo-time step and the
weight function WmP are constrained according to:
&i<i

40
i3[deg]

0.2
0.1

(8)

Figure 1. Two-dimensional annular sector (a) Outer
wall radial heat transfer with a heated right wall,
Rj=0.5 m, and R,,=l m; (i) oc=0, a=0;
(ii)
a=0.5 m"1, a=0.5 nr 1 ; (iii) a = l m"', cr=O. (b)
Inner wall radial heat transfer with a heated right
wall, Ri = 0.5 m R,, = 1 m; (i) a=0, a=0; (ii)
a=0.5 n r \ o=0.5 m"1; (iii) a = l irr 1 , a=0.

Typically At=l was used, without any numerical
stability problems.

EXAMPLES
Two-Dimensional Annular Sector
Moder et al. [11] solved the problem of a 2D annular
sector by a DOM implementation specifically tailored for
cylindrical geometry, and compared to exact solutions,
either analytical or by accurate ray-tracing, which makes it
suitable for code validation. A 2D black annular sector of
0°<iJ<60° span and inner and outer radii R{ and R„ encloses
a cold (7=0) medium. One of the walls is hot (T=Th) and the
others are at T=0. Periodic boundary conditions prevail in
the axial direction. The nondimensional radial heat fluxes
into the walls vs. the angle r> are compared to the reference
solutions (exact and numerical) in Figure 1. It is interesting
to note that the present results are almost identical to the
reference numerical results, including even the 'ray effect'
errors identified and explained in this reference.

DISCUSSION
A general numerical method was developed for the
solution of the radiative transfer equation applied to a
general anisotropic participating medium. The DOTS
implementation was verified by comparison to available
exact and numerical solutions. Some features of the present
code were not exercised and verified by these cases, due to
limitations of the cases available in the literature.
Acceleration techniques such as multigrid, residual
smoothing, and Runge-Kutta integration [9] can be applied
to the DOTS iteration, in analogy to their CFD application.
We expect that a combination of these well-proven
acceleration methods will significantly improve convergence
rates, and hence enable access to high-accuracy and highcomplexity radiation problems that are now too
computationally expensive. Reduction in turn-around time
can be achieved by parallelization. The time-iterative
method is purely explicit and therefore is easy to parallelize.
When the radiation problem is very complex, or when it is
coupled to other modes of heat transfer, parallelization
becomes a serious issue since the overall problem can be
very compute-intensive.

Three-Dimensional Annular Sector
This problem is similar to the former one, except that it
has a finite axial extent and only the hot inner wall case is
considered. It validates a 3D case with available exact
solutions [11]. The problem is solved using several
variations of the optical properties and dimensions and
compared to the available results (Figure 2). Due to
memory limitation our resolution for was lower than that
used in [11]. The agreement is usually good in spite of the
present low resolution, except for a stronger ray effect
which is most pronounced in the transparent medium cases.
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Figure 2: Three-dimensional annular sector with a
heated inner wall, (a) Outer wail radial heat transfer
along #=30°, transparent medium: (i) R,=0.5 m,
R,=0.75 m; (ii) R-0.5 m, R{ = 1 m; (iii) R-0.5 m,
R,,= 1.5 m. (b) Outer wall radial heat transfer along
$=30°, participating medium, (i) a=0, a=0; (ii)
a=0.5 mf1, a=0.5 m"1; (iii) a = l rrT1, a=0. (c)
Outer wall radial heat transfer along z=0.5m,
transparent medium: (i) R, - 0.5 m, Ro = 0.75 m;
(ii) R; = 0.5 m, Ru = 1 m; (iii) R; = 0.5 m, R(, = 1.5
m. (d) Outer wall radial heat transfer along z=0.5m,
participating medium: (i) Ct=O, a=0; (ii) a=0.5 irT
\ a=0.5 m"'; (iii) a=l rrr1, a=0.
Usually the radiation transport problem is coupled with
other modes of heat transfer, conduction and convection, and
through convection to the flow problem. Standard
simulation packages, implementing the methods and
features described above for flow, convection and conduction
problems, are available today. It is therefore quite natural to
formulate the radiation problem also using the methodology
that is common to the other parts of the problem. We are
currently developing such an interface to link the DOTS
code to the commercial CFD code PHOENICS.
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ABSTRACT
AHTF furnaces, in which air or gas is heated to 600-700C
without electrical or other special heaters, have been developed
and placed in operation in a number of plants for heat treating
aluminum, magnesium, and titanium alloys, and also steels. The
AHTF chamber furnace is thermally insulated without the use of
fire bricks. It has a centrifugal fan with vanes having a special
contour. The fan, operating in a closed system, converts, into
heat, almost all the energy used to turn it; the heat is transferred
to the parts by convection. In most machine building plants
aluminum alloys are heat treated in ERF furnaces (electric
resistance furnaces with forced air circulation) or in salt baths.
This research deals with an investigation of the heating conditions
for various semifinished products of aluminum alloys in the
AHTF-3 in comparison with the ERF-2 furnace and a potassium
nitrate bath of approximately the same working volume.

HEATING TEST
A test to compare the heating ability of three different systems
was conducted. An AHTF system, an ERF system and a salt bath
system were compared.
The duration and uniformity of heating in air and potassium
nitrate were recorded with 12 thermocouples equally spaced in the
working area. The time for heating various semifinished products
to 500-525 °C was determined with thermocouples in the center
of the samples of the 2024 type alloy (sheets 0.8-10 mm thick,
pipes with a wall thickness of 1 to 4 mm, bar 40-200 mm in
diameter) and the AK6 alloy (forgings 40-100 mm thick). The
weight of the metal loaded in the furnace and the salt bath was
80-350 kg.
It was found that the AHTF-3 produces a more uniform
temperature field in the working space than the ERF-2, the
temperature difference in the working space approaching that in
the salt bath (Table 1).

THE AHTF FURNACE
The invention of aerodynamic heating process in the former
Soviet Union in 1963-1964 resulted in the introduction of a new
class of industrial heating devices. The principle of aerodynamic
heating is a transfer of gas flow energy generated by a centrifugal
fan into heat. The rotor of the centrifugal fan serves as a
compressor, and as a heat generator. It induces circulation in the
furnace atmosphere and generates heat at the same time. The first
industrial furnaces were developed by a design team headed by
Dr. P. I. Tevis6 and others '"4.
There is no uniform, widely accepted terminology on the
subject. For practical applications the most widespread term is
"aerodynamic heat treat furnace (AHTF)," or "aerodynamic loss
furnace.'' We must emphasize the difference between the meaning
of the term "aerodynamic heating" in our case, and its usage in
the aerodynamics of hypersonic flows. In the latter instance, this
term is used to describe the heat generation caused by the friction
between a surface of a solid object and high-speed gas flow. This
effect is negligible in AHTF.

Table 1. General Specifications of Heating Systems.
AHTF-3
ERF-2 Salt bath
Power kW
55
100
129
Working
1100 x
1200 x lOOOx
3200 x 3200 x
Dimensions mm
3100 x
1500
1600
1100
Max Operating
550
550
540
Temperature °C
Rate of Air
16-18
6
Circulation m/sec
Heating
160 410
500
500
500
Temperature °C
Temperature
±1.5 ±2.0 ±3.0 ±5.0
±2.0
Uniformity °C
The air is heated from room temperature to 500°C twice as
rapidly in the AHTF-3 (4 hr) as in the ERF-2 (8 hr). The higher
heating rate was observed for a furnace of the same size even
though the ERF-2 had twice the power.
Despite a larger drop in temperature in the AHTF-3 in
comparison to the ERF-2 when metal weighing 180-350 kg is
placed in the furnaces, the AHTF-3 heats the metal to the given
temperature 1.5 to 2 times as rapidly (Fig. 6). However, when the
load of metal is 80-160 kg the ERF-2 heats the air to the given
temperature 1.5 times as fast as the AHTF-3 (Fig. 7). This is due
to the large reserve of heat in the ERF-2 in the mass of the heated
brick wall, which also leads to a smaller reduction of the furnace
temperature when the metal is loaded into a hot furnace.

Figure 1 - A chamber with a four screen
duct system
The AHTF has a number of similar, yet different
configurations. The differences are generally in the geometry of
the heating chamber and in the duct system for air flow and for
supply and return. Figure 1 shows a typical design.
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Figure 8. - Heating curve of metal from moment of loading
the furnace to a temperature of 515°C for bars and forgings
100 mm thick and weighing 160 kg.
The advantage of the AHTF-3 in the uniformity of the
temperature field in the working space and the rate of heating the
metal in spite of its lower power (one-half) by comparison with
the ERF-2 is explained by the high rate of circulation of the air,
the low thermal inertia, the existence of a single thermal zone and
the complete absence of heat transfer by radiation. ERF-2 has
three independently controlled thermal zones; heat transfer is by
radiation and convection.
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Figure 6. - Heating curve of metal from moment of loading
the furnace to a temperature of 515°C for bars and forgings
weighing 350 kg.
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TECHNOLOGICAL EFFICIENCY AHTF
The advantages of AHTF are uniform and intensive heating.
This results in good control of process, with resulting high quality
thermal processing (thermocbemical). Also these units produce
a combination of thermal profitability and productivity of the unit,
with simplicity of design reliability. An additional advantage of
AHTF is that these units give good gas-tightness of the chamber
(in contrast to, for example, electric furnaces) eliminating the
necessity to support a small positive pressure in the working
volume. With normal atmospheric air without protective gasses,
when the tightness of the chamber is not required, the pressure is
constantly above atmospheric in the unit. As air is always being
let out from chamber, inflows are excluded, reducing interim
cooling of the load, and increasing uniformity of the heating. All
this simplifies the problem of the maintenance of the stable
temperature in the air in the work space.
It is important to emphasize the special requirements for
uniformity of a temperature field in the heat treatment of materials
with space - time uniformity in the development of structural
transformations. As a rule the discrete control of the temperature
on the surface of a material is used in the heat treatment
processes, so for a given temperature diagram only points of
control are obtained, but phase transitions occur throughout the
entire volume of the material. Temperatures at each interior point
are not controlled.

20 40 60 80 100 120 140 160 180
Time, min
Figure 7. - Heating curve of metal from moment of loading
the furnace to a temperature of 5!5°C for bars and forgings
weighing 160 kg.
The temperature drop of the salt bath when the metal is loaded is
minimal because of the large thermal inertia, and the time of
heating to a given temperature is maximum by comparison with
the ERF-2 and AHTF-3 (Fig. 2).
Bars and forgings weighing 160-350 kg are heated to 515 °C
and sheet and pipe weighing 80-180 kg are heated to 500°C 1.82.5 times faster in the AHTF-3 than in the ERF-2 furnace in spite
of the more rapid heating of the air in the ERF-2 when the load is
small.
The heating time is smallest in the salt bath as compared
with the AHTF-3 and ERF-2 (Fig. 8) When bars and forgings
weighing 160 kg and 40-200 mm thick were heated to 515°C the
heating time was 5-20 min in the salt bath, 40-100 min in the
AHTF-2, and 60-180 min in the ERF-2. Then the heating rate of
the samples in the salt bath declined sharply and the difference in
time for heating to 515C decreased: the heating time in the
AHTF-3 was only 1 -2.4 times more, and in the ERF-2 2.5-5 times
more, than in the salt bath.

HEAT TREATMENT IN AHTF
The results of research and experience with industrial applications
testify, not only to the high quality of heat treatment in AHTF, but
also the opportunity in a number of cases for significant reduction
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process cycle times and simplification of procedures with
significant decrease in the cost of the process as a whole, and
with improvement and increased stability of the material's
properties.
Such effects are realized because of the uniformity of
heating, accuracy of regulation and maintenance of a temperature
mode. The processing with AHTF allows, in a number of cases,
one to realize optimum modes unattainable with other methods of
heating. For example, the heat treatment of magnesium alloy
ML-5 requires heating up to temperature of 420 °C with an
accuracy of ± 2°C. This furnace allows one to raise the
temperature of the metal up to the top limit of hardening
temperatures without risk of burning. This has generated a time
reduction by one half (from 16 to 8 hours).
The special interest from the point of view of an estimation of
quality of heat treatment is represented by aluminum and
magnesium alloys, as they are most sensitive to temperature
fluctuations: The ability to obtain of quantitative parameters on
these alloys guarantees the quality of heat treatment of all other
materials.
The quality of heat treatment of aluminum deformed alloys
was determined by comparison of properties of specimens from
different semifinished products (alloys D16, AK6, V65) (Table
2) after complete strengthening heat treatment with heating to the
quench temperature with a AHTF and a saltpeter bath. Specimens
from D16 were treated with natural age hardening, from alloys
AK6 and V65 - with artificial aging, from alloys AK6 and V65 with artificial aging using the AHTF.
Specimens were cut from rolled plates D16, extruded tube
and bar Dl 6, forged AK.6 billets and pins from V95. The results
for tensile strength, ab, yield strength, all2, percent of elongation,
5, shear strength, xsh for rivets, fracture toughness Kc, electric
conductivity of specimens, heat treated in AHTF and saltpeter
bath were obtained. (Tables 3, 4, 5). Losses of mechanical
properties due to stress corrosion of plates Dl 6 with thickness 0.8
and 1.5 mm, quenched in water after heating with the AHTF, are
less than after heating in the saltpeter bath (Table 2); during the
heating to the quench temperature with an AHTF the scattering of
properties of specimens (ab , 8) was smaller. The depth of
diffusion of copper and magnesium into the cladding of alloy D16
specimens with thickness from 0.8 to 10 mm and tube D16 (30 by
15 mm), heat treated in the AHTF and in salt bath were the same.

Investigation of the heating processes in a AHTF for
forgings from alloy AK-6, which were produced from preliminary
deformed semifinished products, indicated the possibility of a
drastic reduction of the heat treatment cycle times. According to
a study of mechanical properties of specimens, cut from forging
in three directions (cb, o a2 , 5) were the practically the same after
the heat treatment with a reduced holding time of hold, t = 100
min as compared to the recommended holding time, t = 150 min
(Table 4).
The heat treatment (artificial aging) without preliminary
quenching, which needs close control on the temperature, of
automobile pistons from heat-resistant alloyed AL-30 with the
AHTFproduced good quality of parts. Optimum processing, such
as age hardening with at 185°C for 8 hours and cooling in the air,
generated better mechanical and manufacturing properties. The
cycle of heat treatment was reduced by 4 to 6 hours, compared
with previous technology. Further, for manufacturing conditions,
with the heat treatment of big groups (more than 2000) pistons
without special placement, positive results were obtain too.
Aging hardening of alloy AK4-1 was also done with a
AHTF. The basic problem of this processes is a requirement of
high uniformity of heating with a gas temperature variation not
more than ± 1 to 1.5°C and at the metal ± 3°C. Optimum
temperature of artificial age hardening : for plates AK4-1 is t =
195 ± 5°C with holding time of x = 12 h.; for as quenched, t =
192±2"C,t = 24h.
Table 3. Fracture Toughness (Kj/m2 of the Specimens
after Heat Treating in the Furnaces.
Sheet, 2024
Thickness
saltpeter bath
of a sheet,
AHTF
3
20
7
mm
107.90
107.90
95.16
1.5
3.0
101.00
94.18
91.23
96.14
88.30
5.0
100.00

B
i

C

Table 2. Composition of Wrought Aluminum Alloys, %
V95
AK4-1
D16
V65
AK6
r
4.2
2.4
Cu
2.2
4.3
1.7
1.5
0.2
2.3
1.6
0.65
Mg L
Zn
0.3
6.0
0.3
0.5
0.35
Si
0.9
0.6
0.4
0.4
0.2
Mn
0.6
0.5
Cr
0.7
1.18
Fe
1.5
1.1
1.1
Ni

A

Orientation
of
specim sns
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AHTF

B

71.61

C

117.72

A

196.20

Forging AK6
saltpeter bath
3
7
20
65.6
5
107.
90
166.
77

Table 4. Electrical Conductivity 2, of 2024h Aluminum
Alloy m/(ohm • mm2)
After heat treatment in the
Thickness of the
furnaces:
As shipped
sheet, mm
AHTF-3 saltpeter bath
16.8
3
16.8
17.1
5
19.0
19.2
19.4

regard to quality of treatment, productivity and efficiency of
process. AHTFs do not concede to the technology parameters of
other methods and sometimes they exceed the most effective
heating technologies available.

Table 5. Properties of Specimens after Heat Treatment by
Different Heating Methods Before and after Corrosion
Tests
Ultimate Tensile Strength - UTS (MPa)
and Percent Elongation - %
change
before
after
%
447.34 302.15
UTS
33.9
AHTF
Sheet
4.4
%
22.5
80.5
2024S
340.4
429.7
20.8
0.8mml Salt bath UTS
20.2
%
6.7
67.0
454.2
253.0
54.7
UTS
AHTF
Sheet
%
4.4
80.0
21.9
2024H0.
449.3
255.0
43.3
8 mm Salt bath UTS
21.1
4.0
80.0
%
UTS
456.16 426.73
6.5
AHTF
Sheet
19.7
11.4
%
42.0
2024S
435.6
395.34
10.0
1.5 mm Salt bath UTS
9.2
51.0
18.9
%
UTS
458.13 415.94
9.3
AHTF
Sheet
49.0
19.3
9.8
%
2024H
19.0
UTS
451.26 364.93
1.5 mm Salt bath
77.0
19.8
4.6
%

•

•

•

•

CONCLUSIONS
The AHTF is more economical, simpler to manufacture,
and safer in operation than electric air furnaces or salt
baths.
The AHTF produces a more uniform temperature in the
working space and heats the air from room temperature to
the given temperature twice as rapidly as ERFs.
Heating of different semifinished products with sections
40-200 mm thick in loads of 80-350 kg to 500-515 °C is
1.8-2.5 times more rapid in the AHTF-3 than in the ERF2 with similar dimensions in spite of the fact that the ERF
has twice the power.
The mechanical properties, resistance to corrosion and
stress corrosion, and electrical conductivity of various
semifinished aluminum alloy products are the same after
heat treatment in the AHTF-3, ERF-2, and the salt bath.
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AHTF satisfy the tight requirements, which are necessary
for the process of heat treatment, and exceed special electrothermal equipment for medium- and low-temperature heating with
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thermodynamics. In many works, attempts of deriving
hyperbolic heat conduction equation consistent with the
Second Law are made [5]-[7]. Their authors introduce
in classical expressions for internal energy and entropy
additional terms proportional to heat flux or the time
derivative of temperature, and prove that hyperbolic heat
conduction equation is consistent with this modified thermodynamics. However such modification leads to the
situation when internal energy and entropy loose their
fundamental property to be a function of thermodynamical state only, which is equivalent to the First Law of
thermodynamics (for internal energy) and to the Second
Law (for entropy).
Intuitively, the concept of finite speed of heat propagation is easier to accept, and it looks physically more
attractive than concept of infinite speed of heat propagation. But not always intuition is a good advisor. In
described situation, the best way for the determination of
the speed of heat propagation is to apply thermodynamical method, because heat conduction is a spontaneous
irreversible thermodynamical process. It means that description of its main principal features is hidden in the
First and the Second Laws of thermodynamics. Therefore it is reasonable to expect that appropriate thermodynamical analysis based only on the First and the Second
Laws of thermodynamics can explicitly answer the questions: "Is speed of heat propagation finite or infinite?"
and "Which kinetic equation for heat conduction follows
straightly from the First and the Second Laws of thermodynamics?". Such analysis is missing and will be done in
sequel.

ABSTRACT
In this work, a thermodynamical approach for the determination of the speed of heat propagation in a heat
conductive body is developed. It employs equations of
the First and the Second Laws of thermodynamics. The
present analyses show that no time delay exists between
time moments of heat extraction and heat supply. Therefore, an infinite speed of heat propagation is proven.
It is also predicted that there is no time lag between
heat flow and temperature difference. A theoretical approach straightforwardly leading from basic equations of
the First and the Second Laws of thermodynamics to a kinetic equation describing heat conduction in an isotropic
continuum is also developed. It is shown that Fourier's
equation is a particular case of the derived kinetic equation. Based on the kinetic equation, the governing heat
conduction equation is of the parabolic type, thus, confirming that speed of heat propagation is infinite.
INTRODUCTION
In heat conduction theory, two different analytical approaches exist. The first one applies the parabolic type
governing equation, which assumes infinite speed of heat
propagation. In the second approach, the hyperbolic type
governing equation introducing finite speed of heat propagation, is employed.
The first approach is based on Fourier's heat conduction equation [1]. This equation obviously satisfies the
Second Law of thermodynamics. Combining Fourier's
equation with equation of the First Law of thermodynamics straightforwardly leads to the parabolic type governing equation proving infinite speed of heat propagation. In the last works [2]-[4] it is shown that according
to Fourier's equation, the final temperature disturbances
propagate with final and relatively low speed.
Recently Ozisik and Tzou D. Y. [5] gave detailed and
thorough review of works introducing and analyzing hyperbolic heat conduction. Traditional way in deriving
hyperbolic heat conduction governing equation is to apply Cattaneo's kinetic equation. Combining it with an
equation of the First Law of thermodynamics gives a hyperbolic governing equation. Further analyses led to a
conclusion that there are cases where Cattaneo's equation predicts that heat can spontaneously flow from cold
to hot regions in contradiction with the Second Law of

BASIC THERMODYNAMIC PROPERTIES
OF HEAT TRANSFER
For thermodynamical analysis of heat transfer process, an insulated thermodynamic system consisting of
two subsystems 1 and 2 is considered. At moment of
time t = 0, thermal contact between subsystems is created through heat conducting surface F, and heat transfer process occurs until t = tg. During this process,
temperature of subsystem 1 is Ti(i), internal energy is
U\(t) and entropy is Si(t), while temperature of subsystem 2 is T2(t), its internal energy is Uz(t) and entropy
is 52 (t). For subsystem 1 the instantaneous heat transfer rate through surface F is Qi(t), and for subsystem
2 the instantaneous heat transfer rate through the same
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surface is Q2{t). It is assumed that temperature of every
subsystem is uniform, and in the general case T\ ^ T2.
According to the First Law of thermodynamics, internal energy of total insulated system is constant at
any instant of time: U = U\(t) + U2(t) = const,
therefore ~^- 4- -^f- = 0. The Second Law of thermodynamics requires entropy of total insulated system
S(t) = S] (t) 4- 52 (i) to increase or to be constant at any
instant of time, so ^ - 4- '-^f- > 0.
As Q\(t) = —gf- and Q2{t) = '~^t from the Fist Law
follows that Qi(t) + Q2(i) = 0. The Second Law expression may be presented in the form
T (t)
3

because dt ~ T,(f) "and
•""
dt
T (t)
•
After simple transformations, the following expressions
defining basic thermodynamic properties of any heat
transfer process are obtained:
2

KINETIC EQUATION FOR HEAT
CONDUCTION IN AN ISOTROPIC
CONTINUUM

(1)

Qi{i)[I\{t)-T2{t)]>0

By using thermodynamic inequality (2), the kinetic
equation for heat conduction in an isotropic continuum
can be formulated purely theoretically, without any additional assumptions and model concepts. In the continuum, an arbitrary system of cartesian coordinates
x, (1 = 1,2, 3) is introduced, and characteristics of temperature field T(xi,l) and heat flux field q(x,,t) are analyzed. Applying formula (2) to heat flows parallel to axes
x, gives the following three inequalities

(2)

In these formulae, the heat transfer rate is considered
positive, when heat is supplied to an appropriate subsystem, and it is negative, when heat is extracted from
the subsystem. The expression (2) is valid also in a case
where index "1" is interchanged by "2", and "2" by " 1 " .
Formula (1) shows that heat is instantaneously extracted from one body and supplied to another body.
It means that in heat transfer no time lag exists between
heat supply and heat extraction. Therefore the first basic
property of any heat transfer process is infinite speed of
heat propagation. For developing a better understanding
of nature of this phenomena, a hypothetical case of heat
transfer with a time lag between heat extraction and heat
supply is analyzed (Fig. 1). It is assumed that heat is
extracted from subsystem 1 ( Qi(t) < 0 ) and is supplied
to subsystem 2 ( Q2(t) > 0 ) with a time shift tA / 0.
Because of this, the following three stages of the heat
transfer process appear:

(4)

and therefore
q. VT'= |q| |VT[ cos a < 0

1. The first stage: 0 < t < tA, Qi(t) < 0, Q2(t) = 0.
2. The second stage: tA < t < in, Qi(t) < 0,
Q2OO > 0.

3. The third stage: tB < t < tc, Qi(t) = 0, Q2{t) > 0.
Figure 1 shows that in the first stage •—*• = Qi (t) <
0, ^2- = Q2(t) = 0, and therefore internal energy
of the total insulated system is not constant: —^ =
-jf- + —gf- < 0. It spontaneously decreases in contradiction with the First Law of thermodynamics. In this
stage also ^- = % (\l < 0, -£*- = %ft\ — 0. Therefore
entropy of the total insulated system also spontaneously
decreases: ^ = ^dt~ ~^~ lu' ^ "• This decrease of entropy
obviously contradicts to the Second Law of thermodynamics. Thus, a non-zero time shift between heat supply
and heat extraction is physically impossible. The only
option left is tA = 0, which means infinite speed of heat
propagation.
Expression (2) represents the second basic property of
heat transfer. Necessary and sufficient condition of this
inequality validity is

t) = H [T,(t)-T2(t)}

where // is a positive coefficient. Formula (3) shows that
the instantaneous heat transfer rate is affected by subsystems instantaneous temperatures corresponding to the
same moment of time to which the heat transfer rate relates. Thus, it is proven that there is no time lag between
the heat transfer rate and temperature. This is the second basic property of heat transfer.
Obviously, expression (3) is Newton's formula for heat
transfer, proven fully thermodynamicaHy, where // is a
product of heat transfer area by heat transfer coefficient.
In the general case, coefficient // is not constant and depends on temperatures of subsystems and other physical
parameters influencing process.

(3)
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(5)

where heat flux components qXt and temperature gradient components ~- are determined for the same time
moments, and a is the angle between vectors q and VT.
Inequalities (4) are valid in all cartesian coordinate
systems. It can be proven that these inequalities are
necessary and sufficient conditions of a = n.
Necessary condition is: "If a = v, formulae (4) are
valid". When a = x, it is always possible to introduce
a positive scalar £ such that q = — £ VT. Therefore
^•T. §s~ ~ ~Z (§x~S)2 — 0- Thus, the necessary condition
is proven.
Sufficient condition is: "If expressions (4) hold, then
a = •K" . Suppose that a =^ x. In this case, always is
possible to find a cartesian coordinate system where, at
least for one i, qXl J^p > 0 in contradiction to inequalities
(4). So it must be a = x. Thus, sufficient condition is
proven.
Therefore the following vector equation is valid

q = -( VT

(6)

In this equation, £ is a positive scalar coefficient which
does not depend on coordinate system, while q and VT
correspond to the same instant of time. It means that
£ is a local physical characteristic of heat conduction in
an isotropic continuum. Formula (6) represents kinetic
equation for heat conduction in an isotropic continuum.
It was formulated as a consequence of the First and the
Second Laws of thermodynamics only.

Kinetic equation (6) may be linear or nonlinear. In
a linear case, kinetic coefficient £ depends only on local
thermodynamic parameters of the continuum, and equation (6) represents Fourier's law. In a nonlinear case,
kinetic coefficient can depend on magnitude of temperature gradient.
For a rigid body, the following equation represents the
First Law of thermodynamics
pc ~

where p and c are material density and heat capacity,
respectively; Fv(xi) is a volumetric heat source.
Combining equations (7) and (6) gives the governing
heat conduction equation of the parabolic type confirming thermodynamical prediction of infinite heat propagation speed in heat conduction.
CONCLUSIONS
Thermodynamical approach for determination of
speed of heat propagation in heat conduction is developed. It employs equations of the First and the Second
Laws of thermodynamics. Provided analyses show that
there is no time delay between moments of heat extraction and heat supply. Therefore infinite speed of heat
propagation is proven. It is also predicted that there is
no time lag between the heat transfer rate and temperature.
A theoretical approach straightforwardly leading from
basic equations of the First and the Second Laws to a kinetic equation describing heat conduction in an isotropic
continuum is also developed. It is shown that Fourier's

equation is a particular case of the derived kinetic equation.
Heat conduction governing equation, based on the kinetic equation, is of the parabolic type, thus confirming
infinite speed of heat propagation in heat conduction.
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Fig. 1. A hypothetical case of heat conduction with a time lag between heat extraction and heat supply.
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Abstract
In this study, an explanation of a laboratory scaled
heal exchanger unit and a software which is developed
to analyze heat transfer, especially to use it in heat
transfer courses, are represented. Analyses carried out
in the software through sample values measured in the
heat exchanger are: (1 determination of heat transfer
rate, logarithmic mean temperature difference and
overall heat transfer coefficient; (2)Determination of
convection heat transfer coefficient inside and outside
the tube and the effect of fluid velocity on these;
(3)Investigation of the relationship between Nusselt
Number. Reynolds Number and Prandtl Number by
using multiple non-linear regression analysis. Results
are displayed on the screen graphically.

-6-cFigure 1. Schematic diagram of experimental
apparatus. 1 -Heat exchanger, 2-Cold water flow meter
3-Pump. 4-Hot water flow meter, 5-Heater,.

Introduction
Modeling studies which are based on experimental
data have great importance among the numerical
methods used to solve engineering problems.
Mathematical difficulties confronted with in these
studies are dealt with through computer programs
developed for this purpose. In this study, description of
a laboratory scaled heat exchanger unit and also a
computer program is developed for the heat transfer
analysis in the heat exchanger especially to be used in
heat transfer courses.

Rate of heat transfer
(1)
Overall heat transfer coefficient
Q

u=-

(T,-Tj)-(T, -Tg)

(2)

Convection heat transfer coefficient between inner
surface of tube and hot stream
Q
h, = -

-T,)-(T,-T4)
" T, - T,

The Heat Exchanger Unit
A schematic diagram of the experimental apparatus
is given in Figure 1. The heat exchanger is of the
double pipe type with hot water flowing through the
central tube while cooling water flows through the
annular space. The heat exchanger may be connected to
give concurrent or counter-current flow. K-type
thermocouples are used to measure the temperature at 6
points(at either ends of the tube surface and entry-exit
temperatures of the hoi and cold water). Hot water
provided by an electrical resistance type water heater is
fed into the heat exchanger. Flowmeters arc used for
measuring the flow rates of hot and cold water. While
closed-circuit hot water circulation is obtained through
a pump, cooling water is obtained from the main water
supply. If the water temperature exceeds a certain
value, a temperature control mechanism starts
automatically and shuts of the heater.
In the steady-state conditions, by measuring the
temperatures and the mass flow rates of both streams,
the following may be calculated! 11:

(3)

In
' T, - T,
Convection heat transfer coefficient between outer
surface of tube and cold stream
Q
hn = •

(T 3 -T 5 )-(T 4 -T 6 )

(4)

""•"T;'-T7
In

'X.-T;
Overall heat balance
Q = m,Cp(T, - T , ) = m0C,,(T, - T 6 )
(5)
Through the multi-nonlinear regression analysis;
Nusselt. Reynolds and Prandtl non-dimensional
numbers used for the derivation of heat transfer
coefficient respectively are given below[l |:
Nu = —
k
Re =

udp

u.
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(6)
4m

O)

Pr =

CpH

temperature difference and overall heat transfer
coefficients are calculated. The temperature profiles for
the hot and cold water are shown as schematically.
Screen image obtained from the program for the
illustrative measurement is given in Figure 2.

(8)

As seen in these equations; in calculations, physical
properties of water in different temperatures are
necessary. For this aim, correlations developed through
non-linear regression analysis have been used(Table 1).
The temperature in these correlations must be set in as
°C.
Table 1 Temperature-dependent correlations for the
physical properties of water[2].
Density(kg/m3)
p = 1000.47 - 0.0679468*T - 0.00357872*T2
Thermal conductivity (W/mK)
k = 0.568552+0.0017256*T-5.87414E-6*T2
Viscosity(Ns/m2)
H = (1762.63 - 47.5729*T+0.587372*T20.00261674 *T3)E-6
Specific heat capacity (kJ/kgK)
Cp = 4.21027 -0.00304996*T+7.93122E-5*T28.23628E-7*T3 +3.34962E-9*T4
Prandtl number(-)
Pr= 13.3675-0.40121 l*T+0.00521008*T22.37898E-5*T3

1

MEASURED VALUES
Temperatures
Plow rales
T1 =63 7
mi = 43 •
T2 = 56.3
mo = 15
T3 = 56
T4 = 49.6
T5 = 40.1
T6 = 19.6

Hot water —Cold wateK

~V

.V

CALCULATED VALUES
Qi = 1330 W
LMTD = 29 67
C
U = 1883 W/m2K
L» = 0.8923m/s

isor
I 40,

I 20 }

-

0

200
400
600
Length, x(rnm)

JT6

800

Figure 2. An illustration for the application aimed at
explaining the heat exchanger and the software.
Example 2
In this example where measurements are made by
reducing hot water flow at a certain rate; the mean
temperature of hot water and the flow rate of cold water
are fixed. The convection heat transfer coefficients for
hot and cold water flows(hi,h0), and the overall heat
transfer coefficient(U) are determined from equations
(l)-(5). The effect of hot water velocity on convection
and overall heat transfer coefficients are shown in
Figure 3.

The Computer Program
The computer program is developed by using a
special mathematics software because of its
mathematical capabilities and graphical advantages.
The software, designed as menu-driven, consists of four
modules one of which is the main module. As the input
data of the computer program, only the measured
temperatures(T|, T2, T3, T4, T5, T6) and mass flow
rates(mi, m0) are used. The following analyses are
possible to be made in the computer program through a
large number of measurements made the such a way to
provide certain conditions:
(1) Determination of heat transfer rate, logarithmic
mean temperature difference and overall heat
transfer coefficient;
(2) Determination of convection heat
transfer
coefficient inside and outside the tube and the effect
of fluid velocity on these;
(3) Investigation of the relationship between Nusselt
Number, Reynolds Number and Prandtl Number by
using multiple non-linear regression analysis.

18000
16000
14000
a

12000 -

i

10000 -

0.40

0.80

1.20

1.60

2.00

2.4

ui (m/s)

Figure 3. The effect of hot water velocity on heat
transfer coefficients.
Example 3
The aim of this module is to show how a correlation
to be used for the calculation of the Nusselt
number(Nu) is derived through Reynolds number(Re)
and Prandtl numbers(Pr). With respect to that, a
function like
Nu=f(Re,Pr)
(9)
is expected to come out. Unsophisticated form of this
function is taken as
Nu = cRe a Pr b
(10)

Case Studies
Some illustrative applications have been carried out
in the heat exchanger unit connected for the countercurrent flow to explain the analyses summarized above.
In the measurement values obtained after the apparatus
reached steady-state operating conditions, deviation
from the mean temperature is limited to +2°C.
Example 1
Through single-measurement set formed for this
modules aimed to explain the heat exchanger unit and
the software; heat transfer rate, logarithmic mean
405
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In the determination of a,b and c coefficients given
in equation (10), the methods developed for the multi
non-linear regression analysis can be used[3,4]. In this
study, logarithmic and linear regression analyses are
used.
So. by keeping Pr constant, the dependence of Nu
on Re are established. There has been obtained the
coefficient as a=0.8 from the logarithmic regression
analysis applied to Re and Nu numbers(Figure 4).
Similarly, by keeping Re constant, the dependence of
Nu on Pr are determined. There has been obtained the
coefficient as b=0.6 from the logarithmic regression
analysis applied to Pr and Nu numbers(Figure 5).
Finally, it has been found as c=0.027 from the linear
regression analysis applied to Re" s Pr 06 and Nu
values(Figure 6). The fitted equation is thus

1

1

220

Nu=cRe"aPr"b

200

CF=O.O27OI

180

a=0.7969
b=0.6096

160
140
120
100
SO
60
40
2000

3000

4000

5000

6000

7000

8000

900
x

Figure 6. Linear regression analysis between Re" Pr"f'
and Nu numbers
1

1

1

1

1

1

1

220 -

Nu = 0.027 Re0'8 Prttfi
(11)
Nu numbers derived from the measurements and Nu
numbers calculated from the Equation (11) are shown
in Figure 7 as compared with each other.
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Figure 7. Comparison of Nu numbers obtained from the
measurements and calculated from equation (11).
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Conclusions
The study given here is prepared especially for
undergraduate
students
studying
mechanical
engineering. It is aimed to acquaint students with the
following subjects, through heat exchanger and
software;
• Heat transfer analysis in heat exchanger
• Experimental research methods
• Regression analysis application on measurement
values and developing empirical correlations
• Introduction to mathematical softwares
• Modules programming techniques.

1(1.(1 10.2 10.4 10.6

Figure 4. Logarithmic regression analysis between Re
and Nu numbers.
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at low and ultra-low temperatures. We use
special nitriding mixtures with very low
melting temperatures ( near 350°C ) and
content sufficiently high percent of active
nitrogen. Composition and properties of this
mixtures will be given in one of our next
publications and patents.
Steel
nitriding
at
low
temperatures
practically very important because of: a) there
are no temperature deformations of complex
metal parts, b) tempering of steels may be
done at lower temperatures and c) less energy
is required for nitriding.
Scientific importance of this study consists
in possibility of measurements in more wide
interval of temperatures and building on this
basis molecular mechanism of steel nitriding.

ABSTRACT
This report continues our previous work [1]
on liquid bath nitriding of steels. At now we
give here the results of low temperature
nitriding of different sorts of steels in special
nitriding mixtures with high content of
nitrogen.
It was shown on many examples that
nitriding may be realized not only in normal
interval of temperatures (580- 480°C), but also
in low (480-420°C) and in ultra-low (420370 C) intervals of nitriding temperatures
with sizable increments (difference between
surface hardness before and after nitriding):
up to 139 HV1 at 370° C, up to 269 HV1 at
390° C and up to 326 HV1 at 420° C.
HV1 - Vickers units of hardness at 1 kg of
pressure.
Our measurements showed that nitriding in
liquid nitriding mixtures may begun at
temperatures lower then 350 C. Theoretically
nitriding may begun in interval 200 -300°C
but practical
interest
has
temperature
370±20°C.
In this report are given some preliminary
theoretical
consideration
on
molecular
mechanism of nitriding process and was
suggested chemical two stage mechanism for
explanation of nitriding process.

CONDITIONS AND RESULTS OF
MESUREMENTS
In this investigation were include steels:
U-7, 1117, 4140 (with tempering: a) 490°C,
b) 420°C and c)400°C) and H-13 which are
carbon-, low- and middle-alloyed steels.
Temperatures of nitriding were 370, 390,
420 and 480°C. Minimal melting temperature
of nitriding mixture was- near 350 C. In
process of experiments temperature was stable
within ±10°C. For mixing of melt was used
compressed air.
As parameters of nitriding process were
used surface hardness in Vickers units
measured at load of lkg. We designate:
(HVl)o for initial, HV1 for resulting surface
hardness and AHV1 for difference HV1 (HVl)o.
Values
(HVl)o
were
measured
on
cross-section at 3-4 mm from edge or on
specimens
surface
before nitriding.
All
metalographic measurements were carried out
in
accordance
with
generally
accepted
standard [3].

INTRODUCTION
In the last time in literature were
published [2] some papers on gas nitriding of
steels at ultra- low temperatures. This method
uses the catalytic decomposition of ammonia
by thin layer of nickel which beforehand
bring upon the surface of nitriding articles.
The nitriding begins at 215 C. However there
were no such works on liquid bath nitriding
of steels.
This work, which continue our previous
works [1], deal with liquid bath steel nitriding
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Results of measurements are given in
Table. In table T C - - nitriding temperature
in °C and th time of nitriding in hours.

420 C) AHV1 equals from 100 to 320 and has
practical significant.
POSSIBLE MECHANISM OF METAL
NITRIDING
Molecular mechanism of nitriding process
in liquid mixture consist from two stages.
The first stage consists in distraction of
nitriding substance (N*, NH3, KCN, NaNCO
and so on) and formation of nitride on
surface of nitrided metal for example Fe,iN
Fe2N CrN and so on. This is an chemical
process which schematically may represented
as:

Table 1. Results of different steel nitriding
at low and ultra-low temperatures.

Type of th T°C HVl (HVl)o AHV1
steels
1117
4 370 260 176
84
1117
1 420 260 176
84
U7
4 370 298 255** 42
4140"
2 370 551 512 39
4140a
4 370 571 512 59
4140"
2 390 554 512 42
6 390 623 512 118
4140"
4140"
2 420 601 512 89
4 420 680 512 168
4140"
4140"
2 450 641 512 129
4140b
2 370 568 498 70
4140 b
4 370 576 498 78
4140b
4 390 581 498 83
4140b
6 390 671 498 73
420 663 498 165
4140b
2
4
420 740 498 242*
4140b
370 585 465 125
4140°
4
4140=
6
370 601 465 136
4140c
2
390 628 465 163
4140°
4 390 657 465 192
390 727 465 268
4140°
6
H13
4
370 578 495 83
H13
6
370 616 495 121
390 606 495 111
H13
2
H13
390 611 495 116
4
420 713 495 218
H13
4
420 746 496 251
H13
6

X+A

+ Mi

Y +B
Z+C

Mj

(1)
X~A, ••"' M,
•> Y-Bv

z-c

M3

In (1) A, B and C - are atoms chemically
bonded with nitrogen, X, Y and Z - atoms
which react with A. B and C in process of
nitriding. It may be oxygen or, in case of N2
— atoms of nitrided metal M. In middle is
given formula of transition complex, written
with use of designation given in [4]. The
structure, energy and geometry of transition
complex may be computed by numerous
methods of quantum chemistry, simplest of
then is given in [5].
The second stage consists in motion of
nitride molecule into the depths of metal. So
as this movement carry out not an atom but
a molecule of metallic nitrid which is bigger
in many times then dimensions of crystal
lattice, this movement cannot be a simple
physical diffusion of neutral particle but must
an chemical process with rapture of one bond
and formation of another.
The nitride chemical bonds are very
specific: near of nitrogen atom they alike
semipolar covalent bond, but near metallic
atom - they alike to metallic bonds. Unpaired
electrons of nitrogen also take part in the
second stage. This gives to us the basis for
such
mechanism
of
movement
nitride
molecules into the depth of metal:
(2)
M
Mr*M2
M, JA-i
V /M:
N '

*) Average from AHV1 232, 138, 197
and 326; **) Ferrit
From Table it is seen, that at low and
ultra-low temperatures AHV1 has sufficient
high values. So at the lowest temperature we
reached - 370°C interval AHV1 equals from
59 to 125 with average 86±30. The mean
square errors s in determination of A2HV1 is
near 30-40. Therefore, statistically effect of
nitriding at 370°C equal to 2-3 s and
detected with probability 95-99%. At higher
temperatures as shown in Table (390 and

M/

41)8

NVL,

So far as concentrations of X, Y and Z in
conditions of working liquid nitriding bath
are practically constant and more in many
times then concentration of metal atoms on
nitrided surface, these atoms not limit the
velocity of process nitriding. Moreover, atoms
X, Y and Z are mobiles^ owing to thermal
and mechanical movement. So amount metal
atoms on surface may differs from 100% up
to 0 and these atoms are determine all
nitriding process.
If it so, then velocity of nitriding depends
on velocity of movement of nitrogen into the
depth of metal that is kinetics of stage (2).
Physical diffusion has linear dependence of
velocity from temperature:
dc/dt=A3T

uuu -

500 400 300 -

/

1

200 100 -

(3 )

0 -•-^

i

1

1
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300

400
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600

T°C
Dependence AHVl on temperature for steel HI 3
att=2hr

In case of chemical process there is
exponential dependence from temperature:
B/r
dc/dt=A,
(H)
where A3, A4 and B4 constants, T
temperature in JJC and dc/dt — derivative on
time.
In fixed interval of temperature, AHVl
must be proportional of process velocity and
can distinguish processes (3) and (4). On
figure is given dependence of AHVl from
temperature for interval 370 - 560 C for steel
H 13. It is distinctly seen unlinear, near
exponential character of curve. So we can say
that mechanism (2) determine nitriding
process.

CONCLUSIONS
It was detected that process of metal
nitriding in liquid salt bath begins from
temperature lower then
~370°C and at
temperature 390°C has sufficient value for
some practical applications.
It was formulated chemical two stage
mechanism of metal nitriding and was given
some arguments in favor of (4).
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Abstract
Issues in the strategic use of knowledge and
innovation in industry are addressed, particularly the
management of technology transfer. Some industrial
examples are presented. These include I) the case of
defense conversion in Israel, with special attention to
the transfer of technology from the defense to the
civilian sector; and 2) the case of diffusion of
computer integrated manufacturing (CIM) in small
firms in conventional (non "high tech") industries.
These cases are discussed in light of national
technology policy in Israel, which is also reviewed
here. Managerial implications of the research are
suggested. They stress the importance to accelerate
the economic-wide use of technological knowledge
and R&D already accumulated in Israel. The paper
concludes that managing the dynamics of knowledge
and innovation, through collective
learning
processes, is critical for developing and sustaining a
long-term distinctive advantage for the Israeli
economy and its firms in face of global competition.

Knowledge-based processes
A theoretical framework (Figure 1) for the
management of knowledge-based processes was
previously developed and tested [3]. These processes
are about collective learning in social systems. In
general, collective learning involves two related but
subtly distinct basic (sub)processes. First, a crossfertilization process entails the transfer and diffusion
of diverse streams of knowledge over time among
members in a social system. Second, a selection
process through which members of the social system
eliminate obsolete knowledge, or unlearn over time,
in face of changing environmental conditions (e.g.,
innovation-competition.) Managing the balance of
rates of these counteracting collective learning
processes (i.e., Rate 1 and Rate 2 in Figure 1) is
important for system's performance over the long
term. The next sections illustrates the application of
this framework.
Figure 1. Collective Learning in a Social System

Introduction
Technological innovation has been a powerful
engine of economic growth and development in
many nations [I]. The basic problems faced by
national institutions (government, universities and
industrial firms) in the strategic use of scientific and
technological knowledge are: I) how to develop and
commercialize innovation successfully. 2) how to
sustain the cross-fertilization
of knowledge
distributed across many economic actors, and 3) how
to overcome the organizational inertia of these actors
in innovation adoption and diffusion. To deal with
these problems, technology managers and policy
makers have given increased attention to the
knowledge-based processes such as technology
transfer, user involvement in product development,
and organizational learning and entrepreneurship.
Yet, there have been few empirical studies on these
processes with often little theoretically-based
guidance to serve managers in those efforts. This
paper first presents a theoretical framework as a basic
guide for the management of some basic
knowledge-based processes. The paper then presents
research in which this framework was utilized. A
concluding section discusses the results and draws
managerial implications.

External
Sources of *
Knowledge

Social system

Technology Transfer in Defense Conversion
In most industrialized countries, spillover outside
the areas of defense R&D has been low [1], Previous
research [5] regarded the Israeli economy as social
system and analyzed defense conversion based on the
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collective learning framework suggested in the
previous section. Next is an overview of findings
from that research.
Most conspicuous cases of technology transfer
across the boundaries of Israeli defense firms have
been limited to the private initiative of individual
entrepreneurs, who left these firms and units of the
IDF carrying with them knowledge to start their own
businesses. Israel has no socially effective
mechanisms for the formulation, coordination and
implementation of a cohesive national technology
policy that links, systematically, defense and civilian
technological activity across diverse industries and
regions of the country. This lacuna hinders
cross-fertilization and knowledge selection across
sectors. Furthermore, it extends to the lack of
programs for defense conversion and related transfer
of technology between organizations within and
across the defense sector.
Defense conversion and technology transfer,
become, in fact, a non-national issue. It has been left
outside the realms of public discourse despite an
early yet undeveloped public interest. Present
conditions (lack of nation-wide cross-fertilization
between defense and civilian technological activities
and lack of industry-wide selection processes
supported by technology diffusion oriented policy)
have reinforced Israeli defense firms to choose
intra-organizational technology transfer as a mean to
cope with increasingly competitive military markets
and cuts in defense budgets. In addition to the
resulting duplication of effotts and increased costs of
publicly finance R&D, this pattern of technology
transfer has implicitly benefited defense firms by
protecting their core technologies from being
exposed to other actors in the Israeli economy (e.g.,
small firms in peripheral regions of the country).
Efforts to promote a national policy in Israel so as to
increase the rates of cross-fertilization and selection
processes, collided with an existing social order, the
inertia of Israel's defense institution, set in place by a
policy of "independence," since 1967 at least.
Despite some improvements in the civilian
technology policy (e.g., MAGNET program) the lack
of industry-wide transfer of commercially-relevant
technologies among many organizations, particularly
small firms, may have prevented a socially efficient
sharing of know-how and competencies already
accumulated in Israel, opening wider gaps in
socioeconomic development within the country, and
probably retarding development comparatively with
other countries. Then, opportunities to build new
industries, create new and better jobs might have

been lost. The overall performance of the system (or
a large part of it) might have been compromised over
the long term. Thus, to meet these challenges for the
future V&M suggests that Israel needs a national
technology policy (cf. the U.S. under Clinton's
administration) with defense conversion and related
technology transfer programs as its basic
components. The eventual success of the whole
process will require not only the sustained
cross-fertilization of knowledge distributed among
many stakeholders across the country in search for
specific solutions and models of innovation, but also
the leading role of the Government in a selection
process to eliminate the inertia in the system.
CIM Diffusion to Small Firms
Underinvestment
in Computer
Integrated
Manufacturing
(CIM) technology by small
manufacturing firms (SME) is not only critical for
their competitiveness in global markets, but also
, important for the welfare of most countries due to the
significant role that SMEs play (e.g., as employers)
in national economies [6], It is the increasing
recognition of this role that lead governments in
industrialized countries to address SMEs as part of
their industrial policy and, in some cases (e.g.,
Denmark) to focus technology policy on the
diffusion of advanced manufacturing technology [5].
In Israel, it is quite apparent that state-of-the-art CIM
technologies exist in large companies (e.g., Iscar,
Intel, Motorola) and that many of Israeli companies
are involved in the development of CIM technologies
commercially used all around the world, specially
advanced CAD/CAM systems. Yet, much less is
known about CIM implementation in Israeli SMEs.
Thus a research [4] analyzed the situation of CIM in
Israel, as a social system looking into Government's
industrial policy for SMEs and from the perspective
of eight mature SMEs in several manufacturing
industries. Next is an overview of main findings from
that research.
Innovative SMEs have implemented advanced
CIM technologies, although they did not achieve full
system integration yet. These firms tend to learn from
linking the various components of CIM. These firms
also learned to link manufacturing strategy with
business strategy in a coherent way—enabling
greater utilization of their technology relative to
employment in the shop floor, and through a
manageable relationship with equipment suppliers
intended to reduce their bargaining power. While
these firms may need some specific assistance for
carrying out the full integration of their production
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technologies, they are building capabilities to realize,
at least in part, the strategic value of CIIV1 over the
long term.
In contrast, less innovative SMEs compete in
international markets with less coherent strategies
and with standard CNC machines and software for
production planning and control systems (PPC).
Competitive pressures may have required these firms
to adopt C1M as strategic weapon, but they did not
adopt C1M as a strategy. Furthermore, less innovative
firms did not implement an ILAN communication
infrastructure. CIM as a strategy cannot be fully
implemented without first introducing advanced
information
technologies and
communication
infrastructure.
The differences in technological capacity and
strategic profile that the research [4] found among
relatively mature SMEs, might be even greater
among younger SMEs across the whole Israeli
economy. Greater difference means relatively more
incompetent SMEs: more young firms with
incoherent strategies and ineffective technical
capacity, which can combine so as to increase the
tendency of these firms to fail early. This undesirable
outcome for the national economy (watch the textile
industry in Israel and unemployment in the
periphery!), finds support on empirical evidence on
the "liability of newness'" hypothesis, which suggests
that the highest mortality rate occurs among the
inadapted or youngest firms |2|. Thus, it may be
speculated that unless less innovative firms develop
more advanced technological capabilities to achieve
system integration, they may continue to exist for just
a while, or for as long as they do not face much of a
threat from competitors who are technologically
more advanced and strategically more coherent.
The Government could have played an important
role to easy these differences by implementing a
technology policy explicitly oriented to the diffusion
of CIM to SMEs. As found [4] in Israel, however,
current technology policy is underdeveloped as far as
the diffusion of CIM technologies are concerned,
although in other areas of advanced technology (e.g.,
particularly in micro- electronics and plastics) there
have been promising efforts to implement a
diffusion-oriented technology policy. In contrast to
these technological fields, the area of CIM is lagging;
the lack of organizational networks for learning about
new manufacturing technologies among SMEs in
different industries is limiting the diffusion of CIM.
Also the lack of special Financial assistance for CIM
technology adoption limits even more the diffusion
of CIM technologies to SMEs. Thus. Israel seems to

need a focused diffusion policy for CIM to SMEs so
as to increase the cross-fertilization of different levels
of accumulated know-how among industrial firms
and other institutions such as industrial parks and
universities.
Conclusions
In the cases reported above, a social system
struggled with basic problems in the strategic use of
knowledge and innovation. These have been 1) the
transfer and diffusion of diverse streams of
knowledge across social units—e.g., CIM diffusion
to SMEs or technology transfer in defense
conversion—and 2) the selection (out) or unlearning,
of old social institutions—e.g., a policy of
"independence" and the related inertia of Israel's
defense industry—when coordination of defense and
civilian R&D is required. To the extent that system's
managers, in government and industrial firms, are
aware of actual and potential limitations to collective
learning, act so as to implement new ways of doing
things, and remove the old organizational routines
and technologies in use, they can control
substantially the dynamics of their system. If doing
so, managers can rightly claim that they are actually
in charge.
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ABSTRACT
The paper summarizes the results of
several well-known and related studies in the
USA, of next-generation manufacturing systems.
Among the findings is the need for integrated
management of technology, business process and
people issues and the reinforced understanding of
the need to understand management of
complexity of intensely interacting systems. The
paper gives a list often necessary infrastructure
systems need within and between industrial
companies.

METHODOLOGY
The work was carried out in a 4-stage
process, reviewing the
• drivers of manufacturing competitiveness,
then from that deriving
• the attributes of a Next-Generation
Manufacturing Company, then deriving from
that
• the essential, imperative, infrastructure
systems required for the company, then
deriving from that
• the action plan to become a Next Generation
Manufacturing Company

INTRODUCTION
The well-known 1991 study [1]
identified the emergence of a new system for
manufacturing, which it named the Agile
Manufacturing system, and which is superseding
the century-old system of Mass Production.
During 1994 the US National Science
Foundation asked the Agility Forum, a
not-for-profit agency supported by industry at the
Iacocca Institute of Lehigh University, to work
with the Leaders for Manufacturing Program at
MIT and with the Department of Energy program
entitled Technologies for Enabling Agile
Manufacturing. These three groups then co-led a
study during 1996 and 1997 which resulted in the
publishing of the 800-page report on Next
Generation Manufacturing. By the time the report
[4] was published in January of 1997, around
1000 individuals from around 500 companies of
all types and sizes, had contributed to the work.
These contributions were orchestrated by
cooperation between the three co-leaders and the
following ten organizations:National Association of Manufacturers; National
Center for Advanced Technologies; National
Center for Manufacturing Sciences; National
Coalition for Advanced Manufacturing; Society
of Manufacturing Engineers; Consortium for
Advanced Manufacturing - International;
Coalition for Intelligent Manufacturing Systems;
Electronic Industries Association; American

•
•
•

•
•
•

THE KEY MARKET DRIVERS OF THE
NGM COMPANY
These are
the ubiquitous availability of information,
the spread of technological education around
the world,
the decreasing cost of individual machines
and design aids, and the increasing cost and
complexity of systems,
the relentlessly accelerating rate of
technological innovation,
globalization of trade,
the emerging significance of ecology and
environmental considerations.

THE KEY ATTRIBUTES OF THE NGM
COMPANY
Response to the NGM drivers dictates that
successful Next-Generation Manufacturers
possess an integrated set of attributes:
• Customer Responsiveness - The NGM
Company will work with customers, and in
anticipation of customers, to supply
integrated products and services that fit
evolving life-cycle requirements of function,
cost, and timeliness.
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• Physical Plant and Equipment
Responsiveness - The NGM Company will
employ an ever-growing knowledge base of
manufacturing science to implement
reconfigurable, scaleable, cost-effective
manufacturing processes, equipment, and
plants that adapt rapidly to specific
production needs.

THE INFRASTRUCTURE SYSTEMS
The highest priority infrastructure
systems needed are:PEOPLE-RELATED SUBSYSTEMS
Workforce/workplace flexibility is a new set of
practices, policies, processes, and culture that
enables the employee to feel a sense of security
and ownership while enabling a company to
capitalize on the creativity, commitment, and
discretionary effort of its employees, and at the
same time maintaining the flexibility to
continually adjust the size and skills of the
workforce.

• Human Resource Responsiveness - The
entire workforce of the NGM Company will
comprise highly capable and motivated
knowledge workers who can work in a
flexible work environment, with substantial
independent decision-making.
• Global Market Responsiveness - The NGM
Company will develop its manufacturing
strategy to anticipate and respond to a
continuously changing global market, with
operations and infrastructure tailored to local
requirements.
• Teaming as a Core Competency - The NGM
Company will team within and outside the
company to acquire and focus needed
knowledge and capabilities to develop,
deliver, and support their products and
services.
• Responsive Practices and Cultures - The
NGM Company will continuously evolve
core competencies, organizational structure,
culture, and business practices, enabling it to
anticipate and respond rapidly to changing
customer demands.
The NGM Company will be an adaptive
organization able to simultaneously deal with
more conflicting issues than is currently thought
possible. It will have mastered quality, speed,
and cost, and will manage complex
interdependencies with suppliers, customers,
partners, employees, governments, communities,
and interest groups by maintaining intense
interaction with all. It will simplify and
modularize business and technical processes, and
product components, as a means for mastering
complexity. Its leadership will manage to
simultaneously juggle more issues than is
currently thought possible.

Knowledge supply chains are a new concept
aimed at radically improving the supply and
dissemination of knowledge throughout
manufacturing organizations. They do so by
applying concepts of supply chain management
to the relationships between industry,
universities, schools and associations to rapidly
provide and continuously update the knowledge
and talent needed to run businesses in a timely
and cost-efficient manner.
Business Process-Related Imperatives
Rapid product/process realization (RPPR) is
an expected outcome that results from the
integration of customer needs and wants, a
systematic Integrated Product/Process
Development (IPPD) methodology,
cross-functional Integrated Product Teams
(IPTs), and a Computer-Integrated Environment
(CIE). It is accomplished by including all
stakeholders, from concept development through
product disposition, in the design, development,
and manufacturing process, in a highly
concurrent manner.
Innovation is the process of creating solutions,
which includes both initial creativity and its
successful implementation, to improve
everything from business practices to the
technology used to develop and deliver products
and services and to the development of the
product and service itself. Modern innovation
strategies and practices are essential for
companies to position themselves to be
competitive in the NGM environment.
Change management in the NGM company is
the continuous process of applying deliberate
change to the current state of an organization to
achieve a more competitive future state. The
ability to spark innovation and turn creativity into
continuous positive change may be the true

Acquiring these attributes forces the NGM
company and its leadership to deal with a
demanding set of complex dilemmas.
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competitive advantage for the NGM company of
the future.

2. S. L. Goldman, R. N. Nagel and K. Preiss.
"Agile Competitors and Virtual Organizations:
Strategies for Enriching the Customer", 403
pages, van Nostrand Reinhold, 1995.

TECHNOLOGY-RELATED SUBSYSTEMS
Next-generation manufacturing processes and
equipment are reconfigurable, scaleable, and
cost-effective manufacturing processes,
equipment, and plants implemented by
developing an ever-growing knowledge base of
the science of manufacturing, and used to allow a
company to rapidly adapt to specific production
needs.

3. K. Preiss, S. L. Goldman and R. N. Nagel,
"Cooperate to Compete: Building Agile Business
Relationships", 312 pages, van Nostrand
Reinhold, September 1996.
4. K. Preiss with R. Patterson, D. Hardt, J.
Hughes, R. Neal and many others, -1997
Report of the Next Generation Manufacturing
Project. Available from the NGM project office,
Agility Forum, 125 Goodman Ave, Bethlehem
PA 18015-3715, info@agilityforum.org. fax
001-610-694 0542

Modeling and simulation (M&S) will reflect a
new way of doing business rather than a
supporting technology. It will make virtual
production a reality. All production decisions
will be made on the basis of modeling and
simulation methods, rather than on build-and-test
methods. M&S tools will move from being the
domain of the technologist, to being a tool for all
involved in the product realization, production
and business processes.
Adaptive, responsive information systems are
information systems that can be reshaped
dynamically into new systems by adding new
elements, replacing others, and changing how
modules are connected to redirect data flows
through the total system.
INTEGRATION-RELATED SUBSYSTEMS
An Extended Enterprise is the seamless
integration of a group of companies and suppliers
(industrial, educational, investment, and
governmental) that collaborates to create and
support a timely and cost-effective service or
product.
Enterprise integration connects and combines
people, processes, systems, and technologies to
assure that the right information is available at
the right location, with the right resources, at the
right time. It comprises all the activities
necessary to ensure that, whether operating as an
independent unit or and within extended
enterprises, the NGM Company can function as a
coordinated whole.
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ABSTRACT
The Intellectual Property (IP) assets created
by the R&D teams of high-tech companies are
discussed in perspective of the technical and
business forecasts of the 21st century. IP is
classified and defined, and the role of its
components is analyzed in a symbolic
representation of a high-tech company. Build-up
of IP can be methodically managed and used for
technical and business targets of the company.
The monetary value of IP is realized when
financial transactions are planned, and IP leverage
can be exercised in current technical and business
operations and alliances.

have been used since the Industrial Revolution,
but their value was minimized compared to the
tangible assets, which made the industry work.
Since the 1980's, it has been appreciated that IP
is the most important and critical factor in the
success of emerging high-tech companies, far
beyond the tangible property, which lost its
importance with the decline of heavy industry
and textile factories.
IP AND THE HIGH-TECH BUSINESS
The Tree of Knowledge will be used here as
an analogy to the relationship between IP and the
high-tech company.
The tree will produce plenty of fruit for
many years provided it is planted in fertile soil
and sufficiently watered. The fruit symbolizes
the company's products which, when sold in the
marketplace, create profits. The fertile and
watered soil symbolize the human resources and
the personal know-how. The roots, feeding on
the personal know-how, represents the designs

INTRODUCTION
The lecture is based on 30 years of
experience in competing in the international hightech world, and will be illustrated with examples
from that experience.
IP is the intangible asset of the high-tech
industry including human resources, technical
designs, patents and company secrets. These

THE TREE OF KNOWLEGE

PRODUCTS

COMPANY SECRETS

PATENTS

PATENTS

COMPANY SECRETS
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and company secrets, which in turn stabilizeTand—._
hold the tree. Patents are the trunk of the tree,
and the basis for the company's products. A solid
patent portfolio will protect the company's
technology and markets over several product
generations, help repel competitors and assist in
creating business alliances.
PATENTS AND COMPANY SECRETS
The law defines a patent as a monopoly
given by the state to the inventor to prevent
others from manufacturing or selling the
invention for which the patent was granted. The
monopoly is limited in time (17 to 20 years) after
which the invention is released to the public. A
strong patent covers an important building-block
in the specific technology (i.e the wheels, engine
or transmission of a vehicle).

studied and considered in business transactions
involving high-tech companies. Absence of IP
can, in cerfairr eases, spell disaster for a start-up
looking for financial leverage. International hightech investors have started realizing that the
weight of traditional balance sheet "tangible" and
"intangible" assets do not reflect the real assets
and potential of high-tech companies.
In addition, IP can play a decisive role in the
business strategy of the high-tech company, by
defeating attacks of patent "predators", helping
create business alliances (another trend foreseen
by experts for the coming century) and earning
royalty income through the sale of licenses. In
extreme cases, competitors can be stopped by
legal means, a costly but effective action when
the lifeline of a company is endangered.
CONCLUSION
Management of IP in a high-tech company
turns a necessary (human) resource into an active
asset, leveraging the technical and business
activity and augmenting the financial value of the
company.

A company secret (CS) is an innovation, which
for various reasons is kept out of the public
domain, and is used only by its owner in an
industrial process. Obviously, the nature of a CS
helps to keep the secret safe over a long period of
time. There is no legal time limit to a CS.

PATENTS AND CS SUPPORT BUSINESS
Heading into the 21st century, high-tech
industries will face a new reality in the business
arena. Rapidly changing technology and
customer dominated markets require frequent
design changes and flexibility. Combined with
fierce commercial competition, this situation calls
for new methods of protection of one's technical
assets and market position over an extended
period.
A solid patent portfolio, combined with
controlled company secrets, is just one important
way to achieve this goal. This is critical for both
start-ups and mature high-tech companies, and it
is never too late to catch up in the IP race, at any
point of the technology development.
IP BUILD-UP METHODOLOGY
Recruiting professionals for high-tech jobs is
one element. But making them work as a
creative team is another problem. In addition,
creativity must be encouraged, eventually directed
towards business goals of the company.
Methodical screening of the innovations, with
professional assistance by law firms, will result in
the build-up of a patent portfolio and classified
log of company secrets.
IP AS BUSINESS LEVERAGE
IP, including patents, trademarks and
documented company secrets, are carefully
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ABSTRACT
The effectiveness of the placement of Surface-Mount
Components (SMC) process in Molded Interconnect
Devices (MID) assembly is influenced by the accuracy of
the component, the assembly machine and the device
itself. The objective of this research project was to model
the various dimensional variations and further on
optimize the lead to pad coverage. The research
approach is demonstrated in this paper by simulation of
the assembly process. Results are shown that the yield of
the process can be significantly improved by following
the optimization procedure.

A typical surface mount component with its
corresponding land pattern, namely the pads, is presented
in Fig. 2. Analysis results show that the main source of
inaccuracy in the component are due to local errors.
These errors are due to orientation distortion of leads
resulting from manufacturing and handling. Crucial to
the success of the assembly is the coplanarity of the leads
[Buratynski, 1996, Schiebel, 1994]. The total coplanarity
of any lead can be decomposed into four components.
This observation stems from the fact that adjacent lead
coplanarities are not independent but that there exists a
significant systematic component with a random
component superimposed. These two components
describe the relative position of leads to each other. The
absolute height of a lead can then be determined by
including the other two components, random offset and

INTRODUCTION
During the placement of SMC to MID, errors are
introduced to the process from different sources. Errors
are highly related to the accuracy of the device (3-D
board), the dimensional stability of the assembled
component, especially its co-planarity, and the pick and
place accuracy.
A Molded Interconnect Device (MID) is consists of an
injection molded plastic substrate which incorporates a
conductive circuit pattern, and integrates both
mechanical and electrical functions (see Fig. 1). A MID
may be either two or three-dimensional. In spite of the
economical advantage of using MID the obtained
accuracy is still not comparable to Printed Circuits
Boards, and errors in the circuit location are not
negiligble and can lead to golbal errors [Feldmann,
1996]. The required pick and place machine for such
three-dimensional assembly must have at least 6 degrees
of freedom, unlike the 4 degrees of freedom in the
current systems. Hence, different orders of accuracy and
repeatability influence the global location errors [Brand
and Feldmann, 1996].

C2f

C3f

A Lead

A pad

Pitch size

coupling offset.
Fig. 2 A surface-mount component and its pads
To compensate for global errors, most placement
systems utilize component-to-pad alignment procedure
[Cheraghi, 1996]. Nevertheless, these methods can
compensate lhe global errors but not the local errors.
Hence, for fine pitch components where the local errors
become dominant the alignment technique should
consider matching of lead-to-pad alignment strategy.
In this research project we propose a new alignment
procedure which can deal with the three-dimensional
placement problem. The algorithm objective is to find
the component location providing containment of the
lead inside a tolerance parallelepiped, characterizing the
local erros, that is determined around each pad.
In this paper we first model the alignment problem and
the respective tolerances. Further on the solution
methodology is presented followed by simulation results.

•

•_••_•
Fig. 1 An example of a MID with SMT components
Cl.2,3,4
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minimal G, where the obtained solution is acceptable if
and only if G achieves zero or negative value.

PROBLEM MODELING
Consider the optimal location of each lead on the
corresponding pad and bound it by a square. A
parallelepiped representing the combination of all the
local errors in pad/lead is determined and located around
each square's vertex as shown in Fig. 3.
Fitting of lead/pad can be defined as a constrained point
to point fitting. Given R = {R,}" ( and p = {p>}"_,, points on

SOLUTION METHODOLOGY
To solve the nonlinear optimization problem we use
Sequential Quadratic Programming (SQP). In order to
accelerate the solution, initial values of S and tr are
determined by employing Singular Value Decomposition
(SVD) algorithm.
Assuming two set of points x = ^ w 3 and y=ynx3 such that
their center of mass is located at the origin, namely
x = y = 0 . A matrix S3x3 can be determined such that

the lead and the pad respectively, then each point Ri
should be fitted to its respective point on the pad, Pi
such, that the following constraint will be hold:
(1)

Where: S3x3

S-(x-x)' -fy-y)',

where S-S(x). It is desired to

approximate S by some constant rotation matrix S .
This problem can be solved in the following way
(assuming that Jc = y = 0):

spatial rotation matrix
translation vector

S-xl = /

S-(xf •*)=(/ -x)

S-(x' .*) = ( / •*)
The approximated rotation matrix is then:

{V2-V2*.Dt2)-{Dx-V*-u[)

Fig. 3 A tolerance parallelepiped around point Pi in a
pad

Where Uj and D\ are orthonormal matrices, V\ are
diagonal ones, V* are determined as following:

These geometric constraints define six inequalities with
six variables: 3 rotation angles and 3 translation vector
entries as follows:
S(2,:)-R,. + /r(2)-P / -py,-<0

If det(DrV*ul)<0

^

then V* [3,3]=-1;

In the case of the leads/pads their center of mass is:

S(3,:)-R;+rr(3)-P ; +az; >0
i=\
=\

n

Where: S(j,:) and tr(j) are the/*1 row of S and/*1 entry of
tr.

Then:

The placement problem can be stated as follows:

x'x=[Rl....R*n] •[(«*)

R* = Rj-R and P* = Pi-P
(/£)]'

G -> min
S.lr
.5(1.0Ri•

Hence, the initial values of the rotation and the
translation are approximated as follows:

(3)
for all;

SIMULATION RESULTS
To test the placement algorithm several algorithm of
different size (no. of leads/pads) were simulated.
Simulation was carried on in MatLab on Mac (60 MhZ).
Three component random noise were generated with
normal distribution function,
where ax=0.015,
ay= 0.015, and cz=0.015 with offset of 0.02.

The constraints define lower and upper bound of the
parallpepied around each pad vertex, where the contact
area between a pad/lead can be any section inside the
parallelepiped.
The placement procedure results in a nonlinear
optimization problem. An optimal placement will lead to
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The results of several simulations are given in Table 1.
As may be seen from the table as the computation time in
increase linearly with the size of the component.
«Qexp.\naofP°ints

16 ! 32 1 64. i 96 i 128

1.

4.634Q 15.9840 20.5950 31.116d 27.018C

2.

4.2760 10.4480 23.9130 34.2240 55.785<

3.

4.5390 10.2420 21.4250 25.6380 35.359(

4.

7.3040f 10.3030 28.4250 36.8330 47.124(

5.

4.630Q 12.3100 19.2410 39.5680 38.913C

6.

5.2420; 8.3990! 21.808Q 39.7420 4Q9840

Table 1: Results of simulation in terms of CPU time.

Fig. 6 Errors in final placement (z,y) with respect to the
nominal pad dimensions.

Simulation results for a component with 16 points are
presented in Figures 4,5,6. Initial location of the
component is determined by translating and rotating the
component from its nominal location. As can be seen in
Fig,. 5 and Fig. 6, the optimization is resulted in a
location of each lead inside its corresponding pad's
parallelepiped.
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Fig. 4 Illustration of the original location of the
component and the optimized location.
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Fig. 5 Errors in final placement (y,x) with respect to the
nominal pad dimensions.
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A CONSISTENT APPROACH TO PDM (OR IT) IMPLEMENTATION
EXTENDED ABSTRACT
Yoram Reich* Suresh, L. Konda* Eswavan Subrahrnanian*
Complexity 3 The complexity of carrying out
implementation projects in working organizations.
PDM systems interleave with the organization dayto-day work. Their impact on the work of many
people make them very different from regular software. It is hard to track the requirements as the
organization evolves and to implement and test the
application since users participation time is scarce.
In order to improve the fate of PDM project
implementations, they have to be developed in
a consistent approach which anticipates problems
that ivill occur and have mechanisms in process
and technology to address them on-line. Through
projects with industry we evolved such a consistent
approach composed of a process, methods, tools,
and a computational infrastructure (Subrahrnanian
et al, 1997).

Introduction: The unfortunate status of
IT solutions in industry
Recent studies on the status of information technology (IT) projects convey a grim situation (Gibbs,
1997; Reich, 1997; Strassmann, 1997):
• There is no statistical proof that IT improves
productivity. On the contrary, there are many
statistics that productivity has reduced.
• Over 50% of the project, cost twice than estimated.
• Approximately 30% of the projects are abandoned.
• Fifty percent of the projects fail to achieve
their stated goals.
This situation is no different that the situation
of implementing product data management (PDM)
systems in organizations. If we look around us we
will hear enough stories about the difficulties in
and failures of PDM implementations. We hear
about the extended time it takes to complete such
projects (if the}' ever terminate) and the difficulties of integrating them with the organization work
practices and existing infrastructure. These problems are seldom publicized.
The difficulties in IT projects in general and
PDM specifically lies in their 3-fold complexity:
Complexity 1 The complexity of the organization that needs the PDM system.
Most PDM implementations have concentrated
on medium to large organizations. Such organizations are distributed, involve people from multiple
disciplines, and often compete in stringent market
conditions. Such conditions force organizations to
evolve continuously.
Complexity 2 The complexity of the PDM vendors and integrators market.
There are presently more than 50 PDM or engineering data management (EDM) systems in the
market, none of which captures more than 5-7% of
the market. For each product there can be multiple
integrators offering integration services. It is never
an easy decision to select a product and an integrator that will provide current as well as long-term
solution.

Governing principles
Through research and projects with industry, we
have formulated five principles or concepts underlying a successful PDM development project:
Principle 1 Requisite variety. In order to address
the 3-fold complexity in real situations we have to
build systems that exhibit equal complex behavior.
Principle 2 Building blocks. Complex behaviors
can be displayed by systems composed in a variety
of ivays from, few simple building blocks.
Principle 3 Participatory
design/development
(Reich et al, 1996). The successful development of
a PDM system, can only be done with the active
participation of users and developers.

Principle 4 Information management activities
(IMAs) (Subrahmanianet al, 1997). Engineers perform their tuork by manipulating, organizing, and
communicating information. Each of these can be
further broken down into a list of detailed activities
such as searching or combining. IMAs are the core
of engineering work. Consequently, through them
one can understand the nature of engineering work,
its difficulties, and its precise information needs.
For example, the process of communicating
asynchronous]}' can be decomposed into the following IMAs: composing, sending, and replying to
messages; notifying co-workers; browsing and organizing collections of messages; searching for topics
or messages; etc.
Principle 5 Mediating by technology and domain
invariants. We can select technologies to match
business needs if we break both to similar building
blocks that are invariants to the particular domain
or technologies. For engineering work, these in-

*Department of Solid Mechanics, Materials, and
Structures Faculty of Engineering, Tel Aviv University, Ramat Aviv 69978, Israel, Tel: 03-6407385,
Fax: 03-6407617, email: yoram@eng.tau.ac.il, URL:
http://or.eng.tau.ac.il:7777/. Conference Lecturer
'Software Engineering Institute, Carnegie Mellon
University, Pittsburgh, PA
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posed of the consultant and the customer's representatives. Once a PD.M product is identified for
the target system, the vendor or software integrator representatives join the team. The process of
implementing PDM works as follows:

variants are the IMAs.
Figure 1 shows (a) the process of decomposing information needs of product design and (b)
technologies into building blocks that (c) can be
matched given their invariance of any particular
domain.

Step 1 Identifying inform alion nee-els and information communication bottlenecks in l.hr organization by a group composed of future users and an
independent consultant.

Domain & Technology Invariants:
Information Management Activities (IMAs)

This step consists of interviews with engineers
for capturing the information flow in the. organization. A map of the information flow is drawn from
the interviews and additional material, and specific information bottlenecks are identified. These
bottlenecks become good candidates for the pilot
project.

(c)

I

i Product Design
i Information Needs

Technologies/
Building Blocks

i
t

Step 2 Breaking information needs into IMAs.
This step involves decomposing information
needs into simple IMAs as shown in Figure l(a).
This should be done at the level of granularity that
allows to match technology support for the IMAs.
Step 3 The IMAs representing needs are matched
against the support for IMAs that, different technologies offer, leading ID the selection of a PDM
tool or several, cample in (iil.ary tools.

Figure 1: Using IMAs as invariants to mediate between needs and technologies
The 2nd, 3rd, and last principles suggests a process by which PDM systems could be implemented:
in a participatory mode, vise IMAs to understand
the organization's information needs and build a
system with components that provide support for
those IMAs. This process is more advanced than
other implementation processes and is likely to be
adopted by integrators or demanded by customers.
Unfortunately, it is inconsistent because it does not
include mechanisms or technology to address the
dynamic aspect of engineering work, and therefore
information needs. By the time an application is
developed it is the correct solution for the wrong
problem (which has evolved since the inception of
the process) at the wrong time. We are interested
in working solutions that evolve continuously as information needs evolve. Such solutions can be implemented in different processes and require appropriate technology.

The matching between the technology and information needs allow the team to understand the
importance of different product components for the
particular engineering work. Using this understanding a PDM tool can be selected. This selection can be done using various methods, such aw
QFD (quality function deployment) (Akao. 1.990)
or AHP (analytic hierarchy process) (Saaty, 1990).
whose purpose is to assist the team to focus on
the critical needs and aggregate the diverse information towards a decision. When conducting large
projects with high stakes it is good to select more
than one product as candidate and make a final
selection only alter the completion of a pilot implementation.
Step 4 A prototype is developed or a pilot project
is carried out. The system, must be tested by its
users 'in as realist it- sil nation as possible.
This step is very critical. If it hard or impossible to conduct serious pilot with conventional PDM
systems since they are not amenable to quick prototype building and evaluation cycles (see Figure
2). We have been evolving an infrastructure called
n-dim that facilitates such prototyping by using advanced facilities such as a self-developed very flexible object system (Dutoit el al, 199(5). n-dim is
a highly flexible modeling system that allows to
model diverse information and be linked to existing organization infrastructure. In order to manage its development (and following Principles I and
2) we have identified several component building
blocks with which we can implement complex systems (Subrahmanian et al. 1997). These components can be replaced by others of similar or more
advanced functionality if this is required, thus sup-

Consistent PDM implementation
Each PDM project implementation requires an independent consultant, that understands the technologies required to implement such systems. The
consultant should not be a particular vendor or a
vendor distributor because, the best product cannot
be known before the information needs are assessed.
The consultant understanding of technology needs
to be continuously enhanced and translated into
the set of IMAs that various technologies support
as shown in Figure l(b).
TVie selection of the consultant is a problem in
itself but we assume that it has been solved. The
implementation process is done by a team com-
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porting the evolution of the infrastructure itself.
Study Business 1

Needs
f

Iterate \

Specific to PDM

J
""

Evaluate I
Build
Systems 1*— Systems
General IT

ture to cany out these process steps. Furthermore,
and equally important, since engineering practice
and PDM technology evolve quickly, this infrastructure must support •its own evolution.

Study
IMAs

( Iterate \

H

Evaluate
PDM Systems I

Build PDM I
Systems I

Figure 2: Evolutionary development process

S t e p 5 The pilot system, is translated into a production system tvhere it is constantly monitored.
It is critical to support this quick translation
because once users see a working prototype they
want to use it immediately. If it took a long time
to translate, the production system would again
solve the wrong problem at the wrong time. In
this case, the. implementation team would lose the
enthusiastic support of the users.
S t e p 6 Continuous evolution is done to the prototype to match new needs and address maintenance
problems. These modifications are subsequently migrated into the production system.
In order to close the loop and guarantee a consistent approach we must support the quick prototyping and, at the same time, the existence of a
production system. Quick modifications cannot be
done with the production system but off-line and
with the original prototyping tool. Figure 3 shows a
VO pilot system that was translated into a production system VI with exactly the same functionality.
Subsequent prototyping are performed on the prototype V l . l and subsequently translated again into
V2 of the production system at which time VI is
discarded.

Figure 3: Prototype and production: Parallel dual
systems
Since we support fast prototyping and transitioning to production system, we do not have to
wait and make sure that all information needs have
been met in VI. Partial fulfillment that is followed
by future improvements might be sufficient.
In order to support the consistent approach, the
integrator must have the computational infrastruc-

Summary
If PDM (or IT) implementations need to support
the evolution of business practices and technology
advancements, their implementation must support
this evolution. This critical requirement is not met.
by present PDM tools or implementation processes,
leading ot major implementation difficulties, failures, and resistance to the technology,
This paper lias introduced a process based on
five principles that addresses this problem. The
process and the technology is built to capture the
information needs of the customer and support the
quick prototyping and evolution required in real
businesses.
In order to stay consistent, we acknowledge that
there is no concept we discussed in this paper that
is guaranteed to be stable forever. We are prepared
to modify the process or the technology following
future experiences in projects with industry.
Additional information on knowledge management (including PDM) can be found in
URL http://or. eng. l.au.ac. il: 7777/topics/km.htm.l
Information on »-dim can be found in URL
http ://or. eng. tan. a <: .il: 7777/ndim.html.
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EXPERIENCE WITH 'ENGINEERING DATA"
IN NEURAL NETWORKS MODELLING
S V Barai't and Yoram Reich*

Abstract
Neural networks are becoming standard tools for solving engineering problems. Many research papers have
demonstrated encouraging results for many types of
datasets ranging from simulated to real data. Undoubtedly the handling of data has always been a core issue
in neural networks application. This paper shares an
experience we had during neural networks modelling of
'engineering data' in three dom.ains: marine propeller
design, material corrosion, and the extraction of welds
from digitized images.

in data modelling are illustrated with three different example domains: marine propeller design, material corrosion, and the extraction, of welds from digitized image
data. The issues are classified in view of data and neural
networks model. The engineering data sets were studied with respect, to their source, use, type and characteristics, their pre-processing nature, and the necessity
to clean them. Neural networks model study included
ease of network construction, their capability of handling real data instead of simulated well behaved data,
understanding their behaviour, discovering unexpected
information from their outputs and assessing their accuracy.
The remainder of the paper includes: a brief description
of the example domain datasets, an overview of neural
networks modelling of engineering datasets, some general observations and conclusions.

Introduction
Artificial neural networks (ANN) are becoming standard
tools for handling engineering data. Their advantage lies
in their ability to process data that are too complex for
conventional technologies - modelling problems that do
not have an algorithmic solution or for which an algorithmic solution is too complex to be found. Because
of their abstraction capability, ANNs are well suited to
solve problems such as pattern recognition, forecasting,
and recognizing trends in data. Many research papers
have demonstrated encouraging results for many types
of engineering datasets (simulated or real). However,
the handling of data, which is central to neural networks modelling, has either remained secondary or been
entirely neglected.

Engineering Data of Example Domains
Marine Propeller Design Data

This data describes the behaviour of the USN series data
of marine propeller design (Denny et al, 1989). The
data were generated in actual sea conditions using suitably modified USN .'i(> Its. boat and were used in a
previous neural networks study to establish an accurate
mapping (Neodeous and S'ehizas. 1995). The main focus
of the study was an exploration of neural networks application to improve the effectiveness of modelling the
performance of a series of marine propellers. In this
paper, the dataset of .'501 .samples (Denny et. al, 1989)
will be used to find our data quality. The experimental design data cover parameters like thrust coefficient
(A'T)> torque coefficient (/V'Q), efficiency (rj) versus advance coefficient (,/) for various values of pitch diameter
ratio (g-), blade area ratio (BAR), number of blades (z)
and cavitation number (rr). The accuracy in data collection during experiment was within the ranges of 0.5%
for propeller thrust and 0.2% for propeller torque. ANN
modelling on such data is useful for selecting propellers
and for extrapolating performance of new designs.

The handling of data depends on its nature which is related to its source, use, type and characteristics. The
source of data can be: online or off-line, from static or
dynamic systems; from one source or different sources
of the same process: and from different sensors and part
of one process. Use of data can be for analysis, design,
diagnostics, control, etc. The type of data can be either
discrete or continuous. Discrete data may be further
classified as ordinal and categorical data. Data characteristics include the number of attributes and their values, data sparseness or denseness, their raw (with noise
or without noise) or clean form, whether they are representative of the application domain, and whether they
contain missing values. The main research issues associated with such data sets include developing effective
ways of managing and visualising these data, checking
data quality, summarising them into convenient and relevant forms for analysis, sampling them with minimum
amount of bias, intelligent search for potentially useful
structures, detecting anomalous and peculiar patterns,
and avoiding missing interesting ones.

Material Corrosion Analysis Data

Many researchers are working on corrosion analysis and
have reported their experimental data in the literature.
Researchers have attempted to use neural networks as
a tool in simple mapping problems and have neglected
some serious issues related to nature of the 'data' (Smets
and Bogaerts. 1992). The Stress Corrosion Cracking
(SCC) of a sensitized, wrought type 'M4 (UNS S304000)
stainless steel is the example for corrosion data analysis
used in this paper (Cougleton et al. 1995). The environmental conditions - temperature (T), potential (P),
solution types (Si and S2) and effects - crack-length
(CIA ultimate tensile strength (UTS), time of failure
(TF), reduction of area (R.A) and crack type (CT) on
stainless steel have been considered. The dataset of 93
samples are of varying quality. In this study, ANN will
be exploited to predict corrosion, to recognize patterns

The issues discussed above are the theme of this study.
We highlight our experience in handling engineering
data during neural networks modelling. We follow the
stages of neural networks data modelling described in
(Reich, 1997) and shown in Figure 1. The issues involved
'Department of Solid Mechanics, Materials, and Structures, Faculty of Engineering, Tel Aviv University, Ramat
Aviv 69978, Israel email: {skbarai, j'oram}@eng.tau.ac.il
'Conference Speaker
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cally represented data sets are very easy to model
in neural networks. And it was found that indeed
networks have performed very well.

and to locate inconsistencies present, in complex corrosion data set which might otherwise go unnoticed.
Digitized Image Data of Welds

[2] Example 2: Corrosion Data Analysis

Non-destructive testing (NDT) of welded structure is
used very often for failure analysis of important structures such as, pressure vessels, load-bearing structural
members, and power plants. Radiographic Testing (RT)
is one of the most popular NDT techniques adopted
in inspecting welding joints. Usually real-time radiographic weld images are produced during the RT of
welded component. These images are digitized without losing important information. Application of feature extraction methods to such digitized images helps
in identifying features. One such study carried out by
(Liao and Tang, 1997), identified four features, namely,
the peak position [X\), the width (X2), the mean square
error between the object and its Gaussian intensity plot
(A'y), and the peak intensity (X4). A total of eighty four
samples were extracted that contain linear and nonlinear welds. In present investigation, ANN will be trained
to identify whether the patterns are welds (Y = 1) or
nonwelds [Y = 0).
Examples of Neural Networks Data
Modelling
Improved back-propagation algorithm based Multilayer
Perceptron (MLP) for function mapping and Learning
Vector Quantization (LVQ) networks for classifying input vector into target, classes will be used for these studies (Deniuth and Beale, 1994). The networks performance will be evaluated using resubstituion, hold-out
and cross-validation [leave-one-out and k-fold) error estimation methods (Reich and Barai, 1998).
[1] Example 1: Marine Propeller Design

The aim is to establish an accurate mapping between
five inputs - J, 5-, BAR, z, a and three outputs - KT,
KQ, and >]. As discussed earlier, the data were collected
from the reference of Denny et al.(1989). Simple normalization was carried out on input and output parameters
during pre-processing.
The MLP architecture was used with two hidden layers with 30 hidden units in each layer. The number of
hidden units were selected after many trial and errors
but was not necessarily the optimal one. The number
of hidden units are large due to large size of the data
set. After several exercises, the sum square error was
selected as 0.5 (SSE) and learning rate as 0.02, maintaining a compromise between the. accuracy and computational time. The values of SSE and learning rate
are again not optimal.
Discussion on results
• As expected, ^substitution gave optimistic results
compared to other tests. Also, holdout gave pessimistic results relative to other tests. Leave-oneout gave poorer results compared to k-fold due to
data overfitting that occurred during this test. The
overall behaviour of data while executing various
testing methods was within acceptable percentage
error range of [5.92, 9.79] for KT, [3.46,5.79] for KQ
and [3.41,4.60] for /;. Therefore, for this application,
it might not matter which testing method we use.
• The data were taken from the graphs of Denny et
ai .(1989). It is generally assumed that the graphi-

The goal of this exercise is to establish the relationship
between the environmental conditions (T. P, SI and S2)
and effects (CL, UTS, TF. RA and CT) on stainless steel
and obtain qualitative evaluation of the data set quality
(Congleton et al, 1995).
The preliminary data analysis suggests that the data is
sparse and required special precaution to achieve proper
modelling. Physics suggests that there can be an influence of CT on CL prediction and hence, it is worth incorporating the information about CT as input to compute
the other parameters. Two types of studies on this data
are: (a) Type 1: The C'T as an output parameter and
(b) Type 2: The CT as an input parameter.
The MLP with two hidden layers and 18 hidden nodes
per layer was used for carrying out mapping relationship between input and output and in trying to locate
outliers in the data, for cleaning. The large size of the
network was arrived at after trial and error study due to
the sparseness characteristic. Learning rate was used as
0.02 and looking at the performance, the cut-off threshold was considered as 25000 epochs for training. We
have carried out a study on Type 1 and Type 2 for resubstitution and leave-one-out tests: At different stages
of the study, the cleaning of data was carried out manually. Cases for the above two types of studies were: (i)
Case 1 - Raw data, (ii) Case 2 - Data cleaned for CL
and (iii) Case 3 - Data cleaned for RA.
Discussion on results
• For this dataset, it was expected that the performance of MLP will be satisfactory even though the
number of input nodes are less than the number
of output nodes for given higher number of hidden
nodes of two hidden layers. But it was observed
that in general the performance was not up to the
expectations in cases of prediction of the parameters: CL and RA.
• In study of Type 2, the performance of network was
expected to be better for CL prediction after adding
CT as an input data. It was observed that the
performance of network for crack length prediction
was not much improved in comparison to Type 1
of resubstitution and leave-one-out exercises. Also,
performance, of network in predicting the parameter
RA was not satisfactory.
• The networks performed within acceptable limits
for parameters: UTS and TF without, much variations. Hence, it can be concluded that the quality
of data for these parameters is good and doesn't
depend on the other parameters.
• The network performance for case 3 of Type 1
gave more acceptable performance in both crossvalidation tests than any other case of Type 1
and Type 2 and hence the same mode] can be deployed. This result shows that a compromise can
be achieved while cleaning the data between two
output parameters: CL and RA.
[3] Example 3: Weld identification

This classification exercise is to identify welds or nonwelds on the. basis of features, X\. X->. A a and X4 (Liao
and Tang, 1997). Three feature sets, ft =
{XUX4},
h = {X2,X:^X4}.
and f:i = {AL, A',, X:i, .Y4} were
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considered to identify the best feature, set.
The kohonen rule based LVQ network consisting of two
layers was used:The first layer as a competitive layer to
classify input feature sets, and the second layer to transform competitive layer's classes into target, classification
of Y. LVQ networks of 15 hidden units was trained upto
5000 epochs. Learning rate was 0.05.
Discussion on results
• The LVQ network did extremely well for feature f\
relative to features f2 and fz in classifying welds or
non-welds, The performance of network was evaluated for resubstitution, hold-out and leave-one-out
testing methods. In general, for feature sets and
above given testing methods, network classification
accuracy was more than 92%.
• This exercise showed that preprocessing of data
(step 3 of Figure 1) gives better quality of dataset
and improves the performance of the network.
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General Observations and Issues
(i) Neural network study improved our understanding
of the data sets and helped in tracing down outliers in
the data so that the data entry errors could be corrected
and better performance could be. achieved.
(ii) In the examples of marine propeller and well preprocessed (step 3 of Figure 1) weld images data, the
quality was very good and hence one can deploy neural networks developed during only one iteration of all
the steps described in Figure 1. On the other hand, the
material corrosion data in raw form could not give acceptable performance and needed iterations as shown in
Figure 1 to clean the data.
(iii) The integration of neural networks in decision support system is relatively easy. During this study it was
observed that marine propeller data is of good quality
and hence, trained networks will be an integral part of
such a system (Reich et al, 1997).
(iv) Well pre-processed image data trained LVQ network
can be incorporated into automated weld inspection system.
(v) Engineering data quality and characterization is essential for successful applications. Hence simultaneously
cleaning the data and training the networks can help in
getting good quality data and well trained networks.
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From our experience with engineering data, we observed
that neural networks model performed extremely well
with continuous and smooth data of marine propeller
design and well pre-processed digitized radiographic image data of welds. In contrast, networks performance
was quite poor with discrete and noisy data of material corrosion. After various modes of cleaning the noisy
data and other modelling activities, their performance
indeed improved but still fell short of the performance
with other well-behaved data. These exercises highlight
that one should not take for granted that ANN capabilities can compensate for quality of engineering data.
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ROZENBLAT'S N E W CUTTING TOOLS FOR MANUFACTURING PROCESSES
A.I. ROZENBLAT '*, ASME
4355 West Estes Avenue Apt. Ml
Chicago, Illinois 60626 USA
•Conference Lecturer
ABSTRACT
This paper concerns the mechanical engineering advantage
of machine processing and contains some new innovations in the
area of cutting tools, progressive dies and methods which will be
useful in the manufacturing process today and in the future.
The main attention of the author is devoted to questions of
methodology in designing new progressive tools and equipment,
and also of its technical-economical indexes.
Also this paper shows the general directions in the process of
designing the special cutting and auxiliary tools.
Major attention was given by the author to the problem of
increasing tool life and also decreasing material and power
capacity, particularly on the cut-off machines.
In detail were investigated the questions of designing cutting
tools for the break-chips processes, particularly in the cutting of
stainless and heat-resistance steels.

THE GENERAL DIRECTIONS IN THE DESIGNING
OF PROGRESSIVE AND EFFECTIVE CUTTING
TOOLS.
1. The decrease of metal rate consumption and
manufacturing cost in production of cutting tool.
At present in manufacturing industries, machining operations
widely use the right and left hand turning tools and some of its
different modifications [5].
However, the author suggests the new cutting tool [6], as
shown in Fig.l which allows the machinist to change the side
cutting edge angles and to decrease metal rate consumption.

INTRODUCTION AND BACKGROUND
Mechanical engineering at present reached considerable
progress in the design of new cutting tools and technological
processes [1] and [2],
However, there are generally unsettled questions such as:
1. Metal rate consumption and workshop costs are very
considerable in the manufacture of universal cutting and boring
tools for machining operations;
2. Manufacturing cost of workpiece in some technological
operations of cut-off machines and the die-forging presses is
very high;
3. Tool life of cold circular segmental saws for the cut-off
operations is very low, particularly for bars with big diameters
and made from stainless or heat-resistance steels.
4. The technological possibilities of progressive dies are not
enough for increasing the productivity and decreasing of
manufacturing cost.
5. The orgeconomical characteristics and provision do not take
into account the designing of cutting and auxiliary tools for
machinists who have some physical disabilities such as
blindness, deafness, etc.
6. For workpieces of heavy engineering industry (crankshaft,
rotor, etc.) with large machining allowances, there is the problem
of designing a special cutting tool.
7. There is the problem of breaking the long-strip chips,
particularly in the machining operations of stainless and heatresistance materials.
Some attempts at removing the above-named disadvantages
were made by many authors [3] and [4], but all are not enough
for modern manufacturing processes.

Fig.l Turning and boring tool with universal shank
This tool is made with a separate head and shank. The head
is fixed in shank of said lathe tool on its conical axis so that it is
tightened in the conical hole of the head and fixed in given
position by means of a screw.
2. The decrease of power consumption in manufacturing
processes.
This factor is more important for the cut-off processes that
use cold circular segmental saws.
Application of the new Combined installation of A.I.
Rozenblat [7], as shown in Fig.2, converts the kinetic energy of
the free-falling cutting part from the bar into useful energy
(work).
The combined installation is comprised of a milling-cutting
machine for cutting the bar (placed on the upper deck), and
stamping press for piercing or punching, (fixed on the lower
deck).
After a heavy bar is cut-off, it falls, due to the force of
gravity, down into the special installation and the stamping
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This device uses two spring-actuated bars in opposing
reciprocal motion, placed over the faces of a tool. The tool itself
is given specific "cleaning grooves" along its transverse and
longitudinal axis. The cleaning device then sweeps chips and
fragments into these "cleaning grooves" and out from the tool.
The actuation of the pick up motion is set to match the
revolution of the tool, so that it is always synchronized with the
appearance of the "cleaning grooves".
Utilization of the suggested device increases the resistance of
cutting tools and the efficiency of cutting-off segmental saws,
particularly in the cutting of viscous, stainless and other
materials.
The other assembling cutting tool of A.I. Rozenblat [9], as
shown in Fig.4, considerably decreases the fretting which
normally occurs in metal cutting operations. This invention
produces an automatic reduction of fretting by providing
alternative levels of support/pressure at the rear of a cutting tool.

press, making useful work.
The arrangement of milling-cutting machine on the upper
deck of the installation, and the stamping press, on the bottom
deck, provides the efficient work.
view A

ll—I *>

VIEW 6

Fig.2 Combined installation of A.I. Rozenblat
3. The increase of tool life for the some cutting tools.
The cold circular segmental saw and parting-off cutting tool
are suggested by the author, as examples of tools, that can have
their tool life increased by a new device [8], as shown in Fig.3.
The main objective of the tool cleaning device is to
automatically remove chips or fragments (e.g., of metal from a
cutting or milling operation) from the zone of the teeth,
particularly in the operation of milling or cut-off machines.

\

y > t > \.

Fig.4 Reduced-fretting assembling of cutting tool of A.I.
Rozenblat
This is done by means of a tool holder with rolling-contact
bearings. As the cutting edge is fed longitudinally and wears
slightly, it is pressed into an auxiliary rear surface and comes
into contact with one of the rolling-contact-bearings. This
provides the additional support that reduces the fretting as the
cutting surface wears. So, by changing the coefficient of friction
(iron-iron =0.44) for the coefficient of rolling (also iron-iron
with f=0.0005 m) on the suggested device, the tool life increases
considerably.
4. The expansion of technological possibilities of progressive
dies in condition of the flexible production.
Conformably to flexible production, a more recommended
device is the multioperational combined die of A.I. Rozenblat
[10], as shown in Fig.5
This combined die is comprised of at least two pairs of
punches and dies for divisional operations. They are installed
into the axis of press, so that one pair of punches is movable

Fig.3 Tool cleaning device for circular segmental saw
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while the other die is unmovable. The die on the other side and
the punch connected between them is a total unit and is installed
between the movable and unmovable parts of die, having elastic
elements situated between the corresponding pair of punch-die.
The original construction of this device has movable and
unmovable parts so, that some dies move horizontally and some
punches move in the vertical direction.

punch which is fixed tightly. So, for one movement (feed) of the
press, the multioperational die makes five or more different
stamping operations.
To the varities of multioperational dies relate Rozenblat's
other combined die, as shown in Fig.7. It includes some pair
punches and dies which produce the working process at the
straight movement of press (the punch comes down) and other
pair punches and dies which produce the working process at the
back movement of this press (punch comes up).

Fig.5 Multioperational combined die of A.I. Rozenblat
The next device is a construction of a multioperational die with
cone, as shown in Fig.6.

Fig.7 Rozenblat's combined die
5. The improvement of ergeconomical characteristics in the
designing of new tools.
Improving the orgeconomical characteristics in the design of
new tools for machine processing is the main objective of this
device.
The first step of this concern is the problem of designing
safety tools for the blind or deaf-mute machine tool operators.
An example of this type of designing is a wrench of A.I.
Rozenblat [11] for the jaw chuck, as shown in Fig. 8.
The wrench for the jaw chuck supplies unified elements of
electrical circuits with sources of power, signal installation, and
interrupter of circuits, mechanism action on interrupter. The
handle and rod are made from two parts. The power is installed
in both parts of the handle. The interrupter and signal
installation are fixed on the part of the rod, while the mechanism
action or interrupter is on the other part of the rod. Thus the
wrench has the possibility of rotation and made in view of the
spiral pair and belt transmission, with a driving pulley used for
connecting the body to the jaw chuck in the process of clampunclamp of detail.
Safety guarantees are provided by the sound and light signal
which prevents the machinist from leaving the wrench inside of

Fig.6 Multioperational die with cone
This multioperational die has the movable punch which is
made in the form of a truncated pyramid. On the perimeter of
truncated pyramid are joined the four movable horizontal
punches: two of them displaced according to the first punches.
And besides this movable punch have additionally the fifth
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first cutting insert fits inside of the second insert which fits
inside the third insert. Each of the next inserts fit inside of each
of the preceding ones so that each insert is movable and fixed on
a separate holder.

the jaw chuck. Also all systems close at this time and stops the
machine.

The other variety of new cutting tool which can turn the
workpieces with large allowances, there is a multiple carbide
insert, as shown in Fig.10.

•19

13.

•22

Fig.8 Wrench of A.I. Rozenblat for the jaw chuck
Fig. 10 Multiple carbide insert
6. Progressive cutting tools and methods of machining
workpieces with the increased allowances.

Multiple carbide insert has general cutting edges on its
perimeter so that each new general cutting edge is made in view
of the interval line and in sum they combine on the perimeter the
multiple insert.Method of forming such multiple carbide insert
is supplied by means that both inserts (the same sizes) fix on the
axis of tool holder and then one of them turns relatively of the
first insert, for instance on 45 degrees, and then projects the new
contour of the multiple carbide insert on the frontal surface.
Multiple carbide insert permits to cut from workpieces the
large allowances because many cutting edges participate in the
machining processes and all the operation makes up in the one
way of feed tool.

The author established some facts by experiment and later
designed the new telescopical cutting tool, as shown in Fig.9.

7. The improvements of break-chips in the cutting of stainless
and heat-resistance steels.
Changing of angles of the cutting tool in machine processing
considerably improves the break-chips process, particularly for
stainless and heat-resistance steels.
A variety of this cutting tool is the angular-variable
assembling cutting tool of A.I. Rozenblat [12], as shown in
Fig.ll.
This tool is used to expand the technological possibilities by
means of increasing the rigidity of the fastening of the cutting
part of tool and reducing the wear in the machine processing of
different materials, mainly the stainless and heat-resistance
steels.
Materials cause continual wear and failure of the geometry
of cutting tool, particularly on the face of a tool over which the
chip slides, thus forming a chip breaker surface. One of the
benefits of this tool is to decrease wear and increase tool life
during the cutting process.
This tool is comprised of a holder, a cutting part with a head,

Fig.9 Telescopical cutting tool
This device can cut the very large irregularity allowances
from the different forging workpieces, such as crank-shaft, rotor,
etc.
The foregoing objectives can be accomplished by creating a
telescopical cutting tool. The multiple insert is fixed so that the
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a stem installed in the holder on a support with the possibility of
turning, and a turning mechanism interacting with the stem of
the cutting part. There is a support element installed on the head
of the cutting part of the tool and is made in the form of two
convex spherical plates interconnected by a pin with a spherical
head. Changing the angles of the tool makes it possible to
decrease the wear of the tool, and also to break the chip that
improves the cutting process in whole.

Analyzing the above-named new cutting tools, the author
thinks that it necessary to consider the main principles and
methods of designing cutting tools and machining attachments
for the manufacturing processes.
So, the following steps are most important in the design of
tool;
1. Problems must be actual and practical.
2. The designer primary must do the technico-economical
analysis of the problem.
3. Complex problems must be divided into simple problems and
later to approach the designing in order of complication.
4. To sketch the designs of the multiple new decisions and by
the method of test and analysis, remove the useless technical
decisions.
5. Investigate the suitable technical decisions again and do the
technico-economical analysis in conformance with the
manufacturing processes where this tool will be used.
6. Investigate the patent and literature sources and to choose the
prototype for the new cutting tool.
7. And finally, the designer must design the new cutting tool
and to introduce the technico-economical analysis for
presentation and discussion.

i v
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METHODOLOGY OF DESIGNING THE NEW
CUTTING TOOL AND MACHINING ATTACHMENTS

nit

Fig. 11 Angular-variable assembling cutting tool of A.I.
Rozenblat
The other variety of cutting tool for the improvement of
break-chips is the break-chips insert, as shown in Fig. 12.
This insert is designed so that it has a frontal surface which
is made with a variable rake. This surface consists of three
separate parts: the first part is made with the value of rake equal
to zero, the second part made with the negative value of rake and
the third part made with the positive value of rake. Also the
break-chips insert can have the variable front angles with the
different combinations.

CONCLUSION AND RECOMMENDATIONS
1. The new cutting tools and methods suggested by A.I.
Rozenblat are original and actual for manufacturing industries
but demand careful analysis and research before using them in
large-lot production.
2. The author thinks that present guiding materials are not
perfect for the designers because they do not have enough
information and data, particularly in the area of cutting tools and
progressive dies, and also in pneumatic transportations of chips
from machining processes.
3. Also the author recommends the publishing through the
ASME or SME, some quarterly material for the designer
about:"EXPRESS INFORMATION BULLETIN. CUTTING
TOOLS" which can cover a wide range of manufacturing
questions.
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ABSTRACT
After research and development of the Superplastic
Forming (SPF) technology were completed we turned to a
serial production process in the Israel Aircraft Industries
(IAI). Although the SPF technology is highly sophisticated,
it is used extensively for producing commercial and military
aircrafts components. It turned to be an ideal process for
manufacturing complex shaped parts. This paper outlines
our research of (he SPF technology and the application of
this method in the field of shaped parts production. The
main opportunity lo use the SPF technology arouse from the
need for a new technology in producing shaped parls for the
new model of the IAI airplane - the "Galaxy". Additional
opportunity was due lo an increased demand for Bocing-737
parls. The application of SPF technology can diminish the
manufacturing cost by reducing the need for extensive
welding or joining methods, simplifying the manufacturing
process and assure high renlability in small serial production
as in aircraft industries.
INTRODUCTION
Today the SPF technology is an integral parl of the
aircrafls components manufacturing. It enables us to be
competitive regarding the economical aspect of fabricating
aircrafls parts. The main process is forming shcel material.
In the SPF sheet forming SP material is introduced between a
heated die and cover. The sheet is heated to the working
temperature. The die is closed by a press. Gas pressure is
applied lo "blow" the sheet into the die cavity. Finally the
sheet fills all the contours of the die. The forming gas
pressure is released and the part is removed.
The property that makes these alloys superplastic, is a
high degree of strain rate sensitivity. These properties enable
the material lo resist local necking and to endure elongation
up to 1000% and more. Not all alloys have SP properties.
The materials must be treated to a veiy fine and stable grain
size to make them SP.
A typical property of SP materials is a high value of the
strain rale sensitivity - in in the equation:
CT

Lecturer
For pcrfectioning and widening the use of SPF
technology in the industry, it is essential to continue the
research and the development in this field.
MATERIALS
Sheets from titanium and high strength aluminum alloys
have many attractions for the aerospace industry due lo their
high strength, low density, heal resistance and other useful
properties. Many of the sheet metal structures in airframes
have complex shapes and compound curvature with intricate
details. Their mechanical properties, such as high strength
and modulus may cause problems like springback, distortion,
wrinkling and cracking of the blank. The typical forming
method of titanium sheet parts is first preform by
conventional process and then hot sizing or creep forming lo
final shape. The forming stress in preforming is well over
the yield stress and the maximum allowable elongation is
less than -10%.
All these disadvantages are overcome in SPF process
which offers a reduction in production cost . The best results
of SPF is obtained with Ti-6A1-4V which is the most widely
used high strength titanium alloy in aircraft structures in the
300-400°C temperature range and with aluminium alloy
Supral 150 for low temperatures.The Supral alloys have high
SP properties due to Zr as an alloying element. The 150 is a
clad version with pure AI lo give high corrosion resistance.
It is heat treated post SPF to recover the mechanical
properties.Ti-6A1-4V needs no reheat treatment.
EQUIPMENT AND TOOLING
The SPF equipment consists of a press with controlled
heating and gas pressure systems. The tools for SPF are
different from those who required for other forming
processes. In our work we used cavity SPF with separable
inserts made from metal or ceramics. Metal dies arc used for
most cases.
The choice of alloy for die depends on the following
parameters: The alloy must be machinable. Since parts
which produced by SPF technology usually have complex
forms, the tools must have a reasonable strength, good
oxidation resistance and thermal dimensional stability. For
SPF of Titanium the tools are made from RA330 auslenitic
heat and corrosion resistant alloy. For aluminum SPF a
simple mild steel is used with success. Ceramic tooling can
be used for prototype of short run work. However, in our
practice ceramic cavity dies endured about 100 pressings,
which is sufficient for aircraft industry. In this work we used

= K • em

Where: CT is true stress, R is (rue strain and K is a
constant.
Forming is done at a temperature of 930°C for Ti-6A1-4V
and 450°C for Supral 150.A principal limiting factor is the
long forming cycle lime as typical strain rales are 10"2 up to
10"s per second. The proper strain rate is determined
experimentally and it is kept constant during the forming
process by controlling (he forming pressure.
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metal dies as well as ceramic dies. The SiO2 ceramic die
(Fig. I) can provide positive results with low cost.
RESULTS
Usually the SPF process is considered as a prolonged
procedure, since it lasts several minutes minimum while
conventional cold forming is a matter of seconds. However,
in practice the SPF process turned to be considerably short
regarding llic total amount of time. The inlet engine air door
of Bocing-737 is made of alclad 2024-O in 23 steps or
forming and 14 steps of stress relieving heal treatment (lolal
time —15 hi). Nevertheless, the same part made from Supral
150 in the SPF technology (196 MPa max. gas pressure and
a temperature of 45()°C), is formed in one step which takes
approximately 20 minutes. Measuring the thickness we
found a maximum reduction of 55%. The testing of the
mechanical properties of the part after SPF forming was
positive. Sec Table 1 for the results compared with a 2024T42 and 6061-T6 unformed.
Table 1
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In Fig. 2 we sec the prototype of enginc-inlcl-door of
BOE1NG-737 manufactured from Supral 150 in SPF. In Fig.
3 we sec the prototype of vent-scoop of "GALAXY" airplane
manufactured from Supral 150 in SPF method instead of
conventionally formed 6061 alloy. In this case (he tool was
made from SiO2 ceramic insert in an existing cavity tool.
For cxpcdilions output of new aircraft model it is necessary
to shorten the time of preparation. SPF also helps in this
aspccl.
Stainless steel was chosen as a cup of shroud in high
temperature. However, after i! caused an overweight, il was
replaced by Ti alloy which strain hardens by cold forming.
Titanium alloy also exhibits a high degree of springback in
cold forming. To overcome these effects the sheet must be
extensively over formed or, as it is actually done, must be
frequently hot sized after cold forming. Accordingly, for this
process we needed special equipment and tools, which were
very expensive and never paid back. The SPF method solves
the conflict between necessity and excessive expense. Fig. 4
shows the cup of the shroud SPF formed at 196 MPa (max)
differential pressure in 20 minutes from Ti-6AI-4V alloy,
0.8 mm thick. The requirement for a 0.6 mm minimum
thickness was fulfilled. The weight decreased to half of the
stainless steel pan.
CONCLUSIONS
As presented in this paper the use of SPF in aircraft
industries will continue to grow in the following years. Costs
of tools is a minor part of the lota! cost of manufacturing
because only one half of the die-set is necessary. The results
of this work of manufacturing complicatcdly shaped parts arc
an incentive for using the SPF technology in the industry, as
il widens the possibilities and shortens the pay-back lime.

Fig. l:SiO : ceramic die

Fij>.2:Profotypc of cnginc-inicl-door Boeing 737.
as formed
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Fig.3:Vcnt-scoop,GaIaxy,as formed

Fig.4:Cup of shroud,Galaxy.assembled
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SOME APPLICATIONS OF RUBBER PUNCH
M. Noy, B. Gershon*, L. Kogan
Israel Aircraft Industries, Ben Gurion International Airport. Lod 70 100
""Conference Lecturer

and expands through the openings conforming to the
tool geometry.see Fig 2. The process takes approximately 3
minutes. After releasing the pressure, the rubber immediately
returns to its original form and is easily released from the
formed pipe. A formed part - see in Fig 3.
In a modern aircraft there is wide use of "Tube Support
Brackets" in various diameters. It was necessary to
manufacture 126 types of supports with diameters ranging
from 0.5 to 4 inch. The ratio of height to diameter ranged
from 0.27 to 1.87.
The blanks were machined to a contour specially designed
to allow for the combined process of bending and
drawing,see Fig. 4(a).After drawing [Fig. 4(b)j the bottoms
were cut away [Fig. 4(c)].The bending of both flanges is
simultaneously executed in a hydraulic press [Figs. 4(d) and
5] with the help of a rubber punch.in accordance with the tool
geometry. Formed brackets shown in Figs. 4(e) and 6.
We prepared a universal tool for the forming of flanges
including a base plate and an exchangeable segmented upper
plate with the required hole diameter,see Fig. 6 In order to
release the part the segments are disassembled.

ABSTRACT
Small series ("job-lot") production of a large number of
parts with different details arouses engineering and
economical difficulties due to non conformance with existing
expensive conventional methods. Prototype
aircraft
production is also delayed. Using the rubber punch helps to
overcome these difficulties and to lower expenses.
The results presented in this paper are applicable to
geometrically similar forms of sheet metal parts. This
technology is aimed as a practical solution for specialists in
sheet metal forming.
INTRODUCTION
Rubber has low compressibility. Under high pressure it
behaves like hydraulic fluid, exerting equal pressure in all
directions. It makes a firm contact with the metal blank and
at forming its resistance to deformation prevents excessive
local elongation of the metal, ft is possible to cast a
rubber punch in any form without the need for further
machining.Use of polyurethane punch is even more effective
as it is practically incompressible and the volume of the
punch remains constant during forming.
At forming the metal is pushed by the punch into the
cavities of the die block thus obtaining the required shape.
Rubber can also serve as an effective female die for forming
of aluminum sheet or tube.
The rubber punch has a number of advantages. Among
them are low cost of tools, elimination of costly die
matching, flexibility of operation through easy and fast
change of tools,low tool wear, no die marks on forming part,
quick tool setup and short fabrication time. All these make
rubber punch forming very effective in the manufacture of
aircraft components.

SUMMARY
Forming with a rubber punch facilitates manufacturing of
complex shaped parts with simple equipment at a low cost
and in large quantities responding to the needs of the aircraft
industry.
We succeeded in attaining high quality accurate parts in a
short time. This is most important in the pre-production
process of an aircraft. This solution is applicable to similar
products in the metal forming industry.

RESULTS
A number of ideas were tested to prepare flanged holes on
tube sides for manufacturing of welded manifolds. All
conventional methods turned out to be complicated and
expensive and they also did not attain the required accuracy
in location on the pipe.
"The Transfer Manifold" stem is made of a 3 inch Al
5052-O tube. Fig. 1 shows the segmented metal die with a
rubber punch. In order to attain accurately positioned and
straight flanging it was necessary to make oval cutouts in the
pipe before forming,.
A 150T hydraulic press was used. The punch was made of
60 Shore A hard rubber.The rubber punch enters into the pipe

Fig. l:Computer Model of Die for Tube Flanging
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Fig. 2: Forming of Flange in Tube
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Fig. 3: Workpiece,Die and Formed Tube

Fig. 4: Production Stages of a Bracket
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Fig. 5: Flanging of the Bracket

Fig. 6: Die and Formed Brackets
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HIGH PERFORMANCE DRILLING-DRILL AND CLAMPING UNIT BEHAVIOR
J. Rotberg, M. Levin and E. Lenz
Technion - Israel Institute of Technology
Faculty of Mechanical Engineering
Haifa 32000, Israel

ABSTRACT

The first two were used later on in the experiments.
In Fig. 2 one may compare the static and dynamic
compliance, the natural frequencies, and the role of the c
non-ideal behavior of the clamping unit.

The behavior of a twist drill and a clamping unit was
investigated in a range of high-performance-drilling
conditions, and a variety of industrial clamping units.
Frequency response of the different clamping units was
measured experimentally.
A non-rotating measurement system, including proper
procedures for signal processing enabled the transformation
from world to rotating tool coordinates.
A series of experiments revealed the influence of the
clamping unit the drill bit features, and the cutting
conditions on the drilling process performance: Free
rotating drill shape, first contact with the workpiece,
penetration events and finally hole location error.
INTRODUCTION
High performance drilling situation is created [1] by a
combination of high cutting conditions (cutting speed and
feed rate), while machining medium strength material (cast
iron), with a slender, highly flexible tool (a twist drill of
1:7 diam./length ratio), clamped in an industrial (non ideal)
clamping unit while trying to meet close tolerance
requirements for the manufactured hole location [1][2].
The basic phenomena of the drilling process are well
known [3-10], the importance of the conditions in the drillworkpiece first contact and their influence on hole
parameters was described in [7]. Whirling vibration and
chatter problems of twist drills were investigated [11-13] for
non-rotating drills in the low speed range.
This study is focused on two major factors of the highperformance drilling:
a. Characterization of the clamping unit and its role in
the process.
b. Drilling process phases and events, i.e., free-rotation,
first contact and penetration phase.
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CLAMPING UNIT CHARACTERIZATION
Several researchers have described the behavior of the
tool-machine interface unit [14-17]. They pointed out that
the clamping unit features must be considered within the
process performance evluation.
The static and dynamic response of five typical
industrial clamping units was checked by an impulse test
while clamping a D12.7*L90mm circular section carbide
rod. It is described in terms of frequency response function
and first mode shape. Fig. 2
The different clamping units are:
1. A standard spring collet (Fig. 1).
2. A hydraulic chuck (Fig. 1)
3. A standard "Weldon" cuck with 2 clamping screws
4. A "Weldon" chuck with 1 clamping screw.
5. A thermal shrinkage chuck (0.1 nm pressure fit
plugged-in in 600°C) was used as a reference, closest to the
ideal clamping.

,

^

•

KYDR.\UUC CHUCK
-THEORY

2b: First bending mode shapes
Fig. 2 Differnet clamping unit characteristics [1]
INVESTIGATION GOALS AND
EXPERIMENTAL SYSTEM
Investigation goals
The following goals were set for the investigation:
a. Measurement of the cutting forces, torque and rotating
drill deflection by means of a non-rotating measurement

system enabling accurate parameter analysis in world, and
in rotating drill coordinates.
b. Applying the above, describing the drill behavior in free
rotation, first contact with the workpiece, and during the
penetration phase.
c. Revealing the relations between clamping features,
drilling conditions and drilling events and results.

Experimental system and procedures
A high quality solid carbide twist drill 12.7 diam. x 90
overhang, was used. It was clamped in a horizontal
drilling/milling head (Fig. 3), yielding up to 8000 rpm
spindle speed, and 15Kw power. Spindle statitc stiffness is
190 N/jim. Workpiece material was GG25 cast iron.

Fig. 4b. Drill clamping and measurement parameters

EXPERIMENTAL RESULTS
Free rotating drill
Fig. 3 Experimental system
The axial cutting force, the drilling torque, and the net
lateral force were measured in world coordinates by means
of a "Kistler" four-channel drilling dynamometer (fig. 4).
Drill deflection was measured by two non-contact
displacement sensors, via measurement rings (Fig. 4). The
proper data acquisition was achieved as follows: An
accurate synchronized sampling at high rate (180 points per
rev.) triggered by an encoder was carried out. A special
procedure for sampling rate adaptation to minor changes in
the spindle speed (1% to 5%) was applied.
As a result, a real accurate transformation between world
coordinates and rotating tool coordinates was possible.
The ring non-circularity and runout components were
removed by subtraction without the use of filters.
A signal component decomposition into constant,
synchronous and non-synchronous parts was thus achieved
in both world and rotating tool coordinators.

The high speed free rotating drill is actually a rotating shaft,
having one free end and one non-ideally clamped end. It has
a cyclic function for the moment of inertia (due to drill
helical structure).
Vibration problems of drill bits were dealt with by a
number of researchers [18][19]and by the authors [20].
Some experimental results of two clamping units will be
brought here: The spring-collet chuck and the hydraulic
chuck (Figs. 1,2), representing different stiffness values.
Runout of the drill and measurement rings is shown in
Fig. 4b.The mass of each ring is 5 giro.
In Fig. 5a - Drill end point deflection is shown for the
collet-chuck in world coordinates, in different rpm values.
The circular shape reflects the constant bending state .
Fig. 5b, presented in the rotating tool coordinates, shows
the average displacement (constant bending component) plus
some bending vibrations of the drill (collet-chuck).
Fig. 5c, presented also in the rotating tool coordinates,
compares the average deflection of the drill in the cases of
collet-chuck and hydraulic chuck.
It was found that over 7000-7100 r.p.m., the drill in the
hydraulic chuck has reached its unstable state, starting to
vibrate in large amplitudes. The role of the clamping unit
stiffness was demonstrated. Further experiments and
analyses have to be carried out, based on the proven
capability of the expperimental system

Drilling

experiments

Drilling experiments were carried out at spindle speed of
1600 and 6000 r.p.m., and at feed rates of 0.25 and 040
mm/rev, for each spindle speed (four combinations).
At each combination, 4 penetration experiments were carried
out, while measuring the axial force, drilling torque, Fx,

Fig. 4a. Measurement system
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0.015

Fy, lateral force components, and x, y - drill end deflection
(measured at a 80mm distance from the chuck).
Fig. 6 shows a typical penetration and drilling example.
One may notice the first contact impulse, build-up of the
axial force and torque, the synchronous vibrations, as well
as the drill end "wandering" during the penetration phase.
At full drilling, one may see the location error (vibration
center is not at zero x, y) and drilling vibrations.
In Fig. 7, the average location error for the two clamping
units is shown in different drilling combinations, the role
of the clamping stiffness is evident. Also, at this range, it
seems that the "chip load" created by the feed per tooth
value is dominant in affecting hole location error.
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In Fig. 8 the drill end deflection at the first contact and first
in-material revolution is shown in world and in rotating
tool coordinates The direction of the "contact-impulse",
as presented in tool coordinates seems constant, being a
result of the drill point off-set due to mfg. and clamping
errors,as well as the free rotating drill and chuck bending.
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CONCLUSION
The behavior of the drill and clamping unit was
investigated in high performance drilling. The relations
between the static compliance of the clalmping unit, the
cutting conditions and the hole location error were
demonstrated.
Applying a special measurement system, free rotating
drill shape was measured, and the role of the clamping unit
compliance was demonstrated. The penetration events were
observed, the first contact impulse was shown, and the
foundation for further research of the was established.
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an a priori fixed determination of parameters mutual
influences relationship, and the chances of missing an
important connection or fully treating an unimportant
connection are high. As a result, another drawback is
formed: the time-variant capabilities of those methods are
limited to updating the probabilities, but not the relations
among the parts that may be changed during the product's
disassembly.
This paper present a new methodology for overcoming
the uncertainties presented by worn-out products during
disassembly process planning (see Fig. 1). The main tool is
an inference engine that enables to perform an adaptive
disassembly process planning (ADPP). Adaptation is based
on kernel regression method, relying on preliminary
disassembly experiments. This method eliminates the need
to consider in advance the mutual relations of the parts in
the assembly and their remanufacturing related
parameters. Input to the inference engine are observations,
made by sensors and/or human inspectors, collected from
the product before and during process execution, and
reflecting the actual product's condition. The inference
engine presents to the process planner [14, 6] the predicted
values of the end-of-life value (C) of each subassembly and
the disassembly cost (K) of each possible disassembly
action in the entire product. Consequently, the process
planner adapts the predictive plan that may lead to a new
termination goal.
During the disassembly process, measured data are
saved as new observations in a database, in order to
continuously update and improve the prediction model.
The rest of this paper is organized as follows: at the
following section, we introduce the kernel regression as an
inference engine, and the procedure of building the
inference engine at the adaptive disassembly environment
is presented. Finally, an example is presented.

ABSTRACT
This paper presents a methodology for disassembly
process adaptation. The core of the approach is based on an
inference engine that uses kernel regression, this making it
possible to adapt a given process plan to the actual product
condition. Observations of the product's conditions before
and during process execution are used to predict unknown
parameters on each specific product. Using the proposed
method, we present a simple methodology for close to
optimal remanufacturing of products, by selecting the best
disassembly plan, exclusively for each individual product.
A simple case study is used to present the efficiency of the
proposed methodology which considers each individual
product's conditions, and weighs it against the current
fixed disassembly process plan strategy based on averaging
the information about a set of products.
INTRODUCTION
Remanufacturing is an economical form of reusing and
recycling manufacturing goods. It can be defined as a
process in which worn-out or malfunctioning products are
brought back to original specifications and conditions, or
converted into raw materials. Central to remanufacturing is
the disassembly process which is essential for material and
part separation, since the objectives of product
remanufacturing are to maximize the parts obtained for
repair and reuse, and to minimize the disposal quantity
[15].
Currently, the basic assumption of the disassembly
planners who treat disassembly as an inverse problem of
assembly, is that the product is known a priori with
certainty [1, 3, 5]. Nevertheless, when dealing with
worn-out products, the cost/benefit calculations may
change due to missing valuable parts, deformed parts, or
rusted parts. Hence, the disassembly path and the
termination goal are not necessarily fixed, but rather
dependent on the actual product conditions after usage.
Other researchers handle the mentioned uncertainties
by considering information on joints and component status,
described by probabilistic data. This data is integrated in
the disassembly plan by means of Bayesian network [2], or
a stochastic network [12]. There are three dominant
drawbacks in those methods. First, the core assumption of
those methods is that the population distribution of the
relevant parameters belongs to a specific known
distribution, e.g., normal distribution. Second, for those
methods, experts and heuristics are needed for establishing
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INFERENCE ENGINE BASED ON
KERNEL REGRESSION
The inference engine is a model that maps input data to
output data. The inputs are parts condition and joining
element condition, e.g., deformation (D) and rust (R)
measured from selected exterior parts, before and during
the disassembly process. The outputs are the predicted
end-of-life value (C) and the disassembly cost (K) of the
product.
Since a priori knowledge on the model, or on the
statistical distribution of its parameters does not exist
non-parametric methods are advisable. The model
suggested in this work is built up with kernel regression [7,
10, 11]. The advantage of that method is that the learning
is faster then other non-parametric methods. The model is
based on data of previous disassembled products. For each
unknown variable, an output from the model is established.
During and after the disassembly operations the actual
product values (C) and the actual disassembly effort (K)
are collected, stored and increase the experience about the
product, and can be used to update the prediction model.
The prediction in the model is done by combining
"kernels", placed around each learning input point
x[j, 1 < i < ni (n L is the number of learning points),
and 1 < / < m (m is the number of inputs parameters to the
model). The form of the kernel is somewhat arbitrary, but
symmetric around 0, and it is usually chosen to be a
non-negative function of x that is maximum atx = 0and
decreasing away from x = 0.
A common choice is exponential kernel

D?ij)

j

where
hj

is

smoothness

(1)
parameter,

and

is a Cartesian squared distance from
1=1

the normalized input point under inspection, xy, to all
other normalized learning input points, x;,-.
The normalization procedure is
x=-

-_

1

(2)

where max and min relate to a specific input.
A kernel regression estimator atxy is formed from a
weighted average of the learning output points:
"L r

ll

(3)

7=1

Clearly, inputs closed toxy are given a higher weight.
This weighting scheme gives a weight of 1 for a point
matching exactly with learning point (D;,y —»0), and
weight of 0 for a point very distant from a learning point
(D/y —> oo). The smoothness parameter k governs the
extent to which the "kernel" is concentrated atx = 0,

where k-^°° creates a concentrated "kernel", and gives
all the weight to the nearest neighbor point
(yj=yi of nearest neighbor)- T h e c a s e t h a t &-H>0 causes
the "kernel" to spread out over a significant region
around x = 0, so the same weight is given to all the points,
and the predicted response is an average of the learning
response points (y>j = y). Thus, k governs bias and
variance: large k generally offers high-variance/low-bias
estimation, whereas small k incurs relatively high bias but
low variance.
Construction of the Inference Engine
The constructing process of the inference engine is
presented.
All feasible disassembly plans of the product are
represented in the remanufacturing graph, a variant of an
And/Or graph in which the end-of-life values (C) of the
components and the disassembly cost (K) are attached to
each node and arc in the graph respectively [13]. These
preliminary values are evaluated by considering an average
product condition.
Applying optimal disassembly algorithm [14] results in
a remanufacturing plan. The disassembly of the product
increases the value of the product relative to the alternative
of dumping the entire product.
These remanufacturing values are strongly dependent
on the individual product condition and can differ greatly
from product to product. As a result, for each individual
product exists individual optimal disassembly plan, so
higher remanufacturing value can be gained than the one
obtained by following the same disassembly plan for all the
products.
Defining Outputs and Candidates Inputs of the
Prediction Model
The outputs, or response variables, of the model are
clear. Those are all the subassemblies/components
end-of-life values (C), and the cost of each possible
disassembly operation (K).
The input includes product features (e.g. deformation
and rust), obtained from selected exterior parts, and which
could have an effect on the response. A determination
process is made to decide on candidate input variables
(subset of all the input variables that can be measured),
which will be used to build the prediction model. For
example, information about rust on plastic parts are
irrelevant, so the preliminary inputs to the prediction
model are reduced to all the other measurable data from
the exterior of the product, before disassembly:
deformation of parts and rust on parts.
Given this set of inputs, we analyze a group of
discarded products by disassembly to the full depth of the
graph. That resulted by all the relevant observations of
deformation (D), rust (R), end-of-life value (C), and
disassembly effort (K).
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AN EXAMPLE
In this section we present the results of simulating the
disassembly of worn-out two-way radios by traditional
fixed process planning and by the proposed adaptive
process plan. An exploded view of the simplified radio is
shown in Fig. 2:

Analyzing the Generalization Ability
Analysis must be conducted to examine the
generalization of the candidate models. We use cross
validation method [9], and one should divide the
preliminary disassembly data points into learning points
(rij) that are used to build a candidate model, and into
validation points (nv) that serve for checking the
generalization ability of the candidate model. A variance
reduction coefficient {VR) is used to measure how well the
model generalizes [4]:
«v

X

v,

/

\yp-yP)

VR = l_lzl

X

(4)
{yP-yv)

where:
yp

the p point of the nv validation points

yp

predicted value of yp by the candidate model

~yv
average of the nv validation points
Thus, VR = 0 implies no generalization of the model at
all, and VR = 1 implies a perfect generalization, with the
model approximated function passing through every data
point. In general, the larger the value of VR is, the better
the generalization ability of the model is. When VR < 0 it
implies that the model cannot approximate at all the
required relationship.

Figure 2: Exploded view of the radio.
In the simulation we consider 1000 worn-out radios,
disassembled in several ways. To present the capability
boundaries of the process, the a priori data is used as input
to the simulation. Two extremes are considered: the best
possible process or "Ideal" by choosing the best plan for
each radio, and the worst one "Bad" by selecting for each
radio the plan leads to the lowest gained value. A fixed
process planning, "Fix", is calculated by selecting the plan
that leads to the highest value from that group of radios,
based on the a priori information. The proposed adaptive
planning method, "Adaptive", is applied by adapting the
plan to each individual radio, based on observations
collected before and during the process.
The total sum of the end-of-life values gained during
the disassembly process of each extra radio is considered
and shown in Fig. 3:

Selecting the Inputs to the Model and the Smoothness
Parameter of the Kernel Regression
The aim is to select the optimal set of inputs to the
model, from all feasible exterior measurements, and to find
the best smoothness parameter for that set of inputs. With a
reasonable amount of smoothing, one may hope to achieve
a significant reduction of the variance, without introducing
too much bias. Omitting a relevant input will result in
information lack, which could prevent the model from
predicting the output successfully. Inclusion of irrelevant
variables in the input will act like introducing noise to the
model, and result in poor prediction. To keep the
measuring time low, and to make the system simple, on
one hand, and to keep the prediction ability as high as
possible, on the other hand, one should try to reduce the
number of inputs as much as possible, under the limitation
mentioned above.
Various combinations of different numbers of inputs
should be tested. The procedure of building the model
should consider all input permutations. For specific given
input, one should increase the value of the smoothness
parameter of the kernel regression (k) in small increments
and choose that parameter in which the model presents the
largest generalization capabilities. The specific number
and combination of inputs that produce the best
generalization ability are adopted as the inputs to the
inference engine, and the corresponding smoothness
parameter is adopted as the inference parameter.

Ideal, Adaptive, Fix, and Bad Processes
100 i

Ideal

I
90 I
r~*

^

Adaptive

80
s

70

I 60
° 50

Bad
200

400
60
Number ol Radios

1000

Figure 3: Relative total end-of-life value gained by
following adaptive and fixed process plans.
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The total value gained following the "Adaptive" and
the "Fix" processes are presented on a scale spanned
between the total "Bad" and the total "Ideal" plans. The
abscissa represents the number of radios already
disassembled. The ordinate represents the relative
percentage of the total end-of-life value gained from the
radios that were disassembled.
The left side of the graph appears "noisy" because at
the initial disassembly stage, only a small number of radios
were already disassembled, and each extra radio
disassembled contributes significant percentage to the total
sum of values.
It is clear from the graph that after a certain number of
disassembled radios, the value gained through the adaptive
disassembly process is approximately 50% greater than the
conventional static process plan. It is also clear that more
improvements are required to meet the goal of ideal
disassembly.
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CONCLUSION AND REMARKS
This paper introduces an adaptive disassembly process
planning methodology that overcomes the uncertainties
presented by worn-out products. The utility functions used
to lead to the optimal process are predicted by an inference
engine, based on a kernel regression fed with observations
gathered before and during the disassembly process
execution. The proposed process does not required a priori
deterministic data of a mutual relationship between part
condition and utility functions. Thus, data is adapted for
each individual product during process execution.
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ABSTRACT

conditioners, refrigerators etc. are being manufactured.
Application of high technology in these products improves
its performance characteristics.
The increased velocities, temperatures and loads in
machine operation necessitate more rigorous requirements
in workpiece treatment in terms of the geometrical,
mechanical, physical and other parameters, namely
precision of the linear and angular dimensions, surface
finish, shape deviation, hardness, structure of the material,
value and sign of the stresses in the surface layer, chemical
composition, elastic and magnetic properties, electric and
heat conductivity etc.
For improved quality and profitability in machine
construction throughout the world, Flexible Manufacturing
Systems (FMS) are being developed. State-financed national
projects of FMS development have existed since 1977 in
England, Germany, France, Japan and other countries,
ensuring the competitiveness of their engineering industry.
Recommendations for improved machine construction in
Israel are presented in this paper.

An analysis of the current state of mechanical
engineering in Israel and recommendations for its
improvement are presented. Analysis of the programs used
in Israel, such as: AutoCAD , Mastercam, Cimatron,
CADTECH and others show that in these programs there
are no subprograms for design of the technological process
of workpiece treatment. To the best of the authors'
knowledge, special programs are not used for this purpose.
In most small conventional engineering plants, there is
no technological documentation for workpiece and machines
manufacturing. This procedure is passed from one worker to
another orally. It should be borne in mind that the
workpieces produced at the small plants are used in the
aviation, military, electronic and other industries, hence
should be highly reliable. In engineering plants with
available technological documentation the numerous forms
are filled by hand.
In the authors' opinion, the following steps must be
taken:
1. Use of a program for design of the technological
process of workpiece treatment with complete
documentation in accordance with ISO 9000.
2. Introduction into the Cimatron, Mastercam,
CADTECH etc. programs of subprograms incorporating the
principles of the technological process design.

PROGRAM FOR DESIGN OF
TECHNOLOGICAL PROCESSES OF
MACHINE-PART MANUFACTURE
Analysis of the programs used in Israel such as: Cimatron,
Mastercam, CADTECH and others show that these
programs contain no subprograms for design of the
technological processes of machine-part manufacture (see
Table 1). To the best of the authors' knowledge, special
programs are not used for this purpose. From Table 1 it can
be seen, that there is a break between the automated
designand automated preparation of the production process.
In most small conventional engineering plants, there is
no technological documentation for workpiece and machine

INTRODUCTION
High technology is being developed in Israel, with
resources allocated and favourable conditions created for this
purpose. Along with electronics, microelectronics,
semiconductors, computer equipment, software, and means
of communication - mechanical-engineering products such
as aircraft, rockets, tanks, armaments, tools, air-

What the programs
can do
Design
Calculations
Drawing
Design of technological processes
of workpiece treatment

Programs
AutoCAD Cimatron Mastercam
CADTECH Israel
Unigraphic Solid
USA
USA
CadTool JNC Tool DNC Tool
Israel
Works
+

+

+

+
+

+

+

+

+

+

+

+
+

+

What the programs cannot do

Compilation of the workpiece treatment program at the CNC tool

+

+

Transfer of the workpiece treatment program to the CNC - tool

+

+

+

+

Table 1. Capacity of programs used in mechanical engineering in Israel
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Use of programs for design of the technological process
of workpiece treatment allows:
- to reduce the time T from assignment of the project task

manufacturing. The procedure of workpiece treatment is
determined by the lathe operator, miller or program writer
for CNC machine tools. This procedure is passed from one
worker to another orally. It should be borne in mind that
the workpieces produced at the small plants are used in the
aviation, military, electronic and other industries, hence
should be highly reliable. In engineering plants with
available technological documentation the numerous forms
are filled by hand, which makes for high time consumption
in the preparation stage; the quality of the developed
technological process depends on the engineer's
qualifications. In should be noted that engineerstechnologists are not trained at the Technion (Israel
Institute of Technology) or at Israel's other universities.
The Cimatron, Mastercam, CADTECH and other
programs contain no protection against users' mistakes in
choosing of the procedure of workpiece treatment,
allowance for machining, locating schemes, treatment
conditions etc. These mistakes affect the quality of the
producted workpiece and can lead to serious failures. For
example, blanks from cold rolled stock may not be used for
workpieces acting under torsion.
In the authors' opinion steps must be taken to introduce
subprograms incorporating the principles of the
technological process design into the Cimatron, Mastercam,
CADTECH and other programs.
The following subprograms are recommended:
-choice of location schemes for workpiece machining,
-calculation of gripping forces and feed for realizing the
required precision in thin-walled cylindrical workpiece
treatment,
-calculation of machining allowances and their
distribution over the passes, depending on demanded the
required precision of the workpiece,
-calculation of the technological dimension chains.
In the authors' opinion, favourable conditions exist now
in Israel for introduction of automatic design of the
technological process (CAD/CAM) into the mechanical
engineering program. This program should provide the
required technological documentation based on the file of
the workpiece drawing. Existing programs consist of
separate parts linked by the engineer-technologist, who
solves the subjectively programmed tasks for design of the
technological process. Consequently the missing
subprograms have to be developed for obtaining the
complete algorithm, which will enable the technological
process to be designed without human intervention.
These subprograms are:
-automation of the coding of workpiece surfaces
-the above subprograms.
Automated design of the technological process for
workpiece production is the first step in conversion of
mechanical engineering in Israel to FMS.

Ti=100%

Fig. l.Time of workpiece production in conventional
engineering plants
Ti - Time of workpiece production - 100%
T2 - Time of manufacturing preparation - 99%
T3 - Time of workpiece residence in machine shop - 1%
T 4 - Operating time, 5% Of T 3 or 0.05% of Ti
T5 - Time of transportation and other operations and
waiting 95% of T 3 or 0.95% of Ti
Tg - Machine time 15-30% of T 4 , 0.75-1.5% of T 4 or
0.0075-0.015% of T!
T 7 - Auxiliary time 0.75-1.5% of T3.
Annualy available time (8760 hours - 100%)

Days-off, holidays?
planned repairs and'
^maintenance - 31% _

Unused work time of evening
and night shifts - 45%

Breakdows, adjustment of equipment
and auxiliary time - 17%

IMPROVEMENT OF PROFITABILITY AND
QUALITY IN MECHANICAL ENGINEERING
IN ISRAEL WITH ITS CONVERSION TO
FMS
In conventional engineering plants there is no automated
design of the technological processes and automated
preparation of the other manufacturing stages - are absent.

Running time of machines and equipment in
7% one-shift operation (610 hours)
Fig. 2 Annualy available time distribution at
conventional engineering.
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and first of all to develop and apply automated design of the
technological process of workpiece treatment.

to product delivery. If this time T is taken as 100%, the
machine time is only 0.0075% - 0.015% of it. The
distribution of the time used for workpiece production in
conventional engineering plants is shown in Fig. 1 [1].
The running time of machines and equipment in oneshift operation constitutes up to 6.7-9% or 600-800
working hours of the annually available 8760 hours. The
annually available time distribution in a conventional plant
is shown in Figures 2 and 3A [1].
Even if the equipment (CNC tools) in conventional
production operates in three shifts, the operating time is
only 28% or 2450 working hours (see Fig. 3B). With FMS
the running time reaches 75% or 6500 working hours (see
Fig, 3C).
N 31%
> 2715 hrs^
\ Days-off,\
\ holidays \
. 20%
- 1771 hrs,
night shifts'
25%

Time
losses:

evenmg
\ shifts
5%-450hrs
2.4%-215hrs
4.4%-390hrs
4%-nOhrs
2.0%-175hrs
2.1%-iyOhrs|
6.7%-600hrs

21%
1830 hrs,
II &V
IU%-880hrs,
III
18%
1580 hrs,
IV
Lunch
6%-530hrs
8%-7OOhrs
VI
Cycle losses
9%-790hrs
28%
2450
(work hours

B
Fig. 3.Balance of machine time and time losses of CNC tools with operation in one shift (A), reduced balance of the
same tools with operation in three shifts (B) and operation
in three shifts with FMS system (C).
Time losses caused by: n&V- breakage of tools and defects;
III- defects in equipment; IV- organization reasons including
worker absenteeism, holidays or illness; VI- adjustment of
equipment; VII- cycle losses; Vni-machine time.
FMS can be developed as result of implementation of
four automation levels (see Table 2) [2]. Nowadays, only
the first automation level is put into practice in Israel's
engineering industry, namely automation of workpiece
shape treatment. The second level is characterized by
automation of location and charge of the workpieces. The
third level is automation of control and diagnostics of the
equipment. The fourth level adds to the three preceding ones
automation of setting up of the machine tool for other
workpiece treatment. Elements of the second, third and
fourth levels are present in certain plants in Israel.
It is possible to develop FMS in engineering in Israel
without considerable expenditure, given support of the
Ministry of Industry and Commerce.

Level of
automation

Contents of
automation

First level
1

Automation of
workpiece form
treatment

Second level
2

1+automation of
location and charge

Third level
3

1+2+automation of
control and diagnosis
of equipment
machine tools
Fourth level 1+2+3+automation of
4
setting up of machine
tool for other
workpiece treatment

Applicated
tools
Semi-automatic
machine tools.
CNC machine
tools
Automatic
machine tools.
CNC machine
tools and robot
machines
Adaptive
automatic
machine tools
Multiautomatic
machine tools

Table 2. Level of automation.
Parts of this paper were discussed:
- At a special seminar for Managers of the Military Industry
at the Technion (Oct. 25, 1994).
- At seminars under the chairmanship of Prof. Yu. Kolodny
Jan. 26, 1996 [3] and May 1, 1997 (Expert council of the
immigrant scientists).
- With the representative of the Min. of C. & I., Mr.
Amon Keret (Jan. 1, 1997) and others
- With Mr. Avi Eliassaf, V. P. Operations, Tecnomatics
Ltd. (March 26,1997).
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CONCLUSION
In the authors' opinion, it is necessary to begin
introduction of FMS into mechanical engineering in Israel,
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THE PHENOMENON OFTHE RAPID TRANSVERSE AUTO-OSCILLATIONS AT THE HOLES PROCESSING
USING THE MULTI-BLADE ROTATING INSTRUMENTS AND THE EFFECTS OF THE ERRORS FORMATION
RELATED TO THIS
YakovKhilkevich
EDAL-Engineering Ltd.
30b, Ha-Haroshet str. Kiriat Bialik,27000 Israel
Tel:04-8383023 .Fax:04-8769157
So it has become clear that "the asterisks", which are
observed on the cutting surface at "the momentary halt" of
the instrument, are the traces of the instrument's blades at
the moments when the momentary rotation centers arise on
them, while the frequency and form of these "asterisks" can
be calculated.The knowing of this effect allows to come by
the correct of mathematical models of static and geometric
levels by means of methods of little or a big parameter (see
table I.).
Thereby, there has been created the theory of vibration
phenomena which take place within the process of holes
creation by turning multi-element instruments and lead to
the formation of systematic holes' errors. The theory
presents a multi-level system of asymptotically-interactive
models which are, in fact, the systems of differential
equations of retarding argument. Basing on that theory there
have been detected the main formation mechanisms of
systematic errors at holes processing (see fig. 1.).

ABSTRACT
Was developed the theory of preciseness hole machining
with any multi-bladed and fire-gun cutting tool that was
based on series of mathematical models. This theory brought
to light some interesing problems and effects. For example,
it proved that if a tool has some symmetric deviations and at
the same time axial vibrations with a frequency equal to the
frequency of its rotation (there are aiwais such deviations
and vibrations because of imperfect methods of
manufacturing both bearings and tools) the trajectory of a
tool and the axis of the machined hole become crooked.
New methods of drilling holes with curvilinear axis, noncircular holes, conic holes etc.were developed based on this
effect.
There have been investigated the methods of holes
processing using symmetric multi-blade instruments, that are
systems of differential equations of variable coefficients and
retarding argument. There have been found out that,
regardless from the processing technological parameters, the
trivial static solutions of these models are uncertain in
principle. By that, this dynamic unsteadiness is
mathematically analogous to the unsteadiness of PL.Kapitza
model, which represents a system of usual differential
equations without lag and of constant coefficients and
describes the movement of a rotor rotating in a shield in
aerodynamical medium. Because of the absence of the trivia!
solutions steadiness, under any processing mode there
appear the quick non-threshold transverse auto-oscillations
of the instrument, the frequency and trajectory of which are
of such a kind, that the instrument's momentary rolling
centers arise along the cutting surface. By the number of the
instrument's blades z>3, the movement trajectory of the
center of this is close to circular one, and the frequency
exceeds this of free curving oscillations of the instrument's
stem, by that A«oos =Din»corot 12. Thereby,even symmetric
multi-blade instrument is based on the cutting surfase under
drilling.

S-d

s-.<t

Fig. 1 The basic mechanism to accumulation systematic
errors of the drilling process.
To be the most convenient for the analysis appeared the
methods of statistic approximation level that are not
differential but functional non-linear models of retarding
argument, which are applicable for description of multiblade instruments' movement, and even more simple models
of kinematic approximation level that are usually linear
equations of retarding argument, which are applicable for
the description of single-side instruments movement.
For the first time the main mechanism of formation and
accumulation of the vibration parallax of a geometrically
dissymetric instrument is theoretically shown, at exerting the
axial vibrations at this, the frequency of which is exactly the

At the number of the instrument's blades z = 2, its center
movement trajectory extracts in the direction perpendicular
to the line which connects the apexes of the instalment's
cutting blades. This phenomenon allows as to explain a
number of empirically known facts, as to predict a few
effects previously unknown which can be reproduced easily
by experimental way.
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same as the frequency of its rotation. This mechanism arise
when the cutting surfaces intersect, touch or cut one
another. Intensity of the parallax increases and plane hole
axial bend depends on the extent of dissymetry of the
instrument, the axial vibrations' amplitude, rotation feed and
instrument plane angle, while the parallax direction is
completely determined by the axial vibrations' initial phase.
At that, the mechanism revealed leads to the whole
number of externally different manifesting effects:

.Dynamic level of modeling.
mY(t)+JY(t)~-I Pri cosPi- X Ptt sinji!
¥j£^5%

I

mX(t)-i-JX(t)=-£ Pri sinp 1+1 Pti cosp i
i=i

i—i

X(t)+A.2X(t)=-Kl|;X(tVX(t-x)].+K2[Y(tVY(t-x)]
Y(t)^VY(f)=-KUY(t)-Y(t-x)l+K2[X(i:)-X(t-T)l

- If the axial vibrations frequency (or their overtones)
exceeds by integer times the rotation frequency, and at the
same time this integer does not have a common divisor with
the number of the instrument's teeth, the parallaxes are
observed as if as being present in several directions, that
leads to the hole faceting increase (see fig.2.).
- If the axial vibrations rule is anharmonic, under any
frequency of these that is multiple to rotation frequency
displacement errors as well as transverse form errors are
simultaneously formed.

Pctgcp

/ P 2 ctg2<p

Deo

rnroD

m

X2fc =X2k-i +(D+d(2k-1 /mrc
Y2k=Y2k-H-(D+d(2k-l/m7t)).sin(2k-l/m3i)
X2kH-l=X2k-<r>+d(2k/nMi))»sin(2k/nm)
Y2k+l=Y2k-(D+d(2kynm)>sin(2k/nHc)

- If the axial vibrations frequency differs a little from the
rotation frequency (that is equivalent to the smooth
vibration phase altering) the plane parallax is exchanged for
the spiral bending.

Z.Stattc level of modeling
] tg (p X(\j.<)= - I kihi« cos(\u--it)[S/z^
-!-(X(\!;)-X(\i;-iT»cos(\u-ix)+
+(Y(\|;)-Y(v|;-k))sin(w-ix)j

- If that number differs a bit from integer - the formation of
multi-entry spiral flutes starts on the hole's walls.
tg <

)= -Z kihi» sin(\|/-it)[S/z+

- If the axial vibrations of any frequency are frequencymodulated, the pseudo-random instrument's wandering
appears, which leads to the expanding hole formation.
Z=2

j

«os=-

2=4

=(Orot

/2(kl+k2>)

1
=2©rot

3.Kinematic level of modeling.
D/2~[p(ii/-H/2)-H/1 )-D/2+S]sin
=3cOrot

p(V|/)=D-p(Vj/-3t)+(S/2-T)«tg(|>

=4(0rot

Table!. Mathematical models.

Fig.2. The process of accumulation of systematic errors.
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Besides that, the simulation allowed to detect the
conformities of interpassing technological heredity. In
particular, for the first time there is ascertained that at
dissymetry of multi-blade instrument the "negative"
technological heredity of errors of form and diametric size
takes place, when any alternation current radius vector of
the hole being processed arouse the inverse alternation of
the processed hole radius vector. For instance, straight
conicity of the hole being processed leads to the inverse
conicity of the hole being processed, and the faceting of the
hole being processed can lead to the formation of the
inverse-oriented faceting with the same number of the
processed hole's bounds.
There is possible to create such an experimental conditions
that the withdrawal error will grow neatly. So when
applying the amplitude-modulated axial vibrations of
Asin(<Brot»t + (pi )«sin(coos«t+ q>2 ) at a symmetric drill,
there will appear some big visually observed withdrawals of
the order 2L»A/S. Moreover, the withdrawal direction is
definitely connected with the envelope phase -(p l and the
withdrawal intensity except for the amplitude A and the feed
S is dependent on the oscillations' carrying frequency -(p2 .
It is interesting to notify that, when applying of the axial
vibrations of Asin((2n+l)corot«t + (pi )»sin(coos» t + 92 ) ,
there is observed the hole odd faceting development (as if
the withdrawal occurs in several directions simultaneously).
More effects are theoretically predicted (and
experimentally grounded); for instance, the formation of the
expanding conic holes when applying the harmonic axial
oscillations of the frequencies which are odd-multiple to
corot or coos at a spiral drill.
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THE CALCULATION OF THE PLAIN AND SPACE DIMENSIONAL CHAINS BY INTERVAL ANALYSIS
METHODS
Yakov Khilkevich
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30b, Ha-Haroshet str.lkiriai Bialic, 27000 Israel
Tel:04-8769157
.ABSTRACT
Was developed methods to solve any size-precision problems
based on methods of interval mathematics. That was a
solution for flat and spatial dsmentionai chains, both
technological as well structural and measuring chains
This method can be used to solve precision-dimensional
problems in civil engineering and geodetic, packages of
applied programs with mathematical program set-up were
developed for simulation on a computer, with interval
mathematical apparatus for solution of complex dimensional
chains.
in the recent time the methods of the interval analysis have
been developing. These appeared at the first time as the tools
of automatic registration of the round-oST errors at
computing and were not applied for solving dimensionaliy
precision tasks appearing in mechanical engineering
technology. The proposed treatment of the interval integer as
generalization of hyperbolic complex numbers of special
kinds i 2= 1 and i2 = 1 allowed to work out the interval
arithmetic (see tables 1 and 2) that allows to solve direct and
A ready-made operations
A non-standard operations
(a+ ia)+(c+ic)=(a+c)+i(a+c) (aHa)9(cnc>(a-c) n(a-c)
( a m ) <cnc)=(a -c)+-i(a *-c)
(a+ia)©(cMc)=(a+c)+-i(a-c)
(a+ia)»(c+ic)=(ac+
(a<-ia)0(cHc)=
+ acsgn(ac))+i( t a I c H c | a) ac-acsgn(ac)>+i( I c I a- i a i c>
(a +• ia)/(c *- ic)=
C -C
C -C
ac t-acsan(ac)+i( | c 1 a •-1 a 1 c) (a<-ia)®(c+-ic)=(acC -C
C -C
acsgn(ac)) < i( | c | a-1 a | c)
2

2

2

2

2

2

inverse tasks of dimensional circuits as in the absolute as in
the confidence intervals.
Let us take, for instance, the dimensional circuit presented on
fig. la, under determining the following sections' parameters
Al =A2 = A.i = ! 00+0.1 mm, A-i = 98+0 (mm.

Pi = pc = P:? = f34 = 45°tR» . For solving the testing task,
e.g. for finding the closing section, there is possible to
calculate its projections onto several non-parallel axles, and
then upstanding the perpendiculars in order lo find the planar
interval of the closing section (see fig. 1b).
To compare, the same dimensional circuit was solved by the
most precise existing method of planar circuits calculation the method of projection onto the closing section
"considering the ratios alternation", as a result of these
calculations for the maximum-minimum following the same
procedures, the closing section nominal dimension
A,\ = 2 mm, dispersion area of the closing section length
WA = 0.4 mm, and dispersion area of the closing section
direction angle to\k\ = 35C at the nominal value
fjA= 45°. At the same nominal values interval methods bring
the following results:
1. In the absolute intervals (that corresponds So the method
of the maximum-minimum) W x = ! .6 mm {at ©fv\ = 65°);
2. In the. confidence intervals (that corresponds to (he
probability-correlation method) W A = 0.87 mm. That is more than the calculation results on
"the maximum-minimum" according to the most precise of
the existing procedures.
This example already shows for how much the interval
calculation methods are more reliable, simple and precise
than the other existing calculation procedures. The interval
methods calculation result is identical to the results obtained
by the methods of the precise statistic experiments and by the
method of tracing of "the mistakes' spots enveloping" which
is applied in the marking theory (using the analog appliance
ace. to pat. 1490016), but the labor intensity of these was
more than two exponents more than this of the interval
calculation methods
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Table 1. Arithmetic of absolute intervals
A non-standard operation
A ready-made operation
A6C=(a-c)+'Wa2-c3
A+C=(a+c)+Wa3 +c3
A@CKa+c)+iVa2-c2
A-C=(a-c)+Wa2+c3
A»B=(ab)+
A0C=(a/c)+
2 2 2 2 2 2
/ a2c2-a2cJ
+iVa c +c a +a c
-HW c2(c2+c2)
A/C=(a/c)+
f
2
2
A€>C=(ac)+
| a c+a c
i»V c2(c2+c2)
+i'V-a2c2+c2a2+a2c2
Table 2. Arithmetic of confidence intervals.
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OPTIMISATION OF INDUSTRIAL MANUFACTURING PRODUCTS BY SIMULATION
Constantin ISPAS*, Cristina MOHORA, Oana CALIN
POLITEHNICA University of Bucharest, Faculty for Engineering and Management of Technological Systems, ROMANIA
Conference Lecturer
ABSTRACT
A simulation is the imitation of the operation of a realworld process or system over time. The behaviour of a
system as it evolves over time is studied by developing a
simulation model. This model usually takes form of a set of
assumptions concerning the operation of the system. These
assumptions are expressed in mathematical, logical and
symbolic relationships between entities and object of
interest of the system.
A simulation can be used to generate one or more
artificial stories of a complex system or to estimate desired
performance measures of the system.

•Better resources utilisation by eliminating bottlenecks.
•Reduce the lead times to market.
•Improve the throughput of existing lines.
•Improved customer services with existing resources.
SIMULATION - A STRATEGY OF THE
MANUFACTURING OPTIMISATION
In business for example, there is an ever-increasing
focus for delivery higher standards of customer services
within tight resource constraints. As a result, today's
organisations are constantly changing; on the one hand
they are striving to find new ways of streamlining their
operations, on the other, they need to be dynamic, explore
new ideas, and find successful innovative solutions.
However, the effect of change on business efficiency is
highly unpredictable and accordingly risky. The simulation
could represent the flow of work through a process. Each
product or person leaves a trail marking their route
through the process with increases in thickness as volumes
grow. So we could identify potential areas of congestion
which may affect efficiency. This is particularly useful for
example when planning front layouts or complicated work
flows.
hi many cases using simulation the engineers discover
that they are able to improve efficiency without incurring
any financial investment. In addition, the use of the
simulation can result in significant cost avoidance as
organisations learn the true costs and benefits of proposed
projects.
The simulation models can account for the volatility of
real life through the incorporation of statistical variation's
ranging from most simplistic to sophisticated and complex.
Of course, in real life there will always be situation that are
totally unexpected. The inclusion of such unexpected
events is ideal for both the creations and evaluations of
recovery plans.
Sometimes it is interesting to study a system to
understand the relationships between its components or to
predict how the system will operate under a new policy. A
simulation action for example may settle the type and the
number of the machines involved in the process. In this
case an optimisation strategy is based on the type of the
parts that are going to be processed.
The simulation predicts the behaviour of the
manufacturing system using the calculation of the
movements and the interactions between the components of
the system. Evaluating the flow of parts through process

INTRODUCTION
Simulation is a very successful aid for planning a
manufacturing system and its operations. So it is possible
to investigate quickly various manufacturing systems and
to take a macroscopic or microscopic view of the process.
Simulation is one of the most powerful analyses used for
designing a manufacturing system. Simulation modelling
can be used both as an analysis tool for predicting the
effect of changes to an existing system and a design tool to
predict the performance of a new system under varying sets
of circumstances. Potential changes to system can be first
simulated to predict their impact on system performance.
Competitive organisation world-wide has proven they
can reduce the risks associated with business change by
applying a practice of simulation process and analysis.
Traditional design and analytic methods are incapable to
study the complex events in a flexible manufacturing
system. A simulation can be used for a dynamic analyse
prior the implementation. Modelling techniques will
elaborate a manufacturing system with high performance
indexes. The solution validation presumes the building of
the model, the analysis of the features and the running of
the model.
Simulation can be also used in design stage, before
systems are built.
The picture 1 will present a model of a computer
integrated manufacturing system. The model proves the
connections between the simulation and the main functions
of the system. The main functions are planning, selling's,
acquisitions, PP&C (Production Planning and Control),
CAD (Computer Aided Design), CAQ (Computer Aided
Quality Control), CAM (Computer Aided Manufacturing).
Simulation has helped companies achieve significant
benefits including:
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planning
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o

I

Maintenance
The production
facilities
Diagnosis
Reparations
Packing
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Customer

and the resources required the modeller could build the
system's physical arrangement and select the equipment
and the operations.
The engineer could achieve an optimisation strategy for
the whole system, based on technique and economic and
experimental dates.
A model can also be an abstract representation of a
system, usually containing structural, logical and
mathematical relationships which describe a system in
terms of state, entities and their attributes, sets, processes,
activities and delays. Simulation model may be classified
as being static or dynamic. A static simulation model
represents a system at a particular point in time. Dynamic
simulation models represent systems as they change over
time.
In a mathematical model, the objects of a
manufacturing system and their attributes are represented
by mathematical variables. The operations and actions are
described by mathematical functions that define the
interrelationships between the manufacturing variables.
Mathematical models can be of the static type or dynamic
type. With static type, the modelled system is in
equilibrium; and with dynamic type the system may be in a
continuo change. In practice, both types are used to
represent manufacturing operations. Modelling methods
provide various tools for construction of manufacturing
models.
Graphics models are important tools for representing
the behaviour of the manufacturing system. The
manufacturing operations may be visualised by icons or
symbols. Icons are ideal tools for simulations if they
pictorially resemble the manufacturing equipment.
Models can be also categorised as discrete or
continuous. A discrete model is one in which the state
variables change only at a discrete set of points in time. A
continuous model is one in which the state variables
change continuously over time. The choice of whether to
use a discrete or a continuous (or both discrete and
continuous) simulation model is a function of the
characteristics of the system and the objective to study. In
discrete-event simulation, a system is modelled in terms of
its state at each point in time; the entities that pass through
the system and the entities that represent system resources;
and the activities and events that cause system state to
change.
To model a system, it is necessary to understand the
concept of a system. A system is definite as a group of
objects that are joined together in some interaction or
interdependence toward the accomplishment some purpose.
The system state is a collection of variables that contain all
the information necessary to describe the system any time.
The visualisations of the research results allow the
simulation to develop a strategy for every object of the
manufacturing system. Some characteristics of the objects
can be improved alternating the process parameters. The
optimisation strategy is built on an algorithm. Their

properties are determinate like a function. The
optimisation algorithm allows the minimisation of a
function, i.e. the cost and uses resources like variables.
Manufacturing programming presumes two stages the
first is the planning and the second is the manufacturing.
Both stages have the same purpose: the optimisation of the
manufacturing programme. Using simulation methods the
planning and the manufacturing can be integrated in the
system. This will cause lower manufacturing costs and a
higher quality of the production.
Simulation is a strategy of the manufacturing
optimisation and generates lower costs, new designed
systems or the modification of existing systems.
CONCLUSIONS
The simulation of manufacturing systems is so complex
that specialised software has been developed for this
purpose. Computer simulations' languages facilitate the
development and execution of simulations of complex realworld systems. SIMAN V, SIMSCRIPT 115, SLAM II,
WITNESS, SYMFACTORY are high level simulation
programming languages that have constructs specially
designed to facilitate model building. MANUPLAN II is
used in analytic modelling. MICAPP, E-Z QUOTE,
COSTIMATOR are used for financial modelling and cost's
estimation.
The simulation of a manufacturing system provides a
list with performance indexes.
These are:
• the number and the type of the operation for each
part produced;
• the production time;
• the waiting time between two operations;
• the breakdowns;
• the percentage time during the workers and the
machines are busy.
Simulation can be a great aid in evaluating alternative
system designs. In particular, the simulation analyst may
quantify the effect of a decision or determine whether a
given decision has a significant effect. The availability of
special-purpose simulation language, massive computing
capabilities at a decreasing cost per operation have made
simulation one of the most used and accepted tools in
operation research, manufacturing systems and systems
analysis.
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Mastering by violoncello bow as particular case of manipulating by the tools of labour
Gorfmkel Victor (violoncelist)
Qyriat Arba 504/7, 90100
Israel
acting on the fiddle stick is given in this paper. We consider
also the more general case in presence of gravity forces.

Abstract
There are at least three kinds of forces in the process of
interaction between the man and his labour tools: the
muscular force (mainly the arm force), the gravity of the
body and the gravity of the tool.
By the birth we get into the habit to manage our gravity as a
component in any action (work. art. sport and so on.).
Frequently, we don't think what kind of force is applied in
one or another case. But every intensification of the labour
or the problem of mastery in sport, music or other kind of
creation work require to consider the forces taking part in
the process. For example if the work by the hammer, handsaw, computer keyboard are relatively simple, then the
actions by the cutter, brush and particularly by the fiddle
stick of the violin family are greatly more complicated.

All this considerations simplify manipulation by the
fiddle stick or by the other thing. Conclusions of this paper
may be useful for musicians and for many other people of
different professions which connected with the material
tools.

"Hand-bow-string" system in the
weightlessness conditions.
The task of master's right arm contains two points:
1. Creation of the friction between the bow and the string
2.Bow motion on the string to give rise for oscillations, i.e.
for sound extracting

This paper is devoted to the forces which are used to
extract the sound by the fiddle stick. Right now we will give
the definition of the well known concept. Two equal (by the
value) parallel forces having the opposite direction and
applied to the different points of the same body are called
the force couple. It creates the rotation moment. The idea of
the method is to consider the force couples which arises in a
natural way in this interaction and the couter force couples
with equal moments. To use the lever concept is not
comfortable in this way since it supposes the presence of
fulcrum. But we often consider the other situation.

Creation of the friction supposes the creation of the pressure
between the bodies
How to create the pressure of the bow on to the string ? This
question is not so simple and it is better to consider it in two
stages. Suppose that neither bow nor arm has weight.
(This question ma}1 become actual in the near future on the
spacecraft.) Since the bow is taken from the one end then
creation of the constant pressure onto the string by any other
point of the bow cannot have the straight influence as (say)
the pressure on the piano key.
However theoretical mechanics gives the clear explanation
to the method of the over-coming of this obstacle. Suppose
that the bow lies on the string stationary in the middle of its
length. How the pressure is created in this point ?

At the first stage we consider situation without gravity.
This case ma}' be useful in the future on the spacecraft.
Moreover, such training may assist to prevent atrophy of
the small muscles in the weightlessness.
The calculation implemented for the fiddle stick may be
easy extrapolated to the other tools. The analysis of forces

A
Fig. 1. Reduction of the hand force (Fl) from the point A to the point B (string).
The arm applies the force towards the bow at point "A".
Below we shall consider by what point of the hand this
pressure is made. Mechanics explains: Reduction of this
force Fl at the point "B" is accompanied by a number of
actions. Two equal to Fl and opposite by the direction to
each other forces arises at point "B". One force F2 reduced
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from the point A. and the other F3 is a support (string)
reaction force equal to F2. So, besides the necessary for us
force F2 we have also two forces equal each other by value,
parallel, opposite directed and applied to the different
points. These are Fl and F3. Such kind of forces have a
definite name "force couple" and their action consist of

creation of the rotational movement. Indeed, the pressure of
the arm put on the frosh reduces to the turning of the bow
around the point "B" and to its falling.
How to neutralize the influence of the force couple ? Only
by the force couple equal to the first couple by the value but
opposite by direction. Equality of the actions for two
couples is conditioned by the equality of the moments.
Moment of the couple is a product of one force by its
shoulder, i.e. the distance between the application points of
the couple. Thus two force couples may be equal by action
but not equal by value and by shoulder. It is important only
their product. This property present a great comfort in our
case.
In order to neutralize (balance) action of force couple Fl F3
it is sufficient to create (by the fingers of the hand) a newforce couple at the frosh area. This force couple will be
equal to the first by the moment but opposite by direction,
i.e. gives the rotation counter-clockwise. This is force
couple F4 F5 where the points of application are the points
of touching the cane of the bow by the fingers, (as a rule by
a thumb and fore finger) and the source of the force is a
rotational arm effort counterclockwise around the axis
"shoulder-hand" When the bow go right on the string then
the shoulder of the force couple Fl F3 grows. The pressure
onto the string is constant (F2). Thus the moment of this
couple grows also. Respectively the moment of the couple
F4 F5 must grow. The shoulder of this couple practically
does not change, (the area of the frosh). Consequently, the
forces of this couple must grow.

Real "hand-bow" system
Real actions of the arm with a bow may be divided into
two phases. The first - a preliminary and the second—an
active. The first phase consist of the reduction of the hand
with a bow to the equilibrium state up to the putting of the
bow onto the string and includes the definite kind of
inserting of the bow weight into the arm weight and balance
them by the muscular force of the arm.
Ability of the arm to manage subtly by its weight is 'well
seen in such an example.
Put the arm on the spring-balance and give it a full freedom
and softness. Its weight will turn out a natural "dead"
weight. Gradually saving the softness (more precisely the
reading on the scale) decrease its weight and then increase it
to the maximal and more according to our full force. We
shall see how easy and subtle our consciousness manages by
the arm weight transforming it to the force category.
Namely this property is used for the management by the bow
-the pressure of it onto the string.
In order to manipulate by the sound exactly and subtle it
should be excluded each involuntary bow action. If bowweight will be spontaneously "intervene" in sound
management, then our musical intends will be distorted.
Thus there is a question how to neutralize the bow weight,
more precisely, include this weight organically in the arm
weight by which we can manage from the birth.
Figuratively speaking it is necessary to make the system
•; hand-bow" and to extract the sound from the string by this
"hand-bow".

Fig.2.Reduction of the weight bow from the point C (center of gravity) to the point 0 (hand).
holding the hand with the bow suspended we apply the
muscular force to hold their in this state. The force holding
the arm and the bow suspended is directed from the bottom
to the top
and the force applying for sound extraction is directed from
the top to the bottom. (Speaking about the bow weight and
the arm weight we need to remember that in the actions for
sound extraction participate not whole the system weight,
but only its component which is directed normally to the
string, the second component belongs to the other hand
fingers which thus participate in all hand actions.
Depending on tools (violin, controbas) and on string
disposition this component takes values from maximum to
minimum. Regulation of the resultant force is a question of

The bow weight is concentrated in its center of gravity
"C". The bow lies on thumb bythe frosh. Reduce the bowweight Fl from the point C to the point O F2 (thumb),
where thecounteracting force F3 arises. This force together
with the force Fl forms the force couple which strive to turn
the bow counterclockwise. Counter couple (a little fingerthumb) F4 F5
arises to neutralize this rotation. The moments of these
couples equal.

Characteristic of the forces applied to the bow
The second stage -the putting and the moving of the bow
onto the string we begin using by the inherent ability from
the birth for the management by our weight. Of course
458

physiology and we shall not touch it. It is important only
that the force of the hand holding the bow and the following
force making a pressure onto the bow are applied to the bow
at the frosh area in one point lying at the end of the axis
"shoulder-hand" at thumb and countervailing fingers.
The most important element of the system "hand-bow" is
a rotational axis around which the all manipulation of the
bow happen. This axis go straight from the shoulder
articulation to the frosh. Here the elbow is left aside and
plays a counterbalance role for the bow passing the effort to
the little finger. This scheme remembers a drilling tool - a
brace, where the axis go also straight from the handle to the
drill and the place of the force reduction is aside.

Fig. 3

During the motion of the bow onto the string and the
sound extraction we apply the force simultaneously in three
directions: 1. The pressure onto the string at normal towards
the string. 2. The tractive force along string motion. 3. The
rotational effort of the axis "shoulder-hand" for balancing
the pressure onto the bow at the frosh area. It is clear that
only the rotational axis may participate in all three
directions of motion - two translational and one rotational.
One end of this axis is a center of bow rotation, and lies at
thumb area and counter-vailing fingers and a little beat
moves depending on directions of the axis turning.

Balancing of the bow weight

Fig. 4 Direction of the forces applied to the bow in time of sound extracting
Action of the two forces straightly directed from one
point may be replaced by their resultant according to the
parallelogram rule. If this happen by this way or group of
muscles manages its own directions is a complicated
question. In any case the direction of the hand force under
the angle to the motion is sufficiently comfortable and
simple. However it is not worth to think about this question
excessively. The sounding itself prompts the right choice
for the direction of the force.

Sound extracting in reality
Now we try to describe the real force distribution, taking
into account the weight of the arm with a bow. Properly
speaking nothing principally changes comparatively with a
scheme one. Only the concept "the pressure on the bow
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from top to bottom turn out the decreasing of our effort from
bottom to top i.e. facilitation of the muscular work. We get
accustomed to this "force composition" from our birth and it
does not present difficulties. It is important only that this
action would remain active and freedom. Naturally that for
composition of permanently changing forces there are
moments when the string effort is directed counterclockwise
and when a resultant force will be equal to zero.
It means practically that the bow pressure onto the string is
made only by the weight of the bow and the arm.. This state
much facilitates the master work and gives the necessary
rest and freedom for the hand. However it is principally
important that this freedom would not turn into the
slackness, and loss of the control under the actions.
The same situation takes place with a rotational effort of
the arm. If in the state of arm and bow suspended this effort

is directed clockwise, then during the putting of the bow
onto the string this effort is directed counterclockwise and
essentially is a decreasing of the previous effort, i.e.
facilitating of the task. Frequently these efforts turn out
equal and no rotational moment is applied to the bow. But
the hand is ready.
Since in each following moment this effort may be need
in one or another side depending
on the musical task..
Note that the numerical calculation of process dynamics
in schematic form would be no complicated. However we
consciously do not give this calculation, since the real
processes are much more complicated than the scheme and
the permanent quantity control under the all accessory and
correction actions only will hamper the execution. Criterion
of these master's actions remains the finite result - the sound
quality and the contents of music.
The task of the paper does not include the proper
methods of playing on the bow tool, but making onlyattempt to show in the bow example the method of
mastering by any labour tool of the man.

These limits do not give the opportunity of more detail
deepening into the question sound extraction, stroke
techniques, passages from string to string, changing of bow
velocity and so on. Together with this the main principles
to which the author have come give a key to the solution of
different mastering tasks. These principles create the
fundament
of these actions. The rest is only the question of the work
and the time.
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MODELING OF THE THIN MILLING IN PLANETARY MILLS
A. Dubensky, S. Potyomkina, S. Leonov
been considered to be a point, principles of milling
(blowing, crushing, robbing) and some oilier
parameters have not been taken into account. Such
models are not adequate for described phenomena.

ABSTRACT
Mathematical model of milling processes in
planetary mills of vertical and horizon(al types has
been developed. Models for determination of
optimal apparatus constructions and their
exploitation effective regimes have been
calculated with the help of computers lo provide
maximal effectiviry of milling with minimal
power inputs.

Suggested elaboration covers mentioned
parameters and is considerably closer lo exact
description of planetary mills kinematics.

MAIN RESULTS OF RESEARCHES
Physical models of two types of planetary mills
have been developed, that are with vertical and
horizontal frame arrangement. Calculation of
trajectories and character of movement of milling
bodies, velocities, acceleration and energy became
available for calculation. Differential equations of
ball movement in internal surface of vertical and
horizontal mills have been obtained from the
posilions of analytical dynamics of non-holonomic
systems. Unlike most of researches regarding the
milling body as a point, the present investigation
regards it as a body of certain size fulfilling the
circular movement. Obtained models rolled the
connection between the construction parameters,
ball sizes and technological regimes of the devices
work and allow more complete taking into
account sorts of the milling bodies action upon the
milled materials.

INTRODUCTION
Nowadays new materials and teclinologies
creation is impossible without thin milling in
planetar\r mills. Not only dispersion but also
activation of created particles surface that makes
possible new materials and alloys creation are
being reached with the help of them. At the same
time the very strict ecological demands are
observed. The mills have been applied in
metallurgical, pharmaceutical, chemical and food
industries, in building materials and fertilizers
production, etc. Formed particles interact stormy,
sometimes with explosion, melt in lower
temperatures, form stronger conglomerates, etc.
Analysis of devices for thin milling in use
reveals their great variety. At the same time,
application of which of them is more purposeful is
unknown because {lie mechanism of m'illing is
unknown.
Analysis of mathematical description of
milling, in planetary mills for example, reveals
that bodies' movement trajectories and velocities
have been determined usually. Milling bodv has

Calculation and the computer investigation of
trajectory and character of ball movement on the
vertical surface of barrel showed that optimal
milling has to be fulfilled in certain interval in
relation lo average cylinder height. When (lie ball
in horizontal mill reaches the maximum of energy.
the enerev of its rolatorv movement becomes
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its maximal value. Calculation of balls energy for
horizontal planetary mill is shown in fable 1.

close to the energy of its forward movement, and
hence the milling under these conditions reaches

Velocity,
rotation niin

Radius of
the ball, m

Kinematic

energy, joule

Part of common
energy.

kinematic
it
n

forward
movement

Rota ton'
movement

Forward energy

Rotatory
energy

300

0.007

0.528

0.484

52.15

47.85

400

0.007

0.934

0.857

52.14

47.86

500

0.007

1.456

1.337

52.14

47.86

500

0.009

3.038

2.768

52.33

47.67

374

0.006

0.518

0.478

52.05

47.95

374

0.007

0.816

0.749

52.14

47.86

374

0.009

1.702

1.550

52.33

47.(>7

Tu blt> 1. BALLS ENERGY

According to the Table 1 data the ball kinetic
energy depends on its mass and velocity that in
turn depend on velocities of the platform and
cylinder rotations. The energy of the ball
detennines the character and extent of milling and
has to be regarding depending on its forward and
rotatory movement character. At the first time we
have calculated that rotatory movement energy of
the ball increases from zero (in the beginning of
movement) and reaches the energy of forward
movement. It sufficiently supplements the
conception of milling character in planetary mill
of horizontal type that one has to take into aqcqunt
in new devices designing and in calculations
connected to efficiency of milling and reliability
ol horizontal mills exploitation as well.
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The calculation of mills according to received
model can be used as for the new devices
designing, so for the optimization of the existing
devices exploitation.
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Fig. 1. Character of connections between the
machine parts and their elements in joints
and transmissions
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Fig. 2. Functions performed or providing performance by the
existing (—>- ) and new ( _ - • • ) definition of 'tooth' (Table
1, item 1) and 'gear' (T.1, i.2): a- by tooth; b- by gear
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Fig. 5. Drawings to names and definitions "Facial
Toothed Joints and Transmissions": a-face wheel (flat
wheel); b-face crown wheel (plane crown wheel); cplano vertex face crown wheel (piano vertex plane
crown wheel); d-facial wave system; e-facial cylindric
gearing; f-facial bevel gearing (plane gearing); g-ball
facial toothed gearing; h» facial wave transmission;!facial joint.
Signs: 1 - facial reference surface; 2 - face tooth; 3 facial axoid (Fig. 5j);4 - conic axoid; I-I and ll-ll - axes
of wheels 1 and 2; P-P momentary velocity of relative
movement; w^ and m2 - vectors of angle velocities of
the wheels (TO12 =roi-ro2.w21 = VJZ-^-\ - vector of relative
angle velocity); facial cylindric transmission (A=0, Fig.
5, k; Fig. 5, e); hypoid facial cylindric surface (A>0, Fig.
5,1); A - hypoid shift; Z - interaxial angle. The old names
are given in round brackets (Table 1, items 7;11;20).
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driving link have gaps, then the driven gear will not rotate
continuously, but intermittently. Toothed link (half-clutch)
joined with the opposite link (half-clutch) provides a
relative immobility of the links and the shafts joined (Fig.
2, b). It can be proved by the example of wave
transmissions which allow to coincide the functions of
engine, reductor, brake and limit moment clutch while
their gears (teeth) perform the functions of transmission of
motion and joining.
Surfaces are classified as curve (protuberant, concave)
and flat (planes). Rotation surface whose axis coincides
with the axis of the gear, is called a coaxial surface.
Each given gear is characterized by reference surfaces
[7, p. 64] and a toothed couple - by axoid and initial
surfaces [7, p. 157],
The terms of cylindrical and conic (bevel) gears are
obtained by the name (shape) of their reference surfaces:
cylindrical, conic [7, p. 108,360].
However, in the term of plane gear this principle of
naming a gear by its reference surface is broken. The term
of plane gear is obtained not by the name of its reference
surface, but by its physical shape - plane surface. It does
not determine by itself the orientation of the surface to the
geometrical axis of the gear and, unlike the surface, it has
no shape differences. In general cases the plane may be
arbitrarily oriented to the axis and in particular cases - in
parallel or perpendicular. The latter is named facial.
Conic reference surface of plane gears (Table 1, item 7)
transforms into a reference plane (coaxial circle) which
somehow remains without any name. Actually this
reference plane is perpendicular to the geometrical axis of
the gear and is called a facial reference surface (Table 1, i.
12*). A plane gear as a rotation body must be named
according to the said principle "a facial gear" (Table 1,
i. 8), due to its reference surface is a surface of the circle
perpendicular to the axis of the gear and such surface is
named "facial".
Schematically the relation between the names of gears
and their reference surfaces is represented as a model (Fig.
3) where in the cell of the reference surface name of plane
gear there is no record. Plane gears happened to have no
name. It naturally influenced the terminology of this type
of gears, joints and transmissions. For instance, the
Russian standard term "plane gear" is added in brackets by
"with facial teeth" [10, p. 178]. The same addition was
given to the terms of plane joint and plane transmission.
Other terms started being used, as well: gear with facial
teeth; facial toothed disk; conic crown gear; frontal gear;
facial gear; facial joint; facial transmission; plane wave
transmission; plane toothed clutch; clutches with facial
teeth, etc. There are also terms like "mouse tooth", "facial
spline", "V-tooth", "Hirth tooth" (Germany); "curvic"
(USA), "facial tooth", "plane tooth", etc.
These amplifications, additions and emerging of new
synonymous terms in the literature show how complicated
is the task of analyzing and collecting materials on
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FTJ&G, for example, in patent searches. It also causes
difficulties in communication between specialists, in
scientific publications and Internet searches and sessions.
The said facts show the need to develop an international
terminological standard where the unified terms would
show the relations between the names of reference, initial
and axoid surfaces (planes) and the names of facial gears,
joints and transmissions. Such a relation, similar to that of
cylindrical, conic and other types of gears, joints and
transmissions, have been developed and they are presented
in the Tables 1, 2 and in Fig. 4.

H. FEATURES OF SWITCHING PROCESS AND
USAGE OF MOBILE FTJ
By the type of connecting between joined parts, FTJ are
usually divided into immobile and mobile ones. In mobile
joints connecting and disconnecting of the parts is
performed numerous times in the working process (loaded
and unloaded as well). Mobile FTJ include controlled and
automatic clutches. Controlled clutches are classified by
the way of controlling into manual, mechanic, hydraulic,
pneumatic, electromagnetic and others.
One of the half-clutches is attached in an immobile
state to the driving shaft while the other one is moved on
keys or splines of the driven shaft with specially
programmed manual or automated means of control. The
clutch provides equal angle velocities of the shaft and this
type of clutches is used in precise kinematic chains.
In order to switch on and off a clutch, one must develop
a considerable axial switching speed in a short segment. In
some cases a force of springs is used for this purpose.
A clutch has three positions: working (the clutch is
active) and two transitional positions (switching on and
off). The clutch is switched on/off when the shafts (halfclutches) are immobile or in motion. There are three
options of switching on in motion: synchronous rotation of
the shafts (half-clutches); driven shaft (half-clutch) moves
slower; driving shaft (half-clutch) moves faster.
Relative angle positions of facial gears (half-clutches)
in an active clutch are called switching positions. Their
number is equal to the number of facial teeth of the halfclutch N. The angle between switching positions
cpo=360°/N=27r/N. In a gapless joint with a penetration
depth of hd6 the switching angle cpe (Fig. 6) is equal to
cpe=cpw +(pr +2cpv, where <f\v - central angle of the working
flank surface of the tooth; cpr - central angle of the opposite
flank surface of the tooth; (fv - central angle of the tip of
the tooth.
The time interval between the switching positions is
determined by the time of mechanical activation (switching
on) of the clutch tme=l/(nrN), where tme - time of
mechanical activation in seconds; nr - relative rotation
frequency of shafts (half-clutches) in sec'1; N - number of
teeth in the half-clutch.
" Dynamic characteristics of MGC: te=fa+tn'o; tg=t°g+tmg,
where t6 - activation time; tee - time of electrical activation;

DEFINITION

Source

Terni

NEW DEFINITION

Form
Full

Shortened
TOOTHED SYSTEMS AND TRANSMISSIONS. BASIC CONCEPTS

1. TOOTH

[7,p.84]

Lug on the link for transmission of motion by interaction with
the according lugs of another Ink

Lug on the Snk for connection or transmission of motion by
interaction with the accenting lugs of another fink

2 TOOTHED GEAR

[7.P.85]

Toothed link with a closed system of teeth providing
continuous motion of another toothed link

Toothed frik with a closed system of teeth providing continuous or
intermittent motion of another Bnk or relative immobSSyof the links

[7,p.85l

1. Kinematic couple created by gears of transmission
2. Process of transmission of motion in a kinematic couple
created by gears of transmission

1. Kinematic couple created by toothed gears.
2. Connection or process of transmission of motion in a kinematic
couple created by toothed geais.

3. TOOTHED SYSTEM

SYSJEM

4. WAVE TOOTHED
SYSTEM

WAVE SYSTEM

Toothed coupftig with a movement of the coup&ig zone h a wave
fcxm

5. TOOTHED
CONNECTION

[5,p23o\

6. FACE TOOTH

[4,p.61]

Connection by cavfes placed evenly on one side of the
device and lugs on the other side

Connection by a toothed couple or evenly placed cavities on one
side of the device and toothed lugs on the other side

FACIAL TOOTHED JOINTS AND TRANSMISSIONS. BASIC CONCEPTS
Tooth placed on the facial surface (Fig. 5,a)

7. CROWN TOOTHED
GEAR

CROWN GEAR

8. FACE TOOTHED
GEAR

FACE GEAR

Toothed gear with a facial reference plane (Fig. 5,a)

9. FACETOOTHED
SYSTEM

FACE SYSTEM

Toothed coupBng by face gears, or one of them is a cySndric or
conic gear

10*. FACE HARMONIC
TOOTHED
SYSTEM

FACE HARMONIC
SYSTEM

Toothed wave coupling in the axial direction of the wheels (Fig. 5,a)

11. REFERENCE
SURFACE OF
PLANE WHEEL

REFERENCE
SURFACE

12*. FACE
REFERENCE
SURFACE OF
FACE GEAR

FACE
REFERENCE
SURFACE

Face reference surface of a face gear which is a surface of the
coaxial drcte (Fig. 5,a; Fig. 5,b; Fig. 5,c)

13. FACETOOTHED
SYSTEM

TOOTHED
SYSTEM

Toothed system where the toothed couple and toothed lugs are
fetcial(Fig.5,i)

14. FACETOOTHED
GEARING

TOOTHED
GEARING

Toothed gearing with a facial coupling

15.IVMOBILEFACE
TOOTHED
SYSTEM

MMOBILEFACE
SYSTEM

Toothed fecial system where relative movement of the parts is not
possfcte

16. MOBILE FACE
TOOTHED
SYSTEM

MOBILE FACE
SYSTEM

Toothed facial system where relative movement of the parts is
possible

17. FACETOOTHED
COUPLING

FACE COUPLING

[7.P-215]

[7.P-64]

Conic gear with an angle of reference conus 8 of 90° (Fig. 5,a)

Reference surface of a plane wheel which is a surface of the
coaxial o d e (Fig. 5,a; Fig. 5,b; Fig. 5,c)

TYPES OF FACIAL TOOTHED SYSTEMS

P]

Toothed coupling created by a couple of gears (half-couplings)
TYPES OF FACIAL TOOTHED GEARINGS

18*. FACE
CYLINDRICAL
GEARING

Fadal toothed gearing where axoids of the gears are conic and the
pitch surfaces are cylindrical and coaxial facial surface (Fig. 5,e; Fig.
5,k)

19*. FACE BEVEL
GEARING

Facial toothed gearing where axoid, pich and reference surfaces of
the gears are fecial for the face gear and conical for the bevel gear
(Fig.5,f,Fig.5j)

20. PLANE BEVEL
GEARING

PLANE GEARING

[7,pJ214]

21. FACE WAVE
TOOTHED
GEARING

FACE WAVE
GEARING

[2]

Toothed bevel gearing where one of the links is a plane gear
(Rg-5,f)
V\feive toothed gearing with a facial wave toothed coupSng (Fig. 5,h)

' - new terms

Table 1. Terms, definitions
Names of gears, systems and gear ngs
Toothed gear,
system, gearing

Name

Names of initial surfaces

Kinemat.
couple

Reference
plane
(surface)

gear

face (Fig. 5,a)

toothed system with
coinciding axes

face (Fig. 5,i)

geari
gear2

facial
facial

gearing with
intersecting axes

face cylindrical
(Fig.5,e;Fig.5,k)

geari
gear2

facial

gearing with crossing
axes

hypoid facial
cylindric (Fig.5,l)

geari
gear2

facial

surface

Pitch
plane

Axoid
surface

plane

surface

facial

cylindrical

conic

cylindrical
facial

facial
cylindrical

cylindrical
facial

single-space
hyperboloid of
revolution

Table 2. Creation of the terms for main types of toothed gears, systems and gearings
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Fig. 7. Electromagnetic toothed
clutch
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Fig. 8. Nomogramme of determination of
gap deviation T hde

Fig. 9. Variants of activation of toothed clutches in immobile shafts: a - FT tip of one half-clutch placed opposite to
the root of another; b - FT tips of one half-clutch opposite t o the peak of another; c- conjunction of rear flanks of
FT; d- conjunction of working flanks of FT

d>

Fig. 10. OPtions of activation of toothed clutches in motion: a-lagging of driven shaft II with sufficient activation
speed V e ; b - lagging of driven shaft II with insufficient activation speed V e ; c - lagging of driving shaft I with sufficient activation speed V e ; d- lagging of driving shaft I with insufficient activation speed V e . 1, 2, 3 - respective positions of FT of driving half-clutch

4(>7

t'ne - time of mechanical activation; tg - disactivation time;
te& - electrical disactivation time; tm6 - mechanical
disactivation time. The values of t% and t \ [12] depend on
the air gap between the poles (anchor and core) of the
electromagnet.
CW=CL+Cg; Ciphde+O; Cg=(0.05...0.1)CL while the
greater values of CL correspond to lesser values of the
coefficient and visa versa; hde=(ayK)ctgasin(90°/N>
2[pK(l-sina)/sina+CJ, Ca=0.3hde, where Cw- value of air
gap (Fig. 7), CL - value of anchor move which in fast MGC
is 0.2... 1 mm., C 6 - ensured gap between the stop point and
pole of the anchor in active position of MGC, Ca - gap
between two tips of FT in the initial (inactive) position of
MGC (Fig. 7) equal 0.1...0.3 mm., where hda is the internal
penetration depth, dU - external diameter of the facial gear
(half-clutch), a - profile angle, N - number of FT, p cavity radius of FT, Ce - gap between the tip and root of FT
tg(907N)7The force of activation and disactivation of the clutches
F=2T[fd/dmv^dm1tg(atm±q>),
0)
where F - force of activation/disactivation, N; T transmitted
momentum
of
rotation
in
activation/disactivation under working load, N-mm; dmW mean diameter of the spline joint, mm; cp - friction angle in
facial toothed engagement, deg.; f - friction coefficient in
spline (key) joint; a ^ - mean angle of the working (otmw)
or rear ( a ^ ) flank of the FT profile, deg. The subscript
signs relate to the activation force and the superscript - to
the disactivation force.
One of the factors that influence the fastness of
electromagnet, is reduction of the anchor move CL, i.e. its
composites - hde and Ca. In order to reduce h<)e one would
increase the number of the teeth N and the exterior profile
angle a,e. However, when ate increases, the value F
increases, as well, according to the formula (1), i.e. the
working load of electromagnet grows while its tractive
force is inversely proportional to the squared value of the
air gap Cw. The most wide spread are the angles
a=30...45°. The gap Ca depends on the deviation T^de of
the penetration depth hde which can be determined by an
engineering formula [8]:
Thde=0.008+0.217Fr -JT^+TP'
,
(2)
where 0.008 - composite of the deviation of
engagement height (penetration depth) inserted by a
sample half-clutch, mm; T^,, T p - tolerance of the tooth
height ht, root

radius p (Fig. 6), mm; Fr - risk

coefficient.
According to the formula (2) the nomogramme of
definition of Thde for hde (Fig. 8) was built.
Fluctuation of hde in the limits of 0.1...0.2 mm
disperses the traction force of the electromagnet F m in
MGC (hde=0.5 mm; N=180; Cw=0.8 mm; nominal Fm=38N
and t%=0.0057 sec) up to 21...40% and the time of
electrical activation tee - to 11...24%.
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1. Activation of clutches in immobile shafts
1.1. Non-elastic activation mechanism. In order to
activate the clutch one needs to place the tips of facial teeth
of one clutch opposite to the roots of the facial teeth of the
other one. Static probability of such placement is equal to
the ratio of the gap q>c between FT to the engagement angle
cpe (Fig. 9, a). Depending on the shape and dimensions of
the FT [3] the static probability of activation without idle
rotation PB=cp</(pe; <pc=cpe-qv-<Pw; cpw=2hdetgoct6/de, where Ps static probability; cpo - angle of the gap between FT, rad;
ha6 - internal penetration depth, mm; ccte - external profile
angle, deg (ottew - external angle of the profile working
flank, deg; a,w - external angle of the rear flank of profile,
deg; when angles are equal a,ew=ater =a t6 ; de - external
diameter, mm.
When the tips of FT are placed one opposite to another
(Fig. 9, b) (P^cpr/cpe), activation does not occur. The
necessary coincidence of the tips and roots is achieved by
repeated activations of the driving shaft I. The average
number of such activations is equal (pe/(cpe-2(pv). When
engagement occurs with rear (Fig. 9,c) or working (Fig. 9,
d) flanks of FT (Ps=<pI/(pe or Ps=q>J<pe) a relative turn is
required. In the limits of the angle cpc complete coincidence
is achieved by a relative turn of the shafts I and II with an
activation effort applied to the mobile half-clutch.
1.2. Elastic activation mechanism. The mechanism
prepares the activation: FT is moved to the full height of
hde by the force of a spring at the moment of activation or
when the shafts start turning. Position when the activation
mechanism conjugates the working surfaces of facial teeth,
is dangerous. In order to reduce the probability of such a
position, the angle q>w should be reduced.
2. Activation in motion.
In activation in motion (Fig. 10) the possibility of
conjugation of FT is determined not only by Ps value, but
also by the ratio of relative velocities of the half-clutches circle Vc and axial Ve. The limit ratio of Vc and Ve when
the clutch can still be activated, is determined by the
condition
q>ccVVc=21WVe
(3)
where hd6=ha,+ha2=2hae (Fig. 6), haB - head of the FT tip,
mm; Vc=Vi-V2=(ni-n2)7rde=Ttd6nr, mm'sec'1; Vi and V2 rotation frequency of the driving and driven half-clutches
respectively, sec'1; nr - relative rotation speed, sec"1.
The equation (3) correlates the minimal value of
activation speed when the clutch can still be activated in
move, with the circle speed of Vc and the dimensions of
FT. The relative circle speed V^lm-s" 1 is usually
recommended as a limit speed for manual activation of
facial toothed clutches of machines.
2.1. Synchronous rotation of shafts: ni=n2 (see 1.1).
2.2. Lagging of the driven shaft: n2<ni, in particular
case n2=0. In ni-n2=nr<(p,"vy(27thde) (Fig. 10, a) FT more
often reach the top height hde, rarely less than hdo with the

necessity of additional rotation of the shaft II by activation
effort. Especial difficult is additional rotation in activation
of a clutch under working load. Kinematic probability of
FT reaching the full height of hde PiH^-cpkApi Ps=(<Pe<pw)/9e; (pk=27rhdSSnI/Ve, where Pk - kinematic probability, Ps
- static probability; <& - kinematic angle, rad. When
nrxprVe/(2Tthde)s'1 (Fig. 10, b), FT always freely reaches the
full height of hde and relative additional rotation is
required.
Kinematic-geometric parameters for designing should
be selected in a way to preserve the first inequality and the
value of kinematic probability of activation in the full
height of h<ie without relative additional rotation of halfclutches will be sufficient.
2.3. Lagging of the driving shaft (passing of the driven
shaft): n2>n! (Fig. 10, c). The case is similar to that of 2.2
if presumed n2-ni=0.
In nr>cpwVe/(2Tthde)s'1 (Fig. 10,d) FT always reach the
full height of hde. The driving shaft is included in passing
(lagging) in easier conditions comparing to those in
lagging of the driven shaft, a free raise of FT to the partial
height is less dangerous. Additional rotation of the shaft in
the opposite direction to the direction of the movement
(braking) takes place in easier conditions. For a smooth
activation synchronizers are used which equalize the angle
speed of clutches beforehand.
Activation of the clutch should be performed in such a
way that disjunction of facial teeth may occur at the point
sufficiently distant from the both extremes and there
would be no repetitive conjugations after a single
disjunction. The latter may occur due to relative rotation of
the shafts with half-clutches with speeds equal to the sum
of the circle rotation speed V and the speeds Vi and V n of
rotative fluctuations of the shafts which rotate in a meeting
direction after their disjunction.

CONCLUSIONS
It was found in the terms of plane gear, plane joint,
plane transmission do not correspond to the principle of
naming a gear, joint, transmission by the names of their
reference, initial and axoid surfaces which in certain cases
transform into their physical look, i.e. planes, and, unlike
the surfaces, do not have any differences in form, e.g.,
cylindrical, conic, but are differed by their position, in
particular - perpendicular to the geometric axis of the gear.
They include a key word - 'Tacial" which is used as a base
for creation of the terms facial gear, facial joint, facial
transmission according to the said principle.
A model and rules were developed for building terms
and definitions related to the geometry and kinematics of
facial toothed joints and transmissions which may be used
in technical science and practice and put as a base for
development of ISO standard for Facial Toothed Joints and
Transmissions (Terms, Definitions and Signs).
Mobile FTJ are multielement and multicontact
constructions
which
allow
the
most
efficient

implementation of increase of preciseness of angle division
by the method of averaging the manufacturing deviations
and their automatic compensation by a larger number of
facial teeth in contact.
An analytic expression was obtained and a
nomogramme built which allow to determine the deviation
of engagement depth and its influence on the static and
kinematic probabilities of activation of the clutches and
their activation speed.
Reduction of fluctuations of engagement depth from 0.2
to 0.1 mm reduces the deviation of tractive effort values to
21% and the time of electric activation to 11%.
It was found that activation of the clutch in
overrunning (lagging of the driving shaft) is performed in
easier conditions than in lagging of the driven shaft.
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A Geared Four-Bar Linkage for Mechatronic Applications
L. Beiner
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Abstract
This study deals with a four-bar linkage combined
with three gears (Fig. 1), where the input gear fixed
to the crank drives the output gear via the idler.
Various output motions are possible, depending on
proportions of the gears. It is shown that for rB = rc

(3)

and then by differentiation the output speed as
cor = co-, - —&>,

where from four-bar linkage kinematics we have
/, sin(# - &)
/, sin(6l -6.)
!
co-, = —
—co,, co, = —
-co,
(5)
l2sin(93-02)
/ 3 sin(0 3 -0 2 )

and / 2 +l\ = l\ +1\ , the geared four-bar linkage
transforms a uniform input crank speed col into an
exact periodic output motion of frequency col.
Analytical expressions for the output displacement
8C and speed coc are derived.

and 02 and ft, are known for a specified 0t.
The condition for coc = 0 is obtained from (3) as
(6)
sin(#, -02)
rB sin(ft, - 6>3) = 0

Introduction
Four-bar linkages are among the most widely used
and versatile mechanisms. However, as it is well
known, the output link of crank-rocker linkages
cannot perform exact cyclic motions. Combining
linkages with gears extends their applicability and
descriptions of such geared linkages can be found in
compendia of mechanisms [1,2], but no analyses are
provided. An analysis of a geared four-bar linkage is
presented in this study and closed-form conditions
for an exact periodic motion of the output gear
having the frequency of the uniform input crank
motion are derived. The geared four-bar linkage can
thus provide a simple and compact way for
producing cyclic motions of any frequency by simply
varying the input speed.

r

c

h

h

and it can be seen that for

(7)

rB = rc

we get the geometric relationship
A)
(8)
which is always satisfied by a four-bar linkage at
ft, = 0 and ft, = n, as shown in Fig. 2. Accordingly,
a>c(0) = coc{n) - co{2n) = 0
(9)
For a uniform input crank motion o\ = const,
equations (7) and (9) have two consequences:
• The wc variation is periodic, but odd, since from
(4) and (5) with rB = rc it can be shown that
coc(9,+2n) = coc{8x), coc(2x-0]) = -coc(%) (10)
• Since coc =0C, 0C will have a pulsatory periodic
and even variation with two minima and a
maximum at 6j = 0. 2K, and n, respectively.
In order to make the output speed variation periodic
and even, the maximum and minimum of coc must
occur at (9, = nfl and 3^/2, respectively. It is
shown that this can be obtained if l2 is perpendicular
to l3 at 0x = 7tj2, which is equivalent to

Analysis
Consider the geared four-bar linkage shown in Fig.
1. The input gear A is fixed to the crank. As the
input crank rotates, it takes with it the input gear
which drives the output gear C by means of the idler
B. The goal is to transform a uniform crank rotation
into a periodic and even pulsation of the output gear.
The kinematics of four-bar linkages is treated in
textbooks [3,4] and will not be repeated here. The
analysis of a geared four-bar linkage is based on the
remark that gear B as planet, link / 3 as arm, and
gear C as sun, form a planetary transmission. The
motion of B is given by the relative displacement
relation

eB=ei+eBn = ei + e,

(4)

/ 2 +/,2 = ll +ll
1

4

2

3

(ID
\ •*•

x

/

Equations (7) and (11) represent the conditions for
transforming a uniform input crank speed into a
periodic and even output gear motion. Using them
leads to the following analytical expressions for the
output displacement and velocity
0c(t) = cos (rcosco^t)
(12)

(i)

while from the condition of rolling without slip at
the sun-planet contact (equality of arc length) we get

sin0 c (r)
where r denotes the link ratio

rc0c = lA-rA
(2)
Replacing (1) in (2) gives the output displacement as
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(13)

r = /,/4//2/3

(14)

and# c and coc have a pulsatory and a sinusoidal
variation, respectively. The amplitude of the 9C
pulsation is found from Eq. (12) as
A0C = cos'\-r)-cos'l(r)
(15)
Equation (15) can be solved for the link ratio r
yielding a desired amplitude A9C of the output gear
pulsation. This ratio value along with condition (11)
and the Grashof criterion for a crank-rocker
mechanism [3]

/1+/4</2+/3

Idler
Input gear
fixed to
crank

(16)

(where /, and lA represent the shortest and the
longest link, respectively), constitute the base for
designing the four-bar linkage. On the other hand,
the radiuses of gears A. B, and C must satisfy the
following dimensional conditions
= c/,, 0 < c < /,
(17)
(18)
(19)
which in view of condition (7) yield
(20)

//////

Output gear

\

Gear B

Gear A

(21)
Example
Assume that the output gear of a geared four-bar
linkage must perform a pulsation with an amplitude
A6C = 70°. The required link ratio obtained by
solving Eq. (15) is r = 0..5736. Using this value in
Eq. (11), Ineq. (16), and Eqs. (20)-(21) with a unit
input crank length /, = 1 yields a geared four-bar
linkage with
l2 = 2 , /3 = 3.0804,
l4 = 3.534,
rA = 0.4589, and rB = rc = 1.5402 . For a unit input
crank speed cot - Irad/sec, Fig. 3 shows the output
gear displacement and velocity oscillating with the
predicted amplitude Adc and frequency <y, during a
foil revolution of the input crank.

GearC

Fig. 1: Geared four-bar linkage and notation
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Fig. 2: Four-bar linkage at 6X - 0 and 180"
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ABSTRACT
A new type of 6 x 6 parallel platform mechanism
characterized by very high stiffness and high level of
accuracy is described. Two new structural concepts are
proposed for achieving these properties: (1) the joints
between the changeable links and the platform (legs and
base) are designed as welded joints; and (2)
microactuators for controlled elongation of the legs use
the controlled longitudinal elastic deformations of the
legs. Infinitesimal kinematics and statics of the
platform are analyzed. Experimental investigations of a
pilot example of the proposed platform show
perspective results concerning the accuracy and stiffness
of the proposed device, which is called a "rigid
platform".

INTRODUCTION
A 6 x 6 parallel mechanism using elastic changeable
legs can be used for micromanipulating a body in 3-D
space with six degrees of freedom [1,4]. The term
micromanipulation refers to spatial displacements in
the region of about 0.001 - 0.03 mm, when the required
accuracy is of the order of 0.01-1 jam. The mechanism
(Fig. 1) consists of upper platform P and base B, which
are connected to one another via six legs 1-6. The
joints "leg-platform" and "leg-base" constitute
kinematic or elastic hinges having three degrees of
freedom. The position of the platform relative to the
base is determined by agreed-upon controlled
elongations of the legs. The platform's height h and its
tilting angles relative to the coordinate axes are
functions of the length of the legs.
The important advantages of such mechanisms are
high stiffness and accuracy as a result of the
symmetrical closed structure. The best-known
applications are to be found in mechanisms for
semiconductor manufacturing equipment, electron
microscopes [2], six-component force/torque sensors [3,
5, 6] mounted on robot arms, integral piezo actuator
sensors [7], etc. The specific design for all these cases
is characterized by elongation of the legs in the range
about 0.001 - 0.03 mm and their angular displacements

completely clearance-free. These joints are, therefore,
worked out as a high-precision kinematic hinges or as
absolutely elastic joints. All these mechanisms have
relatively small stiffness caused by the use of piezoelectric drives for elongation of the leg (stiffness is
about 10 4 -10 5 N/m [10]), and - as a result - these
devices cannot operate under high loads.
In this paper, an experimental investigation of a
6x6 parallel mechanism for small spatial displacements
is presented. The implementation of small spatial
displacements is required in machine tool technology
and robotics for accurate positioning of workpieces,
cutting tools or end-effectors under relatively high
loads. For this purpose, the so-called, "rigid platform"
has been designed. Two new ideas are incorporated in
its structure: the "leg-platform" and "leg-base" joints
are designed as welded joints; and the stiffest possible
microdrive is used for elongation of the legs; this drive
is provided by hydraulically controlled elastic
longitudinal deformation of the legs for the
manipulation of the platform.
An experimental arrangement of the platform is
shown in Fig. 2. Six built-in microactuators,
responsible for elongation the legs, provide the spatial
micromanipulation of the platform.

INFINITESIMAL KINEMATICS
An interrelationship between small elongations d-t (i =
1,...,6) of the platform legs and displacements dm^ of
the platform points (k - 1,...,/V) is given as follows
[8,9]:
dm = Rtr d

(1)

where d = {dj^^—A^

is the 6x1 vector of the

elongations of the legs; d m = (dm/,dm2>—, dm/v)T is
the/vxl vector of the displacements of N points of the
platform; R ?r is the /Vx6 transfer matrix,
,-1

(2)

in a range of up to 10"^ rad. The most problematic
parts of the structure of this type of mechanisms are the R j is the 6x6 structure matrix composed of the
joints between the legs and the upper platform and the Plucker's coordinates [2] of the directions of the
base, which must provide minimal clearance or be platform legs; Rm is the 6x6 measuring matrix
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moments of the unit-vector of leg direction relative to
the X, Y, and Z axes, respectively; &xk^yk' an( i ^zk
are the direction cosines of the klh measurement
direction (i.e., direction of the positive displacement of
the kth measuring probe); and Mx^, My/-, and Mzk are
the moments of the unit-vector of this direction relative
to the X, Y, and Z axes, respectively.
Dimensions and physical properties of a real platform
exhibit many deviations from the nominal values.
Thus, an identification procedure is applied to obtain
the real value of the transfer matrix Rtr, formula (1).
Set of the measuring points is selected as follows: the
elongations are sequentially given for one, and only
one, leg, and elongation vectors are:
(5)
Fig. 1. The general view of the 6 x 6 platform d; = (^0,0,0,0,0)1; d 2 = (0^,0,0,0,0)'; etc.,
mechanism for micromanipulation.
where d[ (i = 1,..., 6) is the elongation of the ith leg.
After substitution of d; into formula (1), we obtain
the vector dmi = (d m ;;,..., d^/g)^ composed of the
measured results dmij (ij = 1,...,6) corresponding to the
elongation vector d/: i.e., dmi = R(r dj
Matrices Rtr and R^, Eqs. (3) and (4), may be
calculated using the result of measurements as follows:
(6)
(7)
. .,
Fig. 2. Platform device built
University of the Negev.

.
in

_ _ .
where R m is the 6x6 measuring matrix (4); C is the
Ben-Gunon
6x6 diagonal matrix composed of elongation vectors
(5), C = diag(d;); and Bm is the 6x6 matrix of the
displacements (results of measurements) caused by
composed of the Plucker's coordinates of the directions these elongations, Bm = (dmij ), with ij = 1,...,6.
of the point displacements,
EXPERIMENTAL INVESTIGATION
Each
of the legs obtains elongations by a series of a
axlaylazlmxlmylmzl
pressures p = 50, 100, 150, and 200 bar while the
ax2ay2az2mx2mv2mz2
elongations of the other legs equal zero. Therefore, the
; det
(3) elongation vectors (5) are:
d ; = (ar/,0,0,0,0,0)T = 50 kpi («,0,0,0,0,0)T

[AxlAylAzlMxlMylMzl

•

where u = 1, 2, 3, and 4; kpj,...,

kp$ are transfer

factors for the built-in-leg actuators, kpi = d-t /pi; pi is
(4) the internal hydraulic pressure within the j'th built-inleg hydraulic actuator. In our experiments, the nominal
value of the transfer factor for the leg elongation is kp
= 0.09187 jam/bar.
Thirty-six components of the matrix C, i.e., the
and azi are the direction cosines of the deviations of the platform points are obtained by means
direction of the ith leg; mx[, rri yi, and mzi are the o f s { x m e a s u r i n g devices (LVDTs). The platform has

Ax2Ay2Az2Mx2My2Mz2
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the following nominal dimensions: h - 100 mm, rj - necessary stiffness, manipulation linearity and
175 mm, and r2 = 140 mm. As an example, precision.
dependencies of point displacements vs. hydraulic 2. Since the workpiece is mounted rigidly on the
pressure are shown in Fig. 2 (at the top) for leg No. 1, platform, the platform's position may be calculated if
i.e., when the pressures are pi=p, P2=P3=P4:=P5=P6= 0-the positions and small displacements of any six points
A comparison of the values calculated through Eqn. (1) of the workpiece are given. This may be important for
and the readings of the LVDTs are shown in Fig. 3 (at processing, assembly and measurements purposes.
the bottom) for the pressure combination p =
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The requirements of designing a new vehicle with zero
emissions to the environment are:

ABSTRACT

* Expenses must be minimal;

This paper will give a brief review of inventions in the
field of Mechanical Engineering with special attention give to
the high technology processes for commercial practice and
further research in the different manufacturing processes in
the 21 st century.

*Gasoline or diesel fuel must be used for the vehicle
because it is the cheapest source of energy;
*The vehicle must have the zero emissions to the
environment.

Specifically, there are four types of inventions discussed
here: environmental, safety of flying, advanced machining
processes and cutting tools, the efficiency of some machines
and mechanisms is also discussed.

This paper describes a new model of automobile that meets
the above-named requirements, as shown in Fig. 1.

In addition, this paper indicates basic design and research
activities in Mechanical Engineering in 1998 in the United
States.

The combined automobile has an exhaust pipe which is
connected on one side with the source of the exhaust gases,
and on the other side with a vessel which is closed
hermetically to the environment.

A.
1.

And besides this vessel is made in form of a rectangle and
has an inclination on the lower inner surface of it. Also, this
vessel on both sides has covers which are joined firmly and
has the pistons with the coils moving axially into its surface.

ENVIRONMENT PROTECTION
Designing vehicles with zero emissions

In inner space of said vessel then inputs the spherical balls
everyone of each has the spring-and-bails valves (nonreturned).

The main purpose of this effort is to review and reevaluate
some innovations and advanced methods in the patents and
literature, in order to discover a way of solving some
problems regarding emissions, and also to clear the way for
future research in this field.

During the working process of the engine, the balls absorb
the exhaust gases. After they are filled, they are unloaded
from the vessel of this automobile to the special installation
located on special storage station.

As our population increases and industrialization becomes
more intensive, the problem of pollution becomes more
serious in today's world [1].
The study done by Numberg [2] shows that automobile
exhaust gases are the main cause of pollution in the streets,
particularly during the day time when the intensity of
transportation increases.

/
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/

A recent article [3] described a bus with minimal exhaust
emissions that used liquid hydrogen fuel.
However, this device demands big capital investments in
the designing and production processes.

\
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>
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As is generally shown in references [4],[5],[6],[7] and [8],
there are many other systems for gathering and storing
exhaust gases in special tanks on vehicles (boats, aircraft's,
etc.), but these methods and devices do not improve the
environment as a whole.

Fig. 1 Combined automobile with zero emission

470

B.

SAFETY OF FLYING

The new element of this aircraft is fuselage which is made
with a movable inner element which has electromagnets
installed on both lateral sides.

1.

Helicopter
The present paper provides a very superficial introduction
to the designing of well-known helicopters and relationships
of it to the safety of flying.

They are joined with the front and tail parts of the aircraft
which have opposite terminals.
Also the method of flying includes such operations as the
primary separation from the tail part and the removal of the
moveable outer element of fuselage with the fixed wings, and
finally the movable inner element which has electromagnets
installed on both lateral sides.

For those seeking more information the Encyclopedia [9]
and innovations [10], [11] provide an encyclopediacal review
of this field.
As the USA continues its leadership in manufacturing,
innovations in high technology, particularly in the design of
the new helicopters and aircraft, are very important to
maintain their leadership for the future.
This section describes a new helicopter design, as shown in
Fig. 2, which guarantees the safety of flying.
This innovation utilizes the construction in view of nquantity screws located on the vertical and parallel axis of
rotation which have movement from the transmission system.

16

The diameter of each screw in whole determines by
experimentally with given distance and safety conditions.
Also, each screw has a movable axis of rotation which
makes the back-progressive movement in the vertical plane by
means of hydraulic system.
In the process of flying the auxiliary attached screws
produce more summary aerodynamic flow which increase
the speed of flight and improves the maneuverability of the
helicopter as a whole.

Fig. 3 Aircraft-passenger with the moveable elements

C. ADVANCED MACHINING PROCESSES
6'

••

1.

Method of processing curvilinear channels
This method is related to the mechanical processing of
curvilinear channels predominantly in elbows of systems with
pneumatic and trunk lines transporting ferromagnetic or
abrasive materials [12].

Fig. 2 Schematical distribution of screw with the blades

It is a movable device, as shown in Fig. 4, supplied with a
compound of moving, separate parts, assembled elbows and
working tools for processing of these elbows.

2.

Aircraft-passenger
This innovation, as shown in Fig. 3, improves the safety of
flying particularly in emergency situations (engine broken,
fire, etc.).

Accordingly with the invention the elbows and tools have
rotary motion.
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The new element is that working tools are filled into the
curvilinear channel of assembled elbows, so that the end of a
channel of each preceding tap coincides with beginning of a
channel, and . . . together they form a closed curvilinear
space for the tools. This is not a difficult device.
10

The method of processing requires that the concavities of
all taps are turned toward the center.
The working tools are charged, and all system have rotary
movement.
This is a modern invention which means that the assembled
system has dynamic and complex characters of movements.
Also centrifugal forces press the balls to the surface of the
channels and they start to move toward the center.
This makes it possible to intensify the processing of
elbows. This device is used to increase the efficiency of the
mechanical processing of curvilinear channels, mainly to
finishing out and decrease abrasion.

Fig. 5 Magneticodynamical pipeline
These magnets create a magnetic field which present
repellent forces so that the ferromagnetic material does not
touch the inner surfaces of the elbow and pipeline, reducing
contact with surfaces and the resulting abrasion.
3.

Wear-resistant pipeline elbow
This invention is related to the pipeline technology for the
pneumatic transport of loose ferromagnetic materials.
Fig. 4 A device for cutting of the channels bends

The aim of this device [13] is to increase wear-resistance
due to eliminating wear from the bend walls.

2.

As shown in Fig. 6, the bend is made from the nonmagnetic material.

Magneticodynamical pipeline
This device is used to decrease abrasion of elbows and
pipeline surfaces during the transportation of ferromagnetic
materials.

Rolling-contact-bearings are fastened diametrically on the
body, a yoke with magnets is installed on the bearings.
The yoke is set into rotation around the bend generating a
rotating magnetic field inside of the latter.

Pipelines are used for pneumatic transportation of a variety
of materials, including metallic particles, such as iron or steel
either as part of an industrial process or as a method of waste
accumulation and processing. Such metal particles have a
very high abrasion index, causing continual wear and damage
to the pipeline which transports it.

The ferromagnetic material moves inside the bend over the
spiral-shaped trajectory revolving uniformly around the
internal walls.

This damage is most pronounced at the elbow and curves
of the pipeline when the differential inertia of the particles
sends them against the pipeline wall.
This invention, as shown in Fig. 5, utilizes a non-metallic
element of the pipeline, combined with the magnetic filed
created by magnets of the same pole which are situated
opposite of one another.
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Fig. 6 Pipeline bend with the magnets
Fig. 8 Plasmotron in pneumatic systems
4.

Pneumatic Installation
Pneumatic installation is used for removing ferromagnetic
chips and iron dust from the cutting zone of machine-tools
by means of a pneumatic method. In Fig 7 shown
schematically the pneumatic system in whole.

The plasmotron also has a movable element in view of
plain matrix having many holes so that the frontal surface of
this matrix is made concave and in the lower part of
plasmotron, on the way of movement of material, is installed
the water system.
In the process of cutting material, the chip comes into the
dust-chip arrangement and then comes into the zone of arc of
the plasmotron. In this place the chip melts and further moves
through the holes of matrix, forming the granules (spheres) by
means of cooling from the water system.
By that, in zone of plasmotron the chip receives a form of
granule (convention named as sphere) and naturally in this
period the coefficient of friction changes as the element chip
(friction of slipping) converts into the sphere, i.e. there is the
forces of friction rolling.
5.

Pipeline for pneumatic transportation of granular
materials.
Pipeline for pneumatic transportation of granular
materials used, particularly for transportation of different
granualar abrasive materials such as sand, ash and
metallic particles (iron, steel, bonze, etc.), either as part of
an industrial process has a short period of durability for
the pipeline, particularly of the elbow.

Fig.7 Pneumatic system

The other important objective of this device is to break
chip, particularly stainless and heat resistance steels which
form in the process of cutting these materials. This chip
causes many problems for the machinist and machine-tool
user.

A suggested device, as shown in Fig. 9 is used to
decrease the abrasion of the elbow. The fixture for twisting
of movable granular material is installed between the straight
part and elbow pipes of pneumatic systems.

In pneumatic systems of pipeline, the plasmotron fixes
between the dust-chip arrangement and cyclone which has two
carbon rods, supporting in process of transportation
ferromagnetic material the high voltage are, shown in Fig. 8.

This fixture is equal in size as the same pipe through
which it passes and arranged with the possibility of rotation
from a drive so that its axis of rotation is displaced along the
longitudinal axis of branch pipe [14].
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reduced separation of the abrasive materials. This modified
trajectory has been shown to materially reduce the abrasion to
the pipeline.

This method of pneumatic transportation gives also the
possibility of decreasing losses of pressure and power
consumption during the transportation of granular materials.

D. EFFECTIVENESS OF THE WORK OF
DIFFERENT MACHINES AND MECHANISMS
1 Combined engine
The fundamental prerogative of the present device
proves a high effectiveness of coefficient useful action
(c.u.a.) in comparison with well-known engines (value of
c.u.a. composes 0.3).
The other important objective of this device is the
reduction of material-capacity the complex power
installation (engine, transmission, system of electricity,
etc.), mainly for the maritime ships and submarines.
Fig. 9 Pipeline for pneumatic transportation of material

In this device, as shown in Fig. 11 the piston has
permanent or electro-magnets which are rigidly mounted
and fixed on the periphery of lower part of said piston.

6. Internally-modifiable pipeline transport
These pipelines are used for transporting a variety of
materials, including solid materials in a liquid suspension.
Such materials cause continual wears and damage to the
pipeline which transports it due to its constant contact with the
inner surface of the pipe.

The cylinder of this engine has elements of coils
including one or more separated coils which are
connected in a series circuit and installed inside of said
cylinder on the perimeter, along of its surface.
In the process of committing a full working cycle by
engine, the piston, with fixed magnets (they fulfill the
function of a solenoid), produce the magnetic field which
by Faraday's law, in a winding of excitation (they fulfill a
function of inductancecoil) induce an electromotive force
(e.m.f.) and additional current.

This damage is most pronounced at the elbows and curves
of the pipeline, when the differential inertia of these materials
sends them against the pipeline wall.
This device [15], as shown in Fig. 10, utilizes a uniquely
designed insert at such bends and elbows.

So, this device improves the maneuvreability of a
vessel in whole because the coefficient of useful action of
the engine increases.

A-A

Fig. 10 Pneumatic transport pipeline
Fig. 11 Combined engine
This insert alters the trajectory the suspension as it enters
the curve, converting it to a more homogenous stream with
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through support bearings with a movable outer element having
airscrew blades, so that they concol-fixed and displaced
accordingly one to the other. By the height of the movable
element, forming additionally power system.

2. Seismic combined nuclear system
This device is used for nuclear power plants and industry.
The present well-known nuclear systems [16], [17] and [18]
do not guarantee the safety of nuclear power stations as they
are situated on the solid ground and exposed to seismic
destruction. Also the pressurized water reactors (PWR) are
situated firmly and vertically, which demands high buildings
for this objective.

Also the stabilizers of this rocket are situated beneath the
level of exhaust system.
The engine is joined with the additional power system so
that movable outer element uses the exhaust gases from
engine and rotates the air screw blades of this combined
rocket.

These defects are removed by this device, as shown in
Fig. 12, which is used for increasing the security of the
nuclear system in whole.

This device guarantees economy of fuel components and
also decreases the weight of rocket in a whole.

This nuclear system consists of a reactor vessel with core, a
steam generator, a main coolant pump, a pipeline and also
other elements which are joined in one energital system.
The new elements of this device are a whole system is
made horizontally and made in view of cylinder and piston, so
that the function of said movable piston makes up the reactor
vessel with core, embracing on this circle by combined
cylinder, having inner bimetal surface which is contacted with
said piston. This cylinder has the multiple exhaust channels
on peripheral of its surface for joining with cavities of said
cylinder and other elements for movement of coolant water in
working processes.

Fig. 13 Combined rocket "AIR"
E.
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1.

2.
Fig. 12 Seismic combined nuclear system
3. Combined rocket "AIR"
The present device relates to space and rocketry techniques
mainly to liquid propellant rockets and used for reducing the
metal capacity of system and fuel economical components of
rockets in whole.
Well-known rockets [19], [20] and [21] have a large
weight and low coefficient of useful action.

CONCLUDING REMARKS
The evaluation of well-known information was
particularly emphasized in the designing of the high
technology processes for the 21 st century.
On the other hand, the author would like to discuss these
innovations with my colleagues to find better ways,
which can lead to improvements of designed innovations
to solve some important problems in the manufacturing
process in the field of environmental protection, safety of
flying, advanced machining processes and the
effectiveness of work some machines and mechanisms.
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BIONIC PROPELLER
Yuli Surpin
"Scientists of the South" Association, Beer-Sheva
Bionic Bearing
If elementary bionic propellers are properly
placed parallel to one another, they will form a
bearing with a flat rolling surface (Fig. 2). Such a
flat bearing can be coiled into a cylinder with its
working surface located either outside or inside
the cylinder. Besides, the direction of rolling can
be oriented either along the cylinder's generatrix,
or circularly, or along a helical path, thus
producing either bearings with longitudinal or
radial rolling, or a rolling screw (nut).

Abstract
The author has developed a propeller [1,2]
whose operation is based on the phenomenon of
pseudo-rolling widely observed in both animate
and inanimate nature. The bionic propeller can
be described as a kind of wheel capable of
rolling without revolving. Such a propeller
cannot replace conventional propellers, but it can
help solve some problems of mechanics that are
unsolvable by means of conventional propellers.
Some examples of this kind are given below.
Introduction
Fig. 1 presents the basic theoretical scheme of
the bionic propeller. Base 1 supports the bionic
structure 2 which consists of interconnected
kinematic elastic ellipses 3, placed in one line
and fixed immovably in their lowest points. The
geometrical axis of each ellipse is turned by a
certain angle relative to the previous ellipse. The
propeller's structure is kinematically linked in
such a way that in the process of its deformation
the geometrical axes of the ellipses rotate in one
direction. If a flat object is placed on such a
propeller and pushed in the direction that
coincides with an ellipse deformation plane, it
will roll over the propeller's surface.

Fig. 2. Scheme of a flat bionic rolling bearing.
The principal advantage of the bionic
propeller is the possibility of realizing the
rolling regime on the border not only of a
solid body, but also of a liquid and a gas,
permitting in certain conditions to drastically
reduce hydro(aero)dynamic resistance.
In the author's opinion, bionic bearings can
find successful application in:
•
hydro(aero)mechanics;
•
conditions of weightlessness;
•
vacuum conditions.
Bionic Gyroscope
A bionic propeller can be used for making a
gyroscope in which an ordinary rotor is replaced
by a bionic one. The peculiar feature of such a
gyroscope
is
that,
with
a
single
pseudo-revolving rotor available, it responds
to turns relative to any direction in space (Fig.
3).
In view of the small weight and compactness
of the bionic gyroscope the author considers as
the most optimal uses for it:
• portable navigation devices;
• tools for stabilizing devices.

Fig. 1. Simplified schematic version of an
elementary bionic propeller or pseudo-rolling
wheel.
For the bionic propeller's theoretical scheme
the speed for the point placed at the maximal
distance from the ellipse fixation surface is
2
2

2(& - h )
a

where co is vibration frequency, a and b are
ellipse half-axes.
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Fig. 3. Bionic gyroscope
High-Maneuverable Vehicle
An interesting case is a combination of a
conventional wheel with a passive version of the
bionic propeller in a wheel of special design.
Such a version, incidentally, requires no essential
change in transmission design of classical
transport vehicles. The peculiar feature of such a
combined wheel is its capability to participate in
two motions: conventional rolling in the direction
perpendicular to its physical axis and
pseudo-rolling in a different direction. The vector
of absolute rolling velocity for such a wheel is
the geometrical sum of the conventional and
pseudo-rolling velocities. It enables the vehicle
to make turns round an arbitrary point on the
support plane, including an infinitely remote
one, that is, to make any turn and to move
translationally in any direction with no need
to turn its wheels relative to its body (Fig. 4).
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Fig. 4. Versions of motion for a vehicle with
combined (conventional + bionic) design of
wheels. Turn relative to (a) arbitrary point; (b)
central point; (c) infinitely remote point
(translational motion).
A simple steering mechanism has been
elaborated by the author for controlling the
proposed vehicle.
The author considers as the most optimal uses
for the proposed vehicles:
• loading machines for storage facilities;
• self-propelled chairs for disabled persons;
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MORPHOLOGICAL ANALYSIS APPLICATION IN STRAIN MEASURING DYNAMOMETERS REVIEW AND
SEARCHING FOR THEIR STRUCTURES
P. Giverts
Scientists of the South Association, Bccr-Slicva, Israel

Such dynamometer contains following structural
morphological elements:
'• .
1. Basis for the dynamometer fastening on the construction;
2; Flange for measured motions or efforts transmitting. (In
this case the efforts mean forces and moments of forces.
Speaking about efforts or motions, tensions or deformations
measuring, we will not differ these concepts because of
their synonymous connection in every concrete case);
3. Sensitive deformation elements measuring and
connecting the basis and the flange;
4. Joints for these elements to the basis and to the flange;
5. Tensity resistive elements connected with sensitive
elements and transformed their deformations in measurable
values (electrical as a rule).
\
We will note chosen structural morphological
peculiarities are characteristic for every dynamometer.
We will continue to select structural and functional
peculiarities characteristic for every dynamometer. We will
note the selected peculiarities variety too.
There exist dynamometers realizing measured efforts
division, and every effort component there is conceived (is
measured) with the help of separate sensitive element (Al
method).
All the efforts are also possible, to be conceived ;with the
help of single sensitive element measuring separate
components of the efforts (deformations) at the expense of.
special tensity resistive elements installation (A2 method). :
Different combinations of these two methods are also
possible (A3).
All investigated variants are included in morphological
matrix.
Using Al method, division ofN measured efforts
components sensitive elements may realize deformations of
different sorts. So stretching-pressure deformation (Bl)
(See Fig. 1), stretching only (B2), pressure only (B3),
torsion (B4), lateral bending (B5), contact deformations (as
far as deformations can be slightly measured we may reject
last variant immediately). Simultaneous influence of some
sorts of deformations is also possible (B6).
We may not investigate the basis and the flange structures
because they are defined mainly with the dynamometer
concrete destination.
Sensitive elements joint to the basis and to the flange.
In case sensitive elements transfer axial loads only (Bl,
B2, B3) fastening is to exclude other loads transference,
that is, it must be universal joint (Cl).
In B4, B5 and B6 variants rigid fastening (C2) is also
used in the structure (for example, bolt, welded or solded).
C2 variant may have structural varieties only and we will
not investigate it.
Cl variant, universal joint, may be produced as cinematic
joint (Dl) and elastic joint (D2).
Elastic joint can be produced as local decrease of rigidity
in bending in sensitive element (El) or to contain additional
elastic elements (E2).

ABSTRACT
Multinominanental dynamometers review and analysis are
investigated in this work, and these dynamometers and their
elements new design elaboration too. The work is realized
on the base of morphological analysis method proposed by
F. Zwicky.
INTRODUCTION
In new technical solutions elaboration, the first stage is
usually known structures review,1 classification and
analysis. Searching for new technical solutions is being
realized often on intuitive level. Morphological analysis
[1,2] permits to realize systemic search of new technical
solutions increasing so this search efficacy.
We will try to' apply this method also in the review
production and in the known solutions classification.
Morphological analysis essence lies in the following. In
improved technical system they separate some
characteristic structural or functional morphological
features. According to every separated morphological
feature they make list of its different concrete variants,
alternatives of technical expressions. The features with their
alternatives may be arranged, in the table named
morphological box or matrix permitting better
representation of the searching field.
DYNAMOMETERS CHARACTERISTIC
MORPHOLOGICAL FEATURES
To single out morphological elements (features) we will
investigate concrete dynamometer structure, for example
six-components dynamometer based on Stewart's platform
[3,4], Fig. 1.
...

Fig. 1. Stewart's platform with sensitive elements working
in tension-compression
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DYNAMOMETERS AND THEIR ELEMENTS
STRUCTURES
There exists six components dynamometer structure with
single sensitive T-shaped element. This element together
with basis and flange is produced of one metal piece.
Tensity resistors groups are pasted on this T-shaped
element. Every group is included in separate bridge scheme
measuring single deformation component without other
deformations influence. [5]
Deformation components measuring by means of separate
elements are realized in Stewart's platform (Fig. 1).
In case sensitive elements of this structure work in
tension-compression, clearances presence in fastening
joints evokes shocks and oscillations in sensitive elements.
Stewart's platform variant with sensitive elements working
for lateral bending is shown in issue [4]. Sensitive elements
in this case are less rigid and the whole structure is more
complicate.
In case sensitive elements are working for torsion, the
structure is most complicate; that is why such variant
investigation was not realized.
In work [3] big quantity of dynamometers is described.
They are of different complexity and some deformation
components are measured by means of separate sensitive
elements, some is measured by means of tensity elements
special installation. In the same place this structures
analysis is given. In structures using connective elements
with outer friction, hysteresis usually appears.
Widespread structure is multicomponental dynamometers
based on Stewart's platform. They are supplied with
sensitive elements working for tension-compression.
Those dynamometers working quality is considerably
defined with their connective elements structure. In work
[6] big quantity of spherical joints structures is described.
All spherical joints shortages are their production
technological difficulties, big friction losses, clearances
diminution difficulty. Some of these shortages are absent if
universal cinematic joint is produced on the base of two flat
joints (Hooke's joint).
For hysteresis diminution one can expediently exchange
outer friction for internal one, e.g., replace kinematic joints
with elastic ones.
In Fig. 2 dynamometer structure is shown with
preliminary stress. All sensitive elements are compressed
and all joints are produced with force closure. Such
structure contains additional spring-screw tension device
with regulated effort but in the same time joints structures
is simpler. Clearances and shocks in the joints are excluded
in the work of such dynamometer. Though in case of
sensitive elements work for compression, this elements
stability is to be provided.
This requirement is absent if the structure is produced
with preliminary tension sensitive elements (Fig. 3).
The structure is more simple, and sensitive element may
be flat. This simplifies its production and improves
conditions of tensity elements assembling-

T
Fig. 2 Stewart's platform with sensitive elements working
in compression

1
Fig. 3. Stewart's platform with sensitive elements working
for tension.
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Cinematic joint can be spherical (Fl) or Hooke's joint,
(e.g.. to contain two fiat joints with mutually crossing
axles).
Spherical joint can have geometrical closure (G1) or force
closure (G2).
Force closure can be produced in every deformed element
making the structure more complicated. Force closure can
also be general for all deformed elements both for these
elements pressures (HI) and in their stretching (H2).
One is to note in force closure application the structures
are preliminary strained.
In all cases resistance strain gauges (Jl) or magnetic
elastic elements (J2) can be used as tensity resistive
elements.
Separated morphological features and their variants are
arranged in morphological matrix (Table 1). Decoded used
designations are given in Table2.

Designation

Description

A

Six-components dynamometer

B

Division method of deformation
components
Every effort
component is
received by means of separate
sensitive element
All efforts are received by means
of a single sensitive element.
They measure separate effort
components at the expense of
special
tensity
elements
installation.
Different combinations of Al and
A2
variants,
i.e.,
effort
components part is received by
means of separate sensitive
elements, and other part is
received at the expense of tensity
elements special installation
Sensitive elements deformation
types
Straining - compression
Straining only
Compression only
Torsion
Transversal bending
Simultaneous influence of some
deformation types
Fasting joints types
Universal joint
Rigid fastening
Joints types
Cinematic joint
Resilient joint
Resilient joints variety
Resilient joint produced as local
flexural rigidity decrease in
sensitive element
Resilient
joint
containing
additional resilient elements
Cinematic joints variety
Spherical joint
Hooke's joint
Joints locking types
Geometrical locking
Force locking
Types of preliminary strengthened
structures
For compressed elements
For strained elements
According to tensity sensitive
elements
Resistance strain gauges
Magnetic elastic elements

Al

A2

A3

Bl
B2
B3
B4
B5
B6
C
Cl
C2
D
Dl
D2
E
El

E2
F
Fl
F2
G
Gl
G2
H
HI
H2
J
Jl
J2
Table 1: Morphological matrix.

Table 2: Adopted designations
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CONCLUSION
Everybody knows morphological analysis application
method advantages in search for new technical solutions
[2]. This method provides additional advantages in review
realization.
Morphological matrix is simultaneously dynamometers
classification system. On its base indexing (destination)
system for different types of dynamometers and their
elements appears, and it is helpful sometimes.
Morphological
matrix
application
produces
simultaneously systemic approach for investigated
structures analysis.
From our point of view, proposed structures in Fig. 2 and
3 are interesting especially the structure shown in Fig. 3.
Sensitive elements in this structure are solded to the basis
and the flange.
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Table 1. Experimental results
Specimen Screwing Additional
torque,
sealing
No:
N.m

Joint test conditions

Test
R , bar

F 2 ,kN

F t ,kN

Time, min.

680

-

-

60

700

-

-

210

720

-

-

4320

A

330

-

-

10

B

70

110

1130

3

A

380

-

-

10

B

90

1000

1150

3

A

380

-

-

5

B

90

1150

1460

3

A

380

-

-

5

B

190

1150

1460

5

A

380

-

-

5

B

210

1500

1550

3

A

380

-

-

6

B

220

1400

1600

3

A

380

-

-

5

B

220

1400

1600

3

1
A

2
3

5400

+

4
5

4700

6
4050
7
6750
+

8
4050
9
10

6750
-

Pressure losses,

o

EXPERIMENTAL RESULTS

B. Resistance - sealing test under a resultant load F, from
internal pressure (Fi) (see Fig. 3) and axial chanre (F2) - In
the tests performed on usual specialised rigs was used a load
Ft value that not exceeded the maximum admissible load Fmax
according to tube material yield limit (Fmax =1610 kN).

The experimental investigations were performed
according to test conditions recommended by some
specialised Companies [3]. The results obtained during the
tests A and B are presented in Table 1.
It is to remark for all the test conditions the absence
of the pressure losses that shows a good functioning of the
joint.
CONCLUSIONS

300

350

^00

The analysis of the results obtained has led to the
following conclusions:
1. The losses p, = 0 obtained in the test A underline
the satisfactory sealing performances.
2. The absence of the pressure losses even in the
case of mounting of the reinforced PTFE rings shows a
correct functioning of the metallic sealings (see Fig.l); in this
case the PTFE ring have an anticorrosive role.
3. The test B shows a good behaviour of the joint
even under atraction Ft = 160.104 N near by the yield limit
4. As a general conclusion the joint behaviour under
the two tests underline the fact that the original PETROTUB
assembly corresponds by their perfonnances to the best level
accepted and obtained today.

p. (bar)

Fig. 3. Load F 9 versus internal pressure p,
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5. The assembly sealing and resistance efficiency is strongly
correlated to the correct design of the sealing surfaces
dimensions chain.

2. GAFITANU, M.D., et. al. .Patent, No. 106902, OSIM
Bucharest, 1992 (in Romanian.
3. *** High Performance Tubular Products and ServiceHydril Series 500, New Standards, Catalogue 861, 1986.
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PRECISION OF THE STRAIN GAGE PERFORMANCES

OPTIMIZATION POSSIBILITIES

P.D. Barsanescu*, F. Mocanu
Strength of Materials Dept., Faculty of Mechanical Engineering, Technical University "Gh. Asachi",
Bd. Mangeron 63, Iasi 6600, Romania
* Conference Lecturer
INTRODUCTION
It is known that every strain gage has a finite grid
area, and produces an output corresponding approximately
to the average strain under the grid. That is the integrating
effect (or tendency) of the strain gage. The resulting error
is one of under-measuring the peak strain and can easily
be in the range of 20-30% for commonly encountered
strain measurement tasks, [4]. In the paper one presents a
new calculation method which allows a comparative study
between the different strain gage types.

where S is the active grid surface. This method gives quite
good results for biaxial stresses. However, it presents the
following disadvantages:
- It does not take in account of the real geometry of
the grid, which is supposed to be sensitive at any point on
the surface;
- The integration of strain function on the surface is
difficult;
- It does not allow a clear comparison between the
strain gages with different geometries of the grid. One can
compare strain gages with same electrical resistance, but
the surface of the grid does not give any clear indication
in this respect.
In the paper [2], one presents the integration method
on the all filaments length. If the grid lines may be
considered as one-dimensional, then the output of the line

METHODS FOR CALCULATION
OF THE ERRORS
In order to calculate the errors introduced by the
integrating tendency, two methods have been suggested,
by Soete and Van Crombrugge [5], [6] and Boiten and
Ten Cate [1], [6], respectively. The two methods are
based on the first integrating calculus theorem.
The Soete and Van Crombrugge method presumes that
the strains of all filaments are identical. This is true for a
uniaxial state of stresses. The suggested formula can be
written as follows

i, g

is calculated by simple integration and not on the

surface. The method consists of calculating, using Eq. (1),
the output given by the each filaments, and then the output
given by the strain gage with the equation, [2]:

R2

(3)

R

where g

where n is the number of filaments of the strain gage.
This method is generally simpler and gives results very
similar to those obtained by the other methods [2], [3]. It
will be applied in the studied cases.

is the longitudinal strain, parallel to the grid

lines of the strain gage;

s

is the output of the strain

gage; R2 - Rj = GL is the active grid length. This method
should be called the integration method for the one
filament length.
The Boiten and Ten Cate method presumes that the
whole surface of the grid is sensitive, not only the surface
occupied by the filaments. The suggested formula can be
written

hdS

OPTIMIZATION OF THE GRID SHAPE
In practical experimental analysis, a common objective
is to determine the maximum stresses existing in the
structure or machine elements. In many cases the stresses
will be maximum at points of stress concentration, but in
these areas the peak strain is highly localized, with a high
steep strain gradient. There were further studies on the
influence of the relation GL/GW between the sides of the
rectangular grid. The total length Lr of the filaments
which make up the grid (without length of end loops), was
taken as constant in this respect and, therefore, its

(2)
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electrical resistance as well. For the type 5H and 10H
Romanian strain gages we have L-r = 80 mm. By keeping
the pitch p of the network constant, and varying the
number n of the lines of the grid, we obtain rectangular
grids with different ratios of the sides G = GL/GW.
When the strain gage is mounted near a point of stress
concentration, there appears the problem of determining
the number of lines (filaments) which ensure a minimal
error of measurement. All the cases for n = 1, 2,...30
have been studied. The case of n = 1 means a grid with
a single line, without of the end loops. Similarly, n = 2
means a grid with two lines and an end loop, etc. (see
Fig. 1).

using Cartesian coordinates, the output of the filament i
(situated at distance X; from the centre of the hole), is
obtained.

y
*i

r\
ii

J
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•

6
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T
Figure 2. The strain gage near the central hole of a plate
or disk
o
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Figure 1. Strain gages with different numbers of lines
APPLICATIONS
Assume that we wish to measure using a strain gage,
the maximum strain in a elastic plate subjected to uniaxial
tensile and in an elastic spinning disk, both with a central
hole (Fig. 2). It is known, from the theory of elasticity,
that the maximum stress lies near the hole, on the
tangential direction.
The determination of the maximum stress o,^ is the
important aspect of practical stress analysis. Because the
strain gage responds to strain rather then the stress, we
will need to know, from theory of elasticity, the strain
distribution in the area near the hole, in order to assess the
measurement error. In the theory of elasticity, the
analytical solutions for both cases are presented in polar
coordinates. However, the primary sensing direction of the
strain gage is parallel to the grid lines, and this direction
is, in general, neither radial nor tangential. The strain
expression are needed to describe the strain parallel to the
grid lines. For this purpose, we apply the transformations
relationships for the strain distribution at a point, and then

Corrections of the errors introduced by the integration
effect has been made by the method of integration on the
grid's surface and along the lines' length.
The standard error was calculated as
max

100%

(4)

In the case of the grid set tangentially to the hole,
there appears the problem of determining the number n of
the lines of the grid, which ensure a minimal error of
measurement.
Variation of error e as a function of the number of
lines n, is plotted graphically in Figure 3 for the holed
plate and in Figure 4, respectively, for the spinning disk,
for a strain gage mounted with the grid tangentially to the
hole (8 = 0). The point O corresponds to the minimal
error.
The minimum error has been obtained for the
following optimum number of lines:
no = 6 (GL/GW = 13.5/2.5 mm, S = 34 mm2) for
the plate;
^ = 12 (GL/GW = 6.5/5.5 mm, S = 36 mm2) for
the disk.
If such strain gages are not produced, those with a
number of lines as close as to the optimum one will be
employed.

The grids with eight and eleven lines correspond to the
type 10H and 5H strain gage respectively both of them
produced in Romania.
Thus, the strain gage 10H will be preferred for the
holed plate, and the 5H type for the spinning disk.
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CONCLUSIONS
In the case of the spinning disk, an error e = - 23%
(without corrections) well be obtained for the strain gage
with 12 lines. If, instead, a six line strain gage (most
recommended for a holed plate) is utilized, an error e =
-33% is obtained, although the grid's surface is smaller in
this latter case. Obviously, after performing the
corrections by calculus, such errors are significantly
diminished. The measurements' precision will nevertheless
increase if the correction are applied to a signal affected
by smaller errors.
The optimization method presented meets this
exigency. It can be extended to other cases as well, such
as the measurement of the residual stresses by the holedrilling strain gage method [7].

30

Figure 3. Error variation as a function of the number of
lines, for the holed plate
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ABSTRACT
A system for on-line measurement of power and moments
on rotating shafts is described. It may be continuously
operated and easily assembled on shafts of various
diameters. It provides power measurements with accuracy of
about 2 percent. A convenient calibration procedure without
loading the system is proposed.

INTRODUCTION
Continuous measurement of torque and power on a working
shaft of rotating machines is an important task allowing
optimization of parameters of technological production
processes and their control, monitoring of dynamic loads in
drivers, and construction of systems for overloaded drivers'
disconnection. Existing commercially available devices for
moments measurements have several shortcomings,
including [1,2]:
- inability of continuous operation because they require
battery recharging
- necessity of specially constructed fitting for re-assembling
of the transmitting unit on a shaft with different diameter
- low signal-to-noise ratio of moment sensors with contact
electronic current transmitters. They may be used on
working equipment only after significant changes in drive
construction
Indirect measurement of power transmitting by a
rotating shaft involves large errors because of power losses
on reducers and couplings and other units connecting the
engine and the shaft.
Here we describe a system for on-line measurement
of power and moments on rotating shafts, which is free of
the above disadvantages.

Figure 1: Scheme of the measurement system: 1: belt with
transmitting antenna. 2 - straingages, 3 - amplifier. 4 frequency modulator. 5 - receiving antenna. 6 - demodulator. 7 I/O board, 8 - inductor 9 - power coil, 10 - power supply. 1 1 disk, 12 - pulse transducer. 13 - frequency meter
After demodulator 6 the signal is transmitted to the
computer via the analog-digital converter.
The electronic blocs within the belt 1 can receive
power supply from the power block 10, containing
miniature batteries and -a voltage regulator. This type of
supply is suitable for relatively short-lasting measurements,
up to about 10 hours of continuous operation. In the
stationary mode of operation one can use contactless power
supply, provided by inductor 8 and power winding 9. The
latter has a belt-like form and can also be attached to the
shafts of different diameters. The power block 10 is
connected to the power winding 9 via a bridge rectifier.
For the measurement of power P=Mco, one needs to
receive a signal proportional to the angular velocity 0).
Towards this goal the shaft is supplied by disk 1 1 with
small holes near the edge. The disk rotates near a pulse
transducer 12, connected to a tachometer 13. The latter
transforms the pulses into DC voltage, proportional to CO,
which is further transmitted to the A to D converter and PC.
The PC thus continuously receives two signals: one
- proportional to the torque, and the other - to the angular
velocity, which are multiplied to obtain the power.

MONITORING OF POWER AND TORQUE
The transmitting part of the moment measurement unit is
concentrated in belt 1 (see Fig. 1), supplied by transmitting
winding and pockets containing amplifier 3, modulator 4
and power supply block 10. Adjustable porolon layer
beneath the belt provides uniform radial clearance between
the belt and the shaft. The belts' length is chosen to exceed
by about 100 mm the circumference of the largest shaft.
Under the action of a torque arising from the rotating
moment MR and load moment M^, straingages 2 attached
to the shaft experience compression-extension deformation
which is proportional to the moment MR -- M£. The
.straingages are attached on both sides of the shaft and
connected in a current measuring bridge. The voltage at the
bridge output, which is proportional to MR — M/, passes
through the amplifier 3. The output signal is used for
frequency modulation in electric oscillation generator 4.
After amplification the modulated signal is transmitted
through the antenna placed within the rotating belt I to the
receiving antenna, placed on a static part near the shaft.

CALIBRATION OF THE MEASUREMENT
SYSTEM WITHOUT LOADING THE SHAFT
The system for torque measurement can be calibrated using
the electromagnetic torque of the engine obtained by
calculations or by loading (twisting) the shaft by a known
torque. The first methods yields large errors (above 10%).
The second method is difficult to implement, especially for
thick shafts. Therefore a special calibration method has been
developed according to which the electric bridge of the
measurement unit is brought out of balance by introducing
a large resistance Rc parallel to one of the bridge arms. Find
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the torque M which will be imitated by introducing the Rr.
During this loading, the shaft's surface experiences pure
shearing stress with deformations along the principal
directions (45° with respect to the cylinder axis) [3]
£x =-£y = z(\+,u)/E,
(I)
where r is the shear stress component on the surface, which
for the cylindrical shaft of circular cross section with
diameter d is given by 16M/7KP, E is the Young's modulus
of the shaft's material, ,u is the Poisson coefficient. When
the full measurement bridge is used with four active
straingages, the general relative change of the bridge
resistance is
where ks is the gage factor. From (1) and (2) one obtains
eRM = 64/tv( 1 + f.1) M KnEd3).
(3)
The relative change of the resistance of one arm of the
bridge when Rc is inserted parallel to the straingage is
£RC = RI{R+RC).
(4)
one
Equating £/?/V/ and £RC
obtains the imitated torque:
nEd3

Figure 2: Schematic of the stand. I-AC engine. 2.3- pulleys.
4.10-be!ts. 5-telemetric system. 6-standard torquemeler. 7amplifier. 8-voltmcter. 9- brake pulley. 11- ring with
straingages. 13- pulse transducer. !4-lever. 15- shaft.

R
_

M

(^j

64ks(\+/il) R+Rc
Knowing the approximate value M c of the
anticipated torque, one can calibrate the system by choosing
Rc from the following formula:
Rc = R(

KEd"

--D.

64 ks (1 +,u)Mc

The brake torque M^ exerted by the lever system 14

(6)

A STAND FOR TESTING OF THE
MEASUREMENT SYSTEM
Figure 2 shows a general scheme of the stand for testing of
the system for measuring power and torque on rotating
shafts. The tested shaft 15 is rotated by the AC motor I via
the belt drive 2, 3, 4 . The shaft is supplied by a telemetric
contactless system 5. The torque registered by the system is
compared with the data collected by the standard Shinkoh
torquemeter with brush-type contacts, inserted into the shaft
by cutting it into two parts. The measurement bridge of the
latter device is connected via the brushes to the amplifier 7
and further to the voltmeter 8. The shaft is loaded by the
brake pulley 9, brake belt 10, and the lever system 14. The
measuring ring 1 1 with straingages 12 measures the tension
of the brake belt 10, and hence the brake torque /V//_. The
impulse transducer 13 provides measurement of the angular
velocity CO.
For testing in the static regime the shaft was loaded
in a stepwise manner by known torques (up to 50 Nm) and
the relationships were measured between the impulses'
frequency / (Hz) vs torque M (Nm) measured by the
telemetric system and electric voltage V (mV) vs torque of
the standard torquemeter. These relationships were
respectively approximated by linear functions
/ = -16.1 M +4700, V= 1 1.65 M
In the static regime we also measured the relationship
between the output voltage Vfr(m'V) a the measuring ring
of the amplifier vs tension F of the brake belt (N). which
was approximated by Vp= 3.99F.
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was evaluated using two tension forces F\ and F2 in the
two branches 10 of the brake belt. Monitoring of the
angular velocities 00 and the torques allowed determine the
power values transmitted by the respective parts of the shaft
where the telemetric system (P). standard torquemeter (P.y?)
and the braking device (P[J were assembled. In one of the
loading regimes these powers were respectively «iven by:
"P=\51.9 W. Pst= 149.98 W. PL= 143i) W
One can see that the difference between the data
measured by the telemetric system and the standard device
does not exceed 2%. We also compared the results of
calibration by using the resistance A'c and by statically
loading the shaft. The difference does not exceed 1.5%.

SUMMARY
We developed a contactless telemctric system for
measurement of torque and power transmitted by rotating
shafts. The electronic part of the system, including the
transmitting antenna is inserted in a special belt which can
be easily assembled on shafts of different diameters. The
system was tested and the error in power measurement was
found to be less than 29r. For long lasting exploitation of
the system it can be used with the unit allowing contactless
power transmission. The system may be calibrated without
mechanically loading the shaft.
LITERATURE
1. H.N. Norton. Handbook of transducers for electronic
measuring systems. Prentice-Hall. Englcwood Cliffs, 1969.
2. Instrumentation for engineering measurements. J.W.
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1993
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duration of x < 5s the bottles have experienced temperature
difference Ar=80°N without being destroyed. The findings
give the opportunity of washing glass packages in
conditions close to these for the polymeric packages, i.e.
using two cleaning and washing off temperatures tj and

ABSTRACT
The environmental problems caused by polymeric waste
pollution require the development of polymeric packages
for multiple usage [ ]. These packages make necessary new
technologies and techniques for polymeric packages
washing or the adaptation and change of the techniques for
glass packages washing.

TECHNOLOGICAL SCHEME FOR STATIONARY
WASHING OF GLASS AND POLYMERIC
PACKAGES
When using the classic scheme for glass packages
washing, the packages are placed in sequence though
different temperature areas, for which the temperature
difference is suited to the temperature difference resistance
of a specific package. During movement the package is
subject to different static and dynamic loads. As a result of
this an event similar to "strength exhaustion" is observed.
For example, in the following loading conditions: range of
strength amplitude F=500 N and number of cycles 500, the
construction strength of bottle of Bordeaux type,
determined through the inner pressure resistance, is reduced
by 30% and leads in principle to increase in the fragility of
the packages [3]. When using a similar scheme in
polymeric packages, states similar to "strength exhaustion"
will cause the appearance of micro-flaws and will reduce the
gas resistance of the package, which is inadmissible,
especially in bottling gas beverages.
When using an impulse washing program the packages
after entering the working zone of the machine, remain
fixed with their neck down over the washing nozzles, and
the cleaning and washing off liquids are being sequentially
passed into the washing nozzle.
Impulse program is
necessary for treating the package only for the first 10 s
after the temperature change. It is virtually possible that the
total wash-cleaning time is reduced since during impulse
program the mechanic influence of the stream on the
polution increases and it is proved [4] that a larger number
of sequential fillings and emptyings of the botle intensifies
the waching process.
However, when applying the technological scheme for
stationary washing of glassnpackages it is necessary to pay
attention to the "heating exhaustion", i.e. the appearance of
micro-flaws on the glass package, which can lead to
deterioration of the construction strength. The change in
the resistance of inner pressure or of the equivalent tension
in a danger point of the cross-section of the glass package
may be used as indicators for construction strength [4],

INTRODUCTION
The use of the existing washing machines is
ecconomically unjustified. These machines are the most
expensive and complex facilities in the bottling lines, since
the resistance of glass packages to temperature differences
necessitates step-like temperature regulating (At » 40°N).
The packages pass areas with different temperatures and
different influences over the poluted surface.
The
polymeric packages do not need temperature regulation and
are being treated with two temperatures - of wash cleaning
tj (up to 80°N) and of washing off t 2 (temperature of
drinkable water).
FORMULATION OF THE PROBLEM
The purpose of the presented work is the developing of a
new technological scheme of a washing machine for glass
and polymeric packages for multiple use. This means, that
the washing parameters for glass packages should be close
to these of the polymeric packages.

PROBLEM ANALYSIS OF TEMPERATURE
REGULATION OF GLASS PACKAGES
Glass is characterised with low thermal resistance. In case
of quick lowering of the temperature appears stretching
tension and in case of quick warming appears pressure
tension. That is why the thermal resistance of glass is much
smaller at cooling compared to that at heating. The tensions
that appear within the glass at heating or cooling are
temporary and disappear with the temperature equating
over the whole mass of the glass package.
in [2] are presented the results from the impulse
temperature regulation of glass packages. Water streams of
equal duration have been let through an inlet with defined
pressure in a package turned with its neck down in equal
intervals of time (x). The difference between the surface of
the package and the water temperature has been examined At. The experiment has been carried out through heating
and cooling a bottle of type Bordeaux. With impulse

497

CONCLUSIONS
l.A technological stationary washing scheme has been
proposed, which may be used for glass and polymeric
packages in the packing of food liquids.
2. This scheme requires small investments, allows for
considerable economies of energy resources and for the use
of different types of packages from one producer in bottling
food liquids.
3. In the using of this scheme the influence of static and
mechanic loads is restricted to a minimum, which keeps the
construction strength of glass packages and gas resistance
of polymeric packages.
A. It is necessary to perform profound studies regarding
the "heating exhaustion" of glass packages.
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SUMMARY
The case of operation of radial bearing with both
mobile races, conspicuously appears in the bearing of the
connecting rod head of crank-piston mechanism, fig. 1.
(coupling B) and spatial four-bar linkage, fig.2.; in both
cases one of the races rotates and the other swings.

Fig.l.

Fig.2.

In the reference material there is not information
referring to the calculation of bearing life for this case.
Starting from a real designing case and following
the behaviour of bearings during their operation under these
conditions for over 6,000 hours, the investigators have found
ont that the radial bearing with both mobile races, mounted
in the above mentioned mechanisms has a surplus of life in
comparison with the case of bearing operation under the
same conditions, but with a fixed race and the other rotating
one.
This finding, resulted from bearing operational
practice, was checked up on a laboratory stand especially
built for this purpose, which made obvious the bearing
surplus of life. The experimental investigations were
finalized with calculation directions for the basic dynamic
load rating of bearing with both mobile races.

considering the bearing with rotating inner race and fixed
outer one. Because the effect of outer ring swinging on the
bearing life was not known, the bearing calculation life was
diminished at the half of theoretical one, that is at 5,000
hours and all verification calculations were carried out.
Four spatial four-bar linkages were made, according
to the same project for the operation of four testing machines
for bearings with swinging motion. These machines worked
under conditions of continuous operation for over 2 years, so
that the bearings of coupling B, fig.2., reached in all the 4
cases, the real life over 6,200 hours of operation.
Noting the fact that in all the 4 real cases of
operation, the life of bearing in coupling B, a bearing witch a
rotating race, and the other a swinging one, exceeded the
calculation of life, the hypothesis was suggested that the
radial bearing mounted in the connecting rod head of spatial
faur-bar linkage and of crank-piston mechanism has a
surplus of life in comparison with the operation of bearing
under the some conditions, but with a rotating race and fixed
the other one.
The verification of this hypotesis has remained as a
future special interest, but it was necessary the building up of
a laboratory stand to reproduce the working conditions of the
radial bearing with a rotating race and the other a swinging
one. This preoccupation was effected lather on, but at
present, after difficult laboratory investigations, the authors
of the paper are able to define more accurately some of the
specific aspects connected with the calculation of radial
bearing with two mobile races, with a rotating race, and the
other swinging one.

FOREWORD
In the activity of bearing test Laboratory of The
Technical University of Iasi the necessity of building test
stands occurred, which should operate with a fixed bearing
race and the other one, swinging in a perpendicular plane of
the bearing axis. The working mechanism of main shaft of
these stands, fig.3., was a spatial four-bar linkage, which in
all its four coupling, bearings where mounted. The most
difficult designing problems arose when the bearing in
coupling B, was considered, fig.2., where a race rotates and
the other one swings.
As in the reference material no information
referring to the calculation of bearing life was found, in this
case the swinging motion of other race was ignored,

Fig.3.
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SOME THEORETICAL REMARKS
Admitting Lundberg-Palmgren's theory [1], as a
theoretical base for the calculation equation of life of radial
bearing with both mobile races, the probability of endurance
, of this bearing concerning the pitting/flaking phenomenon
can be expressed as follows:
S = SiSeSf

The main functional features of test stand are:
number of bearing simultaneously tested: 1;
rotation frequency of inner race = swinging frequency of
the outer race =12 Hz;
maximum loading radial force: 60,000 N;
lubricant of bearing submitted to tests: consistent grease;

(1)

where:
Sj,Se,Sk are endurance probabilities of the inner
race actuated by a rotating motion, of other race in a
swinging motion and of a rolling component , also in a
rotating motion, respectively and
Z- number of rolling components.
Developing equation (1) similarly to [1] and [3], for
the basic dynamic load ratting of bearing with, both mobile
races the following equation is obtained:
(2)

with
c,h - indices in [1]
Equation (2) can be the basis of a calculation
method of the basic dynamic load rating of the bearing with
both mobile races and its life, but the method has two major
deficiencies:
• For the calculation of the basis dynamic load rating of
the outer races, Ce, in a swinging motion, according
to [3], the knowledge of D* - diameter of rolling
component and of Z - number of bearing rolling
components is necessary; this information is not given
in the normal bearing catalogues.
• The calculation indices c, h, e,p, w, must be
experimentally found out for the actual case of
operation of the bearing with mobile races, what,
certainly, this is an extremely difficult and costly task.
TaMng into account the two above mentioned
difficulties, the investigators suggest that the problem of
calculation of bearing life with both mobile races should be
directed along other course, much more convenient in the
designing actual cases, namely: the use of the basic dynamic
load rating C of the bearing given in the catalogue, for the
case that a race rotates and the other one is fixed, and the
correction of C by means of a factor that includes the
functional peculiarities of the bearing with two mobile races.
EXPERIMENTAL INVESTIGATION
For the verification of specific aspects connected
with the operation of radial bearing with two mobile races,
one witch rotates and the other one which swings, a test
stand was built, its assembly view being given in fig.4. and
its operating diagram in fig.5.; the test stand is presented in
detail in [4],
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Fig.4.
bearing testing temperature: (55±3) °C;
maximum swing of outer race: 45°C.
12

11

13

Fig.5.
The operating principles of test stand, given in
fig.5., is as follows:
The deep groove ball bearing submitted to tests,
with the symbol 6207, noted with (7) in fig.5., has the inner
race driven in a rotating motion by the shaft (4) and the outer
race driven in a swinging motion by means of a spatial
four-bar linkage with the connecting rod (8) and the
eccentric shaft (11). The two shafts (4) and (11) are
synchronicaUy driven by two driving belts from the same
electromotor so that the frequency of rotating motion of inner
race should be equal to the frequency of swinging motion of

outer race at the test bearing (7). The radial loading force is
generated by a hydrostatic loading system which acts along
the direction (14) upon the bushing (6) which carries the test
bearing (7).
On this test stand only on the set of bearings of 10
pieces, symbol 6207, was tested to find out its working life,
under the load of 10,000 N, for a single swinging angle of
the outer race: © = 27°.

comparison with the curve 1, depending on the values of
lives I io of the 2 sets, at the size of+12%.
Also, the size of Weibull slope of life curve 2
increased in comparison with curve 1, from the value I.I to
1.21, what means a better behaviour in operation of bearing
with two mobile races, in comparison with the bearing with a
rotating race and a fixed another one.
CONCLUSIONS
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The most important result of experimental tests,
which were before presented, is the confirmation of remarks
made in the previous years, referring to the working life of
radial bearing with two mobile races, mounted in the head of
spatial four-bar mechanism.
The experimental tests showed that ,in tliis
particular case of operation, when a race rotates and the
other one swings, the bearing has a surplus of life in
comparison with the case of its operation in the same
parameters, but with a rotating race and a fixed another one.
The investigators suggest the effectuation of life
calculation of the bearing with two mobile races, accepting
the hypothesis that one race rotates and another one is fixed
and obviously, that in this situation, the life count given in
the bearing catalogue can be used. Going on, one can count
on a life surplus for the bearing with two mobile races of
10 -12 %.
The investigations also think that the life surplus of
radial bearing with 2 mobile races mounted in the
connecting rod head of the spatial four-bar mechanism of the
crank-piston mechanism, can be explained by much better
cooling conditions in this operating case, than in the case
when the bearing has a rotating race and a fixed another one.

1000
20C0 3CC0
rime (hours) -—~-
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Fig.6.
Weibull working life curve was plotted, namely
curve 2, in fig.6. Other two curves are also plotted in this
diagram:
- curve 1 is Weibull working life curve of the bearing 6207
under the load of 10,000 N, operating with the rotating inner
race, the outer one being fixed;
- curve 3 is Weibull working life of the same bearing, under
the same load, but which operated with the swinging inner
race (© = 27") and the fixed outer race.
From fig.6. it comes out that the bearing with two
mobile races, one which rotates and the other which swings,
has a greater life than the same bearing, tested in the same
loading, temperature and lubrication conditions, but with
rotating inner race and fixed outer one.
In the case of tested bearing, curve 2 in fig.6., one
can estimate quantitatively the surplus of working life in
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in which water-depth effects were the point of emphasis.
Later research by Doctors and Renilson [5] was aimed at
studying the influence of separation of the two demihulls
of a catamaran. Finally, hull-form parameters, such as
prismatic coefficient, were the subject of work by Doctors [6 and 7]. In all these cases, extremely high levels of
agreement between the theoretical predictions and the
experimental data was obtained, provided the theory
was "anchored" at one or two reference positions in the
data.
These principles were advanced on two fronts in the
research recently presented by Doctors and Day [8].
Firstly, transom-stern effects were included in the theory by accounting for the hollow in the water behind
the vessel. More importantly in the present context, it
was proven that by using only two experimentally determined factors, it was possible to obtain a very high
level of correlation between the predictions and the experimental data for a large set of conditions, in terms
of displacement, trim, and speed of the towing-tank
catamaran model. These two factors were the (traditional) frictional-resistance form factor and a (new)
wave-resistance form factor.

Abstract
The research described in this paper relates to the
practical improvement of the traditional thin-ship theory for the prediction of the resistance of a ship. It is
well known that this theory provides an excellent guide
to the general form of the resistance in terms of the interference humps and hollows in the curve of resistance
versus speed. In addition, other influences, such as the
importance of the depth of the water and the lateral restriction in the case of a canal, are also predicted well
from a qualitative point of view. The specific improvements studied in this work include the choice of experimentally determined factors which can be applied to the
theoretical predictions. It is shown that with the use of
only two such factors, one factor for the wave-resistance
component and one factor for the frictional-resistance
component, it is possible to reduce the root-mean-square
error in the computed specific resistance from 1.5% to
0.55% for 210 tests on twelve ship models.
Introduction
Background
Previous work on the subject of prediction of resistance of marine vehicles such as monohulls and catamarans has shown that the trends in the curve of total resistance with respect to speed can be predicted
with excellent accuracy, using the traditional Michell [1]
wave-resistance theory together with a suitable formulation for the frictional-resistance component. There have
been further enhancements to this theory, namely the inclusion of the influences of finite depth and finite width
of the canal by Lunde [2] and Sretensky [3]. These theoretical effects, too, properly reflect the experimental
evidence.
The difficulty has been that nonlinear and viscouswave effects are not included and, consequently, the correlation between theory and experiment has not been
sufficiently good for the practical purpose of ship design.
The methodology being promulgated here is to utilize the traditional linear-wave-resistance theory in conjunction with correction factors which are obtained experimentally, because it has been shown that the linear
theory predicts the impact of changes to the hull geometry with a very high degree of accuracy. Results in this
area have been presented by Doctors and Renilson [4],

Current Work
In the current work, the approach is taken another step forward by utilizing a regression approach
to the wave-resistance and frictional-resistance formulations over a range of twelve monohulls. Slightly different techniques for correcting the thin-ship theory are
to be tested. In particular, a more consistent method
(which correctly approaches the traditional result when
the beam-to-length ratio vanishes) is examined in this
present effort.
Experimental Investigation
Twelve Ship Models
Figure l ( a ) provides the details of the hull segments
from which the ship models were assembled. There was
a total of seven segments. T h e bow and stern segments
have parabolic waterplanes. T h e bow segments, stern
segments, a n d the parallel middle-body segments all
possess parabolic cross sections. Figure l ( b ) shows pictorial views of two of the test models. Table 1 lists the
details of the so-called Lego model series. Each model
had a beam B of 0.150 m and a draft T of 0.09375 m.
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Centerline

Transom
stern
Model 12
I = 1.500 m
B = 0.150 m
T = 0.09375 m

Bow view
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Figure 1: The Lego Ship Models
(b) Pictorial Views of Two Models

Figure 1: The Lego Ship Models
(a) Segments of the Models

Segments

L

Prismatic
Coefficient

1
15
156
1567
12
125
1256
12567
1234
12345
123456
1234567

(meters)
0.7500
0.9375
1.1250
1.3125
1.5000
1.6875
1.8750
2.0625
2.2500
2.4375
2.6250
2.8125

cP
0.6666
0.7290
0.7499
0.7290
0.8332
0.8494
0.8499
0.8275
0.8888
0.8957
0.8928
0.8735

Length

bnip
IVJ.VJUC4

1
2
3
4
5
6
7
8
9
10
11
12

given by the simple summation
RT

(1)

=

in which RF is the frictional resistance and RA is &
correlation allowance for the roughness, assumed to be
zero for these hydraulically smooth test models.
The two parts of Figure 2 show results for the two
extreme models in the series. The specific resistance, or
resistance-to-weight ratio R/W, is plotted against the
Froude number F = U/*/gL, where g is the acceleration due to gravity and U is the speed of the vessel.
The prediction of total resistance in Figure 2 (a) is seen
to be qualitatively correct. However, the numerical values are generally too high because of the relative fatness
of this model. Furthermore, the transom-stern drag
is grossly overpredicted at low speeds, since the stern
should clearly be considered to be at least partly wetted. On the other hand, Figure 2(b) shows much better
correlation, because both of these effects are smaller.

Table 1: The Twelve Ship Models

Towing-Tank Tests
The twelve models were all tested by towing them
over a range of steady speeds in a towing tank with a
width of 3.5 m and filled to a constant depth of 1.5 m,
which corresponds to a case of essentially deep water.
A total of 409 runs was executed.

Use of Constant Factors
The first modification to the pure theory requires
the use of a wave form factor fw which is applied to
the computed linearized wave resistance, an idea which
is analogous to that behind the traditional (frictional)
form factor fp applied to the flat-plate frictional resistance. That is:

Theoretical Analysis
Mitchell Theory with Transom Stern
The traditional thin-ship theory was applied to the
calculation of the resistance as described above. In particular, the transom-stern flow model of Doctors and
Day [8] was employed. This theoretical model takes
into account the effects of the hollow in the water on
the wavemaking resistance Rw, as well as the hydrostatic drag RH on the vessel, due to the fact that the
transom is assumed to "run dry".
In this pure approach, the total drag of the vessel is

RT

= fwRw + RH

+

(2)

Figure (3) shows the effect on the same two models
of selecting appropriate values of these two factors, derived from the application of a least-squares fit to all the
data for the series of twelve models, but ignoring data
below a cut-off Froude number of JFiow = 0.5. Considerable improvement in the correlation between theory and
experiment is displayed, particularly for the first model.
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Lego
12
No
0.5

Theory

Pure*
Constant
Linear'

Optimal
Wave
Form
Factor

Optimal
Frictional
Form
Factor

fw

SF

1.0000
0.5593
0.7023

1.0000
1.4170
1.3408

Future work will also include a better modeling of
the partially wetted transom stern, applicable at low
speeds.

Root-MeanSquare Error
in Specific
Total
Resistance
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1.5420%
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Comparison of the Three Approaches
By way of summary, we now present a comparison
of the different theories, for six representative models in
the series, in Figure 5. It can be observed that in all
cases there is a progressive improvement with the two
modifications to the theory, with the exception of the
first model at the higher speeds.
Conclusions
The work presented here illustrates the fact that
considerable gains in accuracy of the traditional waveresistance theory can be achieved by rather straightforward modifications to the traditional concept of summation of the resistance components. Table 2 summarizes
these improvements by way of the root-mean-square error in the specific total resistance RT/W for the series.
It is clear that there is still considerable scope for further improvement in the correlation between the predictions and the experimental data. It is therefore planned
to add some further sophistication to the two form factors.
505

o
0.15-

Curve
Data
o o o Exp.
Pure
Const.
Linear

0.1-

Ship = Lego
Model — 4
Comp.
r
Free = No
= 05
•Plow

0.05-

_-—-'"*o

o ° ° °°°
1

02

Figure 5: Comparison of Total Resistance
(a) Model 1

o

o

o

0.2-

0.15-

0.15-

0.1-

0.1Ship = Lego
6
Model =
Comp. =
T
Free = No
flow
[

02.

0.4

=

0

0

0.15-

o

o

Data
Exp.
Pure
Const.
Linear

Ship = Lego
8
Model
T
Comp.
Free = No
= 0.5
flow

0.5

1

I

i

I

I

0.6

0.6

02

0.4

0.6

0.8

Figure 5: Comparison of Total Resistance
(d) Model 8
0.2-

Curve
o

o

o

o

y

0.15-

0.1-

Data
Exp.
Pure
Const.
Linear

o.i-

^ V
^ ^
0.05-

0-

o

1

Data
o
Exp.
Pure
Const.
Linear

O

1

0.8

0.05-

Figure 5: Comparison of Total Resistance
(c) Model 5

Curve

Curve
o

o

0.05-

i

0.6

Figure 5: Comparison of Total Resistance
(b) Model 4

Data

Curve

1

0.4

ship = Lego
9
Model =
C mp =

_^^o°^"
n

OO

°

oo°°

1
0.2

-

Free =
flow

1

1

0.4

0.6

=

Ship = Lego
Model = 12
Comp.
T
Free = No
flow = 0.5

0.05-

T
No
0.5

1

1

0.8

02

1

1

1

0.4

0.6

0.8

F

Figure 5: Comparison of Total Resistance
(e) Model 9

Figure 5: Comparison of Total Resistance
(f) Model 12
506

EXPERIENCES IN IDENTIFICATION AND CONTROL OF AN ROV
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At the C.N.R.-I.A.N., a prototype UUV, named Romeo,
for shallow water (up to 500 m. deep) marine science
applications and research in the field of intelligent
vehicles has been designed and developed [6]. Romeo
is provided by an interchangeable sled where different
payloads can be mounted according to mission
requirements. The vehicle can change its hydrodynamic
configuration even in the course of a single mission (for
instance, taking geological samples or releasing a
device). Romeo is thus characterized by a variable
configuration, which points out the need of developing
methodologies to enable a fast identification in the
operational field of the vehicle hydrodynamic
derivatives in order to increase the perfonnances of the
navigation data filtering and automatic control systems.
These identification procedures should be performed at
sea with the vehicle equipped with standard
commercial sensors. Since ROV standard autopilots
perform autoheading, autodepth and autospeed on the
basis of simple uncoupled dynamic models, in the first
phase investigations focus on defining simple
procedures to identify uncoupled models for yaw,
heave, surge and sway motions in different vehicle
configurations.

ABSTRACT
In order to achieve accurate guidance and control of an
underwater vehicle it is essential to develop
identification
procedures
for
determining
hydrodynamic coefficients. In the case of an open
frame ROV (Remotely Operated Vehicle) identification
is complicated by non linear and non symmetrical
effects which may require a relevant computational
effort. A simple yet efficient identification method is
presented, which has been tested on a recently
developed Italian ROV during at sea trials in
Antarctica.
INTRODUCTION
Scientific investigations in physical, chemical,
geological and biological processes in the marine
environment often require the use of underwater
vehicles to perform exploration, survey, monitoring and
data collection tasks. In the past, most of marine
scientific operations have been carried out by manned
deep submersibles, while Unmanned Underwater
Vehicles (UUVs) have not yet found wide applications
for marine science even if they can reduce ship costs
and human risks. At the state-of-the-art technology.
Autonomous Underwater Vehicles applications are
employed in missions to survey and to gather
oceanographic and geological data, as in the case of the
Autonomous Benthic Explorer [1], Odyssey II [2], and
the Ocean Explorer AUV [3]. Remotely Operated
Vehicles (ROVs) have found large applications in the
field of offshore oil operations, but the pure transfer of
this technology proved to be insufficient to satisfy
scientific research specifications. So, in the last few
years the trend is to design tethered vehicles which
matches marine scientist requirements in terms of realtime high quality video feedback, high precision in
maneuvering and, in particular, possibility of carrying
different kinds of payloads and acquiring and
processing data of different nature [4]. The result has
been the development of deep water ROVs
characterized by interchangeable toolsleds which can
be adapted for biology, geology and oceanographic
applications. This is the case of Tiburon, which can be
equipped with different toolsleds for mid-water, benthic
sampling, geotectonical and survey applications [4],
and of Victor (ROV 6000) [5], equipped with a basic
toolsled with tools to collect organisms, sediments and
cores and other application-oriented payloads [5],

This paper is organized as it follows. Romeo
mechanical design is presented in Section 2, where
some toolsleds for the vehicle exploitation are
described. In Section 3, an operational example of the
identification of the hydrodynamic derivatives of
Romeo in the heave direction to increase its
performances in automatic ice-canopy and bottom
following tasks is presented.
MECHANICAL DESIGN
On the basis of the requirements discussed in the
Introduction, Romeo has been designed as an openframe ROV equipped with four horizontal and four
vertical thrusters, which enable a complete control of
the vehicle motion and attitude.
The vehicle basic configuration is composed of a frame
(130 x 90 x 66 cm (lwh)), equipped with one 100 x 32
cm (Id) cylinder for electronics, two 80 x 15 cm (Id)
cylinders for batteries and battery chargers, one 60 x 15
cm (Id) cylinder for compass, gyro, and inclinometers.
The vehicle is equipped with a package of permanent
sensors, CTD, depth meter, downward/upward
echosounders, video camera, and still camera.
Moreover, a toolsled is added to this basic
configuration to bring the payloads for marine science
applications and robotics research. The chassis of the
standard sled measures 130 x 90 x 30 cm (Iwh) and is
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composed of three parts: two 80 x 15 cm (Id) cylinders
are mounted at the sides and space for payload of other
shape is available in the middle.
Figure 1 shows Romeo basic configuration for robotics
research in pool and at sea. In this case, standard
payload is constituted by a Doppler velocimeter RDIWorkhorse Navigator and a high-frequency pencil
beam profiling sonar. The batteries are packed in the
two payload cylinders, making the vehicle stable in
pitch and roll.
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I omeo in robotics research configuration
(Genoa swimming pool)
During the Italian XIII Expedition to Antarctica,
Romeo has been exploited to support marine scientists
in under-ice biological research.

is equipped in a suitable way to balance the mass
distribution of the vehicle. The battery cylinders are
mounted inside the basic frame of the vehicle. In
addition, a spectral irradiance meter is mounted in front
of the vehicle between a vertical thruster and the main
cylinder.
IDENTIFICATION OF A UUV: AN
OPERATIONAL EXAMPLE
In the following the procedure for the identification of
the Romeo hydrodynamic model in the heave direction
is presented. The knowledge of the vehicle
hydrodynamic derivatives in the heave direction is
particularly useful in ice-canopy and bottom following
applications. In the former case, the vehicle can be
required to operate at a range of a couple of meters
from the ice-surface, that is at a depth up to 5 meters. In
these conditions the depth measurements are affected
by a relatively high noise which can be filtered with
higher precision using a dynamic model of the system.
In this way, the performances of the depth controller
increases in terms both of precision and power
consumption. For this reason the same procedure can
be adopted when accurate bottom-following is required
to catch high quality stable video images of the seabed.
The vertical motion of the vehicle can be modeled by:
mw w = - k w w - k w|iv| w | w| + Fw + W

(1)

where w is the vehicle heave, mw is the vehicle mass
(including added mass), while hydrodynamic damping
is modeled as a linear and a quadratic term. F,v is the
force applied by the thrusters along the heave direction,
and W is the resultant of the vehicle weight and
buoyancy. Note that this equation is nonlinear but this
structure is well suited for identification of part of the
parameters when particular dynamic or static conditions
are met. For instance, if the system is excited
maintaining the corresponding force/torque constant
and the other equal to zero, equations (1) becomes:
- k >v w - k , , w w + F + W = 0

(2)

where the unknown parameters are the linear and
quadratic drag coefficients
and the vertical
weight/buoyancy force, which can be determined using
the measurement of the vehicle heave.
This identification procedure assumes the knowledge of
the model of the vehicle propulsion system. The
relationship between the propeller revolution rate and
thrust is expressed by the following law [7]:
Figure 2: Romeo under-ice configuration
(Antarctica: Terra Nova Bay operation site)
The vehicle configuration during this mission is shown
in Figure 2, where the payload tool-sled and the basic
vehicle frame are clearly visible. The scientific payload
is constituted by a multi-parametric
gauge
(conductivity, temperature, depth, oxygen, fluorimeter,
turbidity), on the left, and a "microness" (zooplancton
sampler), in the middle. The right cylinder, in this case.

T = a n 2 - b v a n , a,b>0
(3)
where T and n are the propeller thrust and revolution
rate, va is the advance speed, i.e. the speed of the water
inside the blades of the propeller, and a and b are two
positive constants. In the case of Romeo, since the
vehicle speed is very slow, i.e. of the order of some
tenths of centimeters per second, the propeller model at
bollard conditions, i.e. advance speed equal to zero,
can be used. In order to increase the vehicle
performance in hovering control, Romeo thrusters have
been designed to have a high efficiency at bollard

conditions and a symmetric behavior in both the
revolution directions. The I/O relationship between the
revolution rate and the thrust of the Romeo's thrusters
has been measured at bollard conditions in thrust tunnel
tests. As shown by Romeo pictures of Figure 1 and 2,
the vehicle vertical propellers work in free water when
they push down, while, when they pull up, the vehicle
shape induces disturbances in the eddy flux of the water
boosted by the propellers, reducing their efficiency. In
this way, the efficiency ratio between the real and the
nominal thrust in these conditions has to be estimated
too. During the tests, the vehicle was excited with a
square wave of increasing amplitude to evaluate its
vertical speed according to the heave steady-state
equation (2). As shown in Figure 3, in order to
guarantee a major safety in under-ice operations, the
vehicle was slightly negative, that is it moved
downwards when no thrust were applied.
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By applying a Least Square procedure to the system
(7), the following estimated vector is obtained:
30.74^
m

6 9 0 . 2 9 ^ 0.56
m-

(8)
It is worth noting the high reduction in vertical thruster
efficiency due to the hydrodynamic effect of the vehicle
body on the flux of the water boosted by the propellers.
On the basis of the identified model a depth controller
has been developed, which has exhibited excellent
performances during different scientific missions
carried out during the Italian XIII Expedition to
Antarctica.

-200
300

case

be identified in the previous step. The following system
can be written;

200

200

this

IT

Heave Hydrodynamic Derivatives Identification Tests

100

(6)

| + r|

800

I20r

M

e 15

ACKNOWLEDGMENTS
This work was partially funded by PNRA (Programma
Nazionale di Ricerche in Antartide), Task 4a - Robotica
e Telescienza in Ambiente Estremo.

d

Q 10

2

0

100

200

300

400
500
time [sj

600

700

800

Figure 3: tests for the identification of Romeo heave
hydrodynamic derivatives: I/O signals
Since when the vehicle moved downwards vertical
thrusters work according to their nominal I/O
relationship measured in thrust tunnel tests, the force
applied to the vehicle in the heave direction is assumed
to be known. According to equation (2) for steady-state
conditions, the following system can be written:
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where [w, .. w,,] and [Fw, .. F J 1 are the vectors of the
measured positive velocities and their corresponding
forces applied to the vehicle, and k^

k^

w

represents the vector of the drag coefficients and the
weight/buoyancy force applied to the vehicle, which
have to be estimated. Applying a Least Square
procedure to the system (4), the following estimated
vector is obtained:

wj=

Ns

Ns
340.12—- 8.23 N
m
m(5)
When the vehicle moved upwards, the reduction in the
thruster efficiency r\ has to be introduced and equation
(2) becomes:
96.09

509

RECENT DEVELOPMENTS IN MARINE SYSTEMS CONTROL
A.Tiano 1 , A.Biran-, and P.O.Gutmaii3
(1) Dept. of Information and Systems, University of Pavia
Via Ferrata 1, 1-27100 Pavia, and
Institute of Ship Automation C.N.R., Via de Marini G, I-1G149 Genova, Italy
(2) Mechanical Engineering, TECHNION
(3) Dept. of Agriculture Mechanization , TECHNION
Teclniion City, 32000 Haifa, Israel

ABSTRACT
Design solutions for marine craft motion control
are often rather difficult to find within the context of
classical control theory, owing to the intrinsic nonlinear dynamic behaviour of the plant itself and the
disturbances that act upon it. It. is not surprising that in recent years an increasing interest has
been devoted to the application of methods based
on AI and AAN concepts. This paper is intended
to present a concise overview of some of the current
research activities in this rapidly developing field,
with a particular attention to the applications of advanced control engineering concepts and intelligent
techniques to control problems in both surface and
unmanned underwater vehicles.
INTRODUCTION
The remarkable, growth in transportation of passengers and cargo at sea., a.s well as the increasing
exploitation of ocean resources, have determined the
construction of a growing number of new surface
ships and underwater vehicles. For efficient operation at sea, it is essential that these craft should be
equipped with advanced control systems. Control
systems to be installed on board surface ships are
generally designed to reduce fuel consumption, minimize wave-induced motion, and at the same time
improve navigation accuracy. More demanding and
complex tasks are required to control systems installed on board underwater vehicles. It. has been
verified in the recent years that traditional control
methods may be inadequate for designing efficient
control systems and that better solutions can be
found by means of novel approaches based on AI
and AAN methods. Two recently proposed applications of such control methodologies to ships and
underwater vehicles are presented in the paper.
NEURO-FUZZY SHIP AUTOPILOT
TECHNOLOGY
Many researches and simulation studies have
been conducted in the recent years order to design
and put into operation a new generation of ship
control systems, such as autopilots, stabilizers and
dynamic positioning systems, capable to carry out
efficiently and safely demanding navigation tasks,
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in a widely varying range of environmental conditions. In principle, the design of such control systems should be based on a multivariable approach
that takes properly into account the couplings between the different motion and determines control
systems, within the framework of optimal control
theory. Successful simulation studies and sea trials have been carried out and they validated the
approach. It is surprising and worth noting, however, that the adoption of these optimal designs has
been until now quite irregular on board new ships,
where old-fashioned PID autopilots are often preferred. This apparent discrepancy is partly due to
the fact that most of the proposed designs are critically dependent on the availability of accurate mathematical models of ship and environment, which are
generally quite complex and difficult to be determined and properly on-line updated. It may be
therefore attractive to explore the applicability to
ship control design of intelligent control methods
(i.e. fuzzy logic, neural networks, neuro-fuzzy and
genetic algorithms), which have proved to be useful for a wide range of industrial realizations. Even
if these methods are quite recent, some significant
applications to the marine field have been proposed
in the recent literature. In a recent review of the
development of advanced and artificial-intelligence
based ship autopilots [1], a report is presented about
the commendable properties of autopilots using both
fuzzy logic and artificial neiiral network. The aim
of these approaches is to combine the transparent,
linguistic reasoning qualities of the fuzzy controller
with the learning abilities of the artificial neural network to create intelligent self-learning controllers.
Such approaches are bringing together the inherently
robust and non-linear nature of the fuzzy controller
and powerful learning methods. Thus, the deficiencies, due for example to an incomplete knowledge of
the mathematical model of the ship, may be overcome [2], [3]). A few recent studies seem to validate
the neuro-fuzzy ship autopilot technology. A simulation study concerning course-keeping and coursechanging ship yaw control has demonstrated that
a neuro-fuzzy autopilot can exhibit better performances in comparison with a well tuned PID controller [4]. More recently a multivariable, neurofuzzy controller of the coupled sway-yaw-roll motion of a eontainership in waves has been presented

control devices, drives the vehicle through a desired
trajectory. The navigation task consists of determining at each time instant an optimal estimate of the
vehicle's position, which is based on an integrated
use of the onboard sensors. Some specific tasks have
also to be carried out, which may be comprehensive of underwater inspection, scenario recognition
and understanding, manipulative and robotic activities. The correct and co-ordinate execution of such
functions, in the presence of various unpredictable
disturbing events, is quite a demanding work; it has
prevented AUVs to establish a consistent niche, in
the IRW market. Research activity has been carried out in the recent years in order to design different control architectures capable to integrate the
above tasks. An up-to-date review is presented in
[4], where a comprehensive analysis concerning the
operational features of 25 different AUVs is developed. Furthermore, in order for a ROV or an AUV
to survive failure during mission, it is a fundamental requirement for the. different control architectures
to improve tolerance against sensor and/or actuator faults. A fault tolerant approach is needed to
accommodate for faults, when it is possible, and to
provide graceful degradation when faults occur. The
area of fault detection has been established during
the past two decades and many methods have been
derived based on observers and niters. However,
most of the fault detection methods are based on
nominal models, which make the detectors sensitive
to model uncertainty consisting of unmodelled dynamics and disturbances. It seems, therefore, that
ordinary methods for non-linear systems do not always give a description of the vehicle dynamics that
is sufficient for fault detection. Also in these cases,
heuristic modelling methods based upon fuzzy logic
or neural networks may be more appropriate ([9] and
[10]).

[5]. Such a controller has shown excellent, performances, also in comparison with other conventional
control systems of the LQG type, in different tests
conducted at different wave conditions. The same
methodology has also proved its validity in a design
study of a neuro-fitzzy autopilot for an autonomous
underwater vehicle. A fuzzy guidance controller has
been developed for waypoint-following guidance on
a small autonomous surface boat designed to perform autonomous oceanographic research [7]. Navigation data was found in real time using a digital
compass and a differentially-corrected GPS receiver.
Also in this case the fuzzy controller was found to
be relatively easy to develop, not requiring a complex mathematical model of the vehicle's dynamics,
simple to tune and robust to external disturbances.
Field results have, shown that the guidance, controller
performed well on complex paths.
UNMANNED UNDERWATER VEHICLES
The role of Unmanned Underwater Vehicles
(UUVs) is becoming more and more important in
the field of oeeanographie research, oil-shore activities and naval operation. For a number of operations carried out at relatively low depth a new generation of Remotely Operated Vehicles (R.OVs) is
being developed. Since these vehicles have to perform very demanding tasks in terms of control performance and flexibility, they have been generally
designed to allow payloads to be fitted on board
in an interchangeable way. So the ROV computer
architecture must manage both the system for payload data acquisition and communication and a control system capable to guarantee a sufficient degree
of vehicle autonomy. This enables the human operator to concentrate on the execution of specific
tasks. While Remotely O/ieivtetl Vehicles (ROVs)
are now widely used, their operating envelope is critically restricted by the presence of umbilical tethers.
As the demands grow for operations to be undertaken at deep diving, better use can be made of
Autonomous Underwater Vehicles (AUVs). Different, types of AUVs have therefore been developed in
the recent years [4]; they are generally characterized
by good hydrodynamie efficiency, can navigate at an
appreciable speed, and are manoeuvred by a combination of deflection control surfaces and thrusters.
It should be noted, however, that owing to the nature of these vehicles, data communication between
the craft and the mother station, through the sea.
medium, is rather difficult. Thus, an AUV has to
be designed as an intelligent or at least as a selfsufficient system, which must be capable of operating and eventually improving its performances without any external supervision. For this purpose the
AUV on-board computer should carry out and integrate in real time a large number of complex functions, the most important of which are guidance and
control, automatic navigation, and specific task's.
The guidance and control t.ask is usually based on
a feedback-control strategy that, using the available

CONCLUDING REMARKS
Some recent applications of intelligent control
techniques in marine systems control have proved,
or are expected to produce, better performance in
comparison with more conventional control methods. This does not automatically imply that these
novel methods will substitute in the next future the
more conventional ones. In fact, for every new technology it takes usually some time to gain acceptance
in the marketplace. A more likely scenario for the
next years may foresee that these new control methods will integrate and complement, for a certain period, the more conventional ones.
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DESIGN OF SHELL PLATES MINIMIZING THE HEAT INPUT
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ABSTRACT
This paper presents a current research project
at Odense Steel Shipyard Ltd., Denmark. The research aims at approximating a doubly curved surface with a (developable) cylinder surface using a
new method for approximation. A ship's hull surface has patches of double curvature. The results
from the research will be used to analyse such areas
for producibility.
INTRODUCTION
The research project at Odense Steel Shipyard
Ltd., Denmark, is carried out in co-operation with
the Department of Mathematics, Technical University of Denmark and partly with the Institute for
Geometry, Vienna University of Technology, Austria. The objective of the project is to find new
mathematical methods for the design of hull shell
plates in the areas of double curvature. We will
describe the methods currently employed to fabricate doubly curved plates and outline some of the
drawbacks, one of which is a considerable input of
heating. A recent study by Lamb [4] concludes that
the problems generally occur in the shipbuilding industry.
Curved shell plates with single curvature (cylinders) are developable and hence can be fabricated
exactly. A doubly curved plate (e.g. saddle formed,

see Figure 1) is mathematically undevelopable and
all CAD systems use different approximation methods with reasonable success. It is not the global
shape of a plate that gives problems, since by using a jig (a mould) and several templates of shape
at different locations the overall shape can be controlled. The problem is in the boundaries of the
plate. This is due to the fact that with the available;
methods it is not possible to predict the boundary
curves of a plate accurately. A result of this lack
of accuracy results in gaps between the plates, and
since these gaps are first discovered in the final assembly process, the consequences are indeed severe.
In fabricating a doubly curved plate, the developed (plane) plate is at first, turned into a cylinder shaped single curved plate by rolling. Thereafter, the other curvature is obtained in two ways.
Whore the curvature is small, mechanical forces can
be used to deform the plate to the required shape.
Otherwise, a process of successive heating and cooling is applied at selected locations to shrink the
plate and therebj' obtaining the result.
This heating process is a much more difficult process to control than the rolling process. Therefore,
one of the objectives of the project is to find the developed shape with a prescribed roll-line such that
after the rolling process, the obtained cylinder surface, is as close as possible to the desired design
surface, thus minimizing the heat input. This approach will be described in the following section
together with an example showing the method.

Following this, we discuss an application of the
method. The method for approximation of ship
surface patches can be used to analyse the plate
Figure 1: A single curved plate (left) and a doubly layout for fabrication and suggest better alternacurved plate (right)
tives, and further reduce the use of heating.
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Figure 2: The ship patch (loft) and the projection
plane with the projected points and grid to construct the digital plane (right)
A P P R O X I M A T I O N OF SHIP PATCHES
In this section, we outline the approach for approximation of ship patches by cylinder surfaces.
For a more detailed description, the reader is refereed to the article by Randrup [7].
The metliod can be divided into four steps:
• Finding the Gaussian image.
• Determining the projection plane.
• Thinning of the projection.
• Construction of the cylinder surface.
The Gaussian image of a surface is the image
of the Gauss map. The Gauss map F is the map
from the surface M to the unit 2-sphere S2 which
at each point on M assigns the unit normal vector.
The Gaussian image of a cylinder surface is an arc
of a great circle on S2 [1].
We need a discrete version of the Gaussian image
which is independent of the parameterization of the
surface. This is obtained by calculating the normal
vector at points PL on the surface which are homogeneously distributed over the surface. From this
Gaussian image, we compute the best approximating arc of a great circle by the least squares method
minimizing the distance between the points F(P;)
on S'2 and the plane containing the arc.
The great circle containing this best approximating arc defines a unique plane; called the projection
plane. An orthogonal projection II of the given surface- onto this plane gives a small projected area.
The projection of the: surface is again discretized

using the points P,. Therefore the projected area
is a (planar) cloud of points IT(P;).
Using a least squares fir. we; compute the best
approximating curve of the points Yl(Pj). To bo
able to do this, we need a. reference curve for two
purposes: to measure the thickness of the projected
area so that the fitting is within a tolerance given i
by this thickness. Secondly, to determine an order
of the points II(Pj) for the fitting.
For the purpose of finding a reference curve, we
have used methods from the theory of thinning of
binary images [2, 8]. These methods can be used,
since we consider a grid structure on the projection
plane. Each square in this grid is associated with
the value 1 if the intersection between the square
and U(Pl) is non-empty. Otherwise the value 0 is
associated. This leads to a binary image. By thinning and trimming of the binary image, we are left
with a so-called reduced skeleton, which has preserved the shape of the point cloud, and we derive
the reference curve.
Finally, from the best, approximating curve c we
construct the following monorail representation of
a cylinder surface:
C{s,t)

=c{a)

+ t-n

f o r .s G / ,

where n is a normal vector of the projection plain1
and the parameter t is restricted by the boundaries
of the surface for each .s € /. An example, of the
method is shown on Figure 2 and 3.
To obtain a good approximation of a given surface by a cylinder surface the main conditions are:
• A good approximation of the Gaussian image
of the given surface, i.e. the arc has to lie well
within the Gaussian image.
• The projected area of the given surface has to
have a curve shape.
• The grid size of the digital plane has to bo
chosen carefully.
The method can be applied to scattered data
points. Given scattered points in 3-space, we1 can
estimate the normal vectors to these points, see. [3].
Thus our algorithm can also be used for reverse engineering of cylinder surfaces [9]. Furthermore, using line geometry the method can be extended to
other surface types as spiral surfaces [5] and helical
surfaces [6].

of a piece is a possible patch of the layout. The
patch is checked with the practical conditions and
the jig measure using a given tolerance. If the patch
is not satisfying, we divide once more the piece of
the Gaussian image belonging to this patch. This
is done with all patches and we end up with the
layout.
The region growing method is, in a way, opposite
to the splitting method. We consider a seed region
i?,o which is some small part of the ship hull and vise
it as starting point. In each step of the algorithm,
wo are given a region Ri which fulfils the practical
Figure 3: The projected points and the best apconditions and the jig measure. Then we grow the
proximating curve (left) and the cylinder approxiregion Ri to Ri+i and check again. If the region
mation (right)
Ri+i is rejected the algorithm stops and we use the
region JR4 as patch for the layout. Hereafter is a
new seed region chosen to find the next patch in
LAYOUT OF SHIP PATCHES
the layout.
Today the designer has no tools to make a raCONCLUSION
tional decision when choosing the layout of ship
patches from a ship hull. We will discuss two methAn outline of a novel approach of fitting a cylinods; splitting and region growing, which can be drical surface to a doubly curved surface is preused to find an optimal layout and, thereby, suggest sented. The usefulness of the method will be tried
an alternative arrangement of the patches. Both out in shipbuilding in the design of ship hull plates.
methods are trying to find a layout such that the
cylinder approximation is as close as possible to
the patch with respect to a measure and within References
some practical conditions. These include fabrica- [J] do Carmo, M.P.: Differential geometry of curves and
surfaces, Prentice-Hall, Inc, first edition, 1976.
tion conditions such as a patch has to be under
a certain maximum size and to fit with adjoining [2] Eckhardt, U. and Maderlechner, G.: Invariant thinning. Int. J. of Pattern Recognition and Artificial Insteel structures from inside the hull. Moreover we
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have to ensure that the final layout do not look like
[3]
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a "patchwork quilt" giving rise to objections from
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sachusetts, 1993.
To evaluate the approximation of a ship patch [1] Lamb, T.: Shell development computer aided lofting Is there a problem or not.?, Journal of Ship Production
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closely related to fabrication is based on the jig (the
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GETTING CORRECTLY SHAPED SPLINE CURVES AND SURFACES FROM INACCURATE INPUT POINTS
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accepted single method of specifying the shape of spatial
curves and surfaces. One of the methods is to analyze the
shape of the planar curves of intersection between the surface
a number of planes that are parallel to the planes x=0, y=0,
and z=0. Ship designers call them transverse sections (i.e. the
frames shown in Figure 5), buttocks and waterlines
respectively. They also employ diagonal planes defined as
az+by+c=0. Several current general purpose solid modeler
systems employ the same planar sectional curves to enable
the users to judge the shape of surfaces. Sectional curves will
also be employed in this paper to judge surface shapes.

ABSTRACT
It is sometimes required to compute a B spline curve or
surface from inaccurate input points, and such that
prescribed shape characteristics are achieved. Both a
proven theorem and a number of experiments show that
shape of highly curved parts of a curve is not corrupted by
small inaccuracies in the input point. Small errors can,
however, cause undesired wiggles in nearly flat parts of
the curve. These undesired wiggles may be avoided by
employing a sufficient small number of control points
n < 11
—

max

. The number of control points n must,
r

however, be sufficient large, i.e. n > nmm , to achieve the
required shape.
The employed n must be in the
applicable range n
<n< n
• This insight was
used for the calculation of a spline surface for a destroyer.
The spline was calculated such that the sum of squares of
the distances to the input points was minimized. The first
phase of our method is to determine experimentally the
applicable range of control point numbers for each one of
the transverse sectional curves given in the input points.
Different sectional curves needed different numbers of
control point. It was therefore necessary to divide the
surface into four different parts. In each surface part a
separate number of control points was employed. These
four different surfaces were G, connected to each other to
form one hull.

Figure 1. Example of the specification of the shape of a
planar curve
It is shown in [2] that the shape of uniform quadratic and
cubic planar B-splines curves that do not intersect themselves
is the same as the shape of their control polygon.

INTRODUCTION
The design of a body having a complex shape and
satisfying a number of different requirements is a difficult
task. Consider for example the construction of a B spline
representation the surface of a ship hull such that a
number of hydrostatic, hydrodynamic, aesthetics, and
ease of manufacturing requirements are satisfied. The
locations of the control points are usually determined by a
trial and error process, which typically lasts several
weeks. A possible way to shorten this process is to exploit
known relationships between the locations of the control
points and the requirements. In this paper we investigate
relationships between the control points and the shape of
the designed body.

Figure 2. A convex control polygon and the corresponding
convex spline
The example in Figure 2. Shows a convex control polygon
and the corresponding convex spline curve. It is assumed
that control polygons that intersect themselves are avoided.

In computer graphics the shape of a planar curve is
defined as a specification of its convexity/concavity
properties. We employ +,- and 0 to denote a convex,
concave and straight line segment respectively. For the
example shown in Figure 1 ,the shape is characterized as
+-+-0. Further shape characterizations such as fairness
[1], are not discussed in this paper. There is no widely

The locations of the control points of a spline are often
computed from a given number spline points Q., 1 = 1..n,
which will be called input points. The coordinates of these
input points are often measured on a drawing, and may
therefore contain measurement errors e,, i=l..n. The

516

relationship between the input points and
corresponding accurate unknown spline points
i=l..n, is expressed by:

the control points can therefore reduce the distance hs from Px
to the line connecting Px_, and Ps. l by up to 2e. Let us denote
by m the number of spline points that can influence the
location of these three control points. The distance hxmt is
thus (Figure 3)

the
Qt,

EFFECT OF THE INACCURACIES
We investigate whether the spline computed from the
given inaccurate input points has the same shape as the
spline computed from the unknown accurate spline points
Qj. It is assumed that the spline is a uniform quadratic or
cubic B-spIine. A spline point Q(t) is computed by the
equation (2).
In the analysis we consider all triplets of three
consecutive control points, which will be denoted Px.!: Px,
Ps.j. For such a triplet we consider the distance hx
between Px and the straight line connecting Px., and Px,,.
This is illustrated in Figure 3.
Definitions: A part of a curve is said to be nearly flat
when hs=8 for all the triplets of consecutive control
points in the part. A part of a curve is said to be quite
curved when h s » 8 for all its control point triplets. These
definitions assumes that the distance between consecutive
control points is reasonably large, i.e. |P r / 3 ,. / ]>>5.

Figure 3. Errors that are so small that they cannot change the
shape
An intuitive explanation of the theorem is that the nature of
splines is to produce a smooth curve. This effect is sufficient
to outsmooth small errors. Figure 4 case CS shows that a
small error e in an input point in the middle of a quite curved
curve don't corrupt the shape, which remains convex. A solid
line shows the required curve, while dashed line shows the
one computed from inaccurate input point. Case CL is a quite
curved curve whose shape is corrupted by a large error e in
an input point in the middle of the curve. Case FS is a nearly
flat curve whose shape is changed from convex to concave by
a small error in an input point in its middle. If we assume that
the errors are small, we discard case CL. The remaining
problem is case FS. Fig. 4 has one inaccurate input point.
Several such points may cause several wiggles.

Theorem: The shape of a part of a spline curve that is
quite curved, and that is computed from inaccurate input
points, is identical to the shape of the corresponding part
of spline that is calculated from the accurate spline points.
This means that small inaccuracies in the input points will
not distort the shape of quite curved segments, but may
produce undesired wiggles in nearly flat segments.
Proof.: Assume that one control point Ps of the accurate
spline is moved to a new location, while the remaining
control points remain in their place. We consider a
particular input point Qr. This point will move to a new
location that may be computed by a function
Q/P.J, that is derived from the spline equation:
I-I)

(2)

It can be shown that this function is continuos. There
exist therefore an inverse function Ps(Qr) that is continuos
within its definition bounds. Following Kantor's theorem
it will be equally bounded within a closed bounded
interval. Assuming that

then there exist an e(8), such that

Moving Qr causes also Ps.t and Ps.t to move. These
movements are also bounded by 8. These movements of

Figure 4 Shape modifications due an inaccurate input point in
the middle of a curve.
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Rule of thumb: A rough method to estimate when
superfluous wiggles are expected, is to select the flattest part
of the curve, and compute on it the largest distance between
the curve and the cord. If the error in the input points is larger
than this distance, the curve may flip to the other side of the
chord and thus change its shape.
To demonstrate the rule we consider the above example of a
sine function given by eleven input points. Sine is flattest at

From the theorem that the shape of the spline equals the
shape of the control polygon [2], it may be deduced that
the number of control points is an upper bound for the
number of possible wiggles. Employing few control
points may reduce the possibility for wiggles in nearly flat
parts. The number of control points must, however, be
large enough to be able to achieve the required shape.
EXPERIMENTAL EVALUATION
A number of experiments were made in order to get a
feeling for how small must the error be in order not to
corrupt the shape of the curve. Since the goal is to
produce curves with the right shape we decided to
improve the error smoothing by computing the spline
using the least squares criterion. All the experiments
employed uniform cubic B splines.

0<x<7r/10

The distance at the midpoint of this interval ( X=(K/10)/2 )
from the sin curve to the cord connecting sin 0 and sine nl\ 0 :
7T/10

sin-

2

= 0.02

(10)

Destroyer experiment: The following experiments were
made with a German destroyer whose y,j values for
x,=-1,-0.95, -0.9,-0.8,-0.7,. ..0.8, 0.9 0.95, 1.0.
are given in a table in [3], The largest ordinate in this table is
given with four digits as 0.3333. It may therefore be assumed
that the errors in these y ordinates are of the order of 0.0001,
i.e. 1/3333=0.0003 of the largest ordinate. This error is much
smaller than the 0.01 max_error that caused wiggles in the
sine experiment. The ship has, however, several flat regions,
which caused problems. A special method was therefore
developed to overcome these difficulties[4]. The first phase
regarded the curves of intersection between the hull of the
ship and the planes x=-l, -0.95,..., which correspond to the
different columns in the above mentioned y,j table. The spline
approximation to theses curves are shown in Figure 5.

(6)

n-\
where n is the number of inaccurate input points and d, is
the difference between the y ordinate of the i"1 input point
and the ordinate of the corresponding spline point.
Experiment employing the input points (x;,yj):
>', = sin x, + error;

2

+ sin7r/10

Errors of the order of 0.02 are expected by our rule to cause
unwanted wiggles. 0.02 is close to max_error=0.01 which
caused superfluous wiggles on the sine approximation.

Criteria for considering a spline satisfactory
1. The spline has the required shape
2. The standard deviation s between the input points and
the spline is less than 8=0.01 of the maximal ordinate
of the curve.The standard deviation s computed as

.v =

(9)

(7)

X, = 0.0,0. Iff, 0.27T,..., 0.971,1.071
m a x _ e / r o r = 0.1, 0.01, 0.001, 0.0001
Where error, is a random number such that
error; < max__ error

(8)

For the 11 available input points eight different cubic
splines where computed using4, 5, ...,11 control points.
Results:
max error=0.1 : No satisfactory spline by above criteria.
max error=0.01: only three satisfactory splines
max error=0.001 and 0.0001 .All splines are satisfactory.
These results are in accordance with theorem. For
I error l< 0.001 no wiggles appeared even with the
maximum possible number of control points. In the
border case of max_error=0.01, the quite large errors have
some effect. Only splines having 7,8 and 9 control points
were satisfactory. For 4, 5 and 6 control point the shape
was correct, but the deviations from the input points were
somewhat too high. For 10 and 11 control points the
spline had superfluous wiggles. Based on these
observations we suggest:

Figure 5 Curves of intersection between the spline surface of
the destroyer and x=constant planes
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The transverse sections for which

-\<x<

-0.85

parameterization. Usually the later parameterization gave
slightly better results.

(11)

,i.e. the stern of the ship, are basically convex curves, but
they have two nearly flat parts at their two ends (Figure
5). Attempts were made with 4,5,6,7 and 8 control points.
Correct shape was only achieved with 4 points. For larger
numbers of control points undesired wiggles were
produced. Similar problems occurred in further three parts
of the hull. The results are summarized in Table 1, which
for every part shows the number of control point that
produced applicable results and the number of control
points we decided to employ. Applicable means that the
spline satisfied the two criteria formulated earlier in this
paper.

CONCLUSIONS
Both the proved theorem and the experiments demonstrate
that the combination of nearly flat curve parts and inaccurate
input points can cause undesired wiggles in a computed
spline approximation. Employing a smaller number of control
points can reduce the possibility for wiggles. Different
sectional curves through a spatial surface having different
shape characteristics may therefore require different numbers
of control points. A surface fitting process that meets this
situation is suggested in this paper. In the first phase of this
process the applicable numbers of control points is
determined for the different transverse sectional curves. This
information is used to divide the surface into a number of
different surfaces, such that in each one of these surfaces the
same numbers of control points is employed in all its
transvese sectional curve. The splines are calculated to
achieve a least squares approximation to the inaccurate input
points, and such that the separate surfaces are Co or G;
connected. The destroyer case demonstrated the feasibility of
the approach.

Applicable
Employed
4
4
-l<x<-0.85
6
5,6
-0.85<x<-0.2
5
5
-0.2<x<0.5
5,6,7,8
6
0.5<x<1.0
Table 1. Number of control points that produced
applicable sectional curves together with the number,
which was employed.
In the following stage of our process each one of the four
surfaces specified in table 1 was approximated with a B
spline with two parameters
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Abstract
The main objective of ground vehicle suspension
.systems is to isolate a vehicle body (sprung mass)
from road irregularities in order to maximize passenger ride comfort and produce continuous roadwheel contact in order to provide vehicle holding quality. An appropriate active suspension design must resolve the inherent tradeoffs between
ride comfort, road holding quality, and suspension travel. In this study, a robust controller
for the active suspension of an off-road, highmobility tracked vehicle is designed using Quantitative Feedback Theory (QFT). A simulation
model of a single suspension unit of the M-113
armored personnel carrier vehicle was used to get
a proper active suspension design. Two measured
states of the 3 degrees-of-freedom mathematical
model were used as feedback signals in a cascaded
SISO control system. The nonlinear dynamics
of the tracked vehicle suspension unit was represented as a set of linear time invariant (LTI)
transfer functions which were identified with the
Fourier integral method. Computer simulations
of the vehicle with passive and active suspension systems over different terrain profiles are provided. Significant reduction of the vertical accelerations induced to the sprung mass (e.g., ride
comfort improvement) was achieved while keeping the road-arm between suspension travel limits
(e.g., handling quality).

1

Introduction

The main objective of ground vehicle suspension systems is to isolate a vehicle body (sprung
mass) from road irregularities in order to maximize passenger ride comfort and produce continuous road-wheel contact in order to provide
vehicle holding quality. It has been recognized
that in passive suspension systems design using springs and dampers, there is a conflict between these objectives and the required suspension travel. Large suspension travel is needed to
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decrease the vertical acceleration of the vehicle
body, but it. increases the probability of mechanical bump-stops (e.g. suspension travel limits) hitting. This causes huge vertical acceleration of the
vehicle body and, therefore, lower ride quality.
An appropriate active suspension design must resolve the inherent tradeoffs between ride comfort,
road holding quality, and suspension travel. Controlled suspensions in different forms have been
considered for long time: linear optimal control;
modal analysis; pole placement; design of experiments or simulation, using dynamics computer
model; bond-graph modeling: nonlinear control:
neural networks; fuzzy logic and others [1, 8]. The
present paper will focus on the question of the extent to which robust linear control is suitable to
the inherently non-linear active suspension control problem. The investigation is conducted by
applying Quantitative Feedback Theory (QFT)
to the design of a cascaded robust controller for
the active suspension of an off-road, high-mobility
tracked vehicle. A model of a single suspension
unit of the M-113 armored personnel carrier vehicle was used to get a proper active suspension
design. Two measured states of the 3 degrees-offreedom mathematical model were used as feedback signals in a cascaded SISO control system.
The nonlinear dynamics of the tracked vehicle
suspension unit is represented as a set of linear
time invariant (LTI) transfer functions [6], which
were identified with the Fourier integral method
or Correlation method, see [10, 14]. Section 2 describes the suspension mathematical model. The
linear transfer function identification techniques
are presented in Section 3. The control design is
described in Section 4. The results and conclusions are reported in Section 5.

2

Suspension model

The physical model used in this work is one standalone suspension unit of an M-113 armored personnel carrier vehicle, for which detailed physical
data were taken from the literature [2, 12]. The

P1(s} Bode diagram

Figure 1: Model of single wheel suspension station, where l=vehicle body; 2=linear damper;
3=:road-arm; Jt=wheel; 5=torsion spring; 6—mechanical bump-stop; and 7—bzimp-stop that models track-ivheel interaction.
3 degrees-of-freedom model is depicted in Fig. 1.
The mathematical model of the single-wheel station represents the dynamic behavior of the vehicle over rough terrain. The central body (sprung
mass) is allowed to have horizontal (x\) and vertical (2:2) motion while the wheel that is attached
to the central body by the road-arm can move
freely between two mechanical bump-stops with
respect to ground and the sprung mass (#3). The
equations of motion are derived from the solution
of the Lagrange equation. Forces and moments
were applied to the physical model (see Fig. 1)
and were translated to generalized forces as follows:
Fxw,Fyw = soil-wheel interaction forces, acting
on the wheel in its center in horizontal and
vertical directions, respectively;

Figure 2: Identified Pi(s).
written as Fortran code and compiled into FMEX
S-functions [9].

3

Linearization of the model

Quantitative Feedback Theory allows for the design of feedback control systems with nonlinear
uncertain plants [4, 5, 6, 7, 11], whereby the uncertain nonlinear plant is replaced by a set of LTI
transfer functions with respect to a set of chosen
system responses.
In this study we decided to linearize the plant
with respect to its harmonic responses, since
rough terrain often has a dominant spectral component. The non-linear model was excited by a
sinusoidal input, and the frequency function from
the input to the first harmonic of an output, having the same frequency as the input, was computed with the Fourier Integral method, [10, 14].
The resulting frequency functions can be seen as
Generalized Describing Functions [13].
Note that the identification simulations were
performed over a set of frequencies and different input amplitudes but it was assumed that
the non-linear model had known coefficients. The
identified frequency function uncertainty is thus
due to the non-linearity. Equally uncertain parameter values (e.g., within intervals) could also
have been assumed, yielding a larger frequency
function uncertainty.
In fact, the simulation runs for the identification had to be done in a closed loop, since the
suspension model is unstable with zero damping,
i.e., spring Tj. = 0 and damper Fj — 0 in Fig. 1.
Therefore the inner loop in Fig. 4 was closed with
a PID controller:

Fv = driving force, applied by the spring-damper
model;
Fbska — mechanical bump stop force, which is
produced while road-arm hits the bumpstop;
Mb$kc — torque, which models the interaction
between the track and the road-arm.
Notice that passive torsion spring force Tk and
linear damper force I'\i are not present in this
study.
The soil-wheel interaction is simulated by the
radial-spring model, which is expanded to a radial Kelvin model [2, 12], in order to include a soil
damping and rolling resistance effect. The equations of motion, generalized forces, and soil-wheel
interaction model were formulated with the Matlab Simulink Toolbox; the complex parts were

G2{s) = 5000 + - + 850s
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(1)

P2(s) Bode diagram

Figure 4: Cascaded SISO structure used in QFT
design.
Figure 3: Identified P2{s).
The transfer functions
Hi(s) =

G3(s)P3{s)
+ G2(s)P2(s)

(2)

and

The robust control problem is defined as the
problem of finding two feedback compensators
G'i(s), ^2(5), such that the closed loop specifications are satisfied for all plant cases. The design
was done with the QSYN Toolbox for Matlab [3].
The design process included the following steps:

(3)

1. definition of specifications for the outer loop
design, in form of reference step response
specification and output disturbance rejection specification;

were identified, from which P\(s) and /^(s)were
computed. The Bode diagrams of Pi (s) and
are found in Figs. 2 and 3, respectively.

4

2. presentation of the identified transfer functions as value sets;

Control design

3. calculation of Horowitz bounds;

As is shown in Fig. 1, the actuator torque is applied directly to the second derivative of one of
the states — Xs(t). The effect of the applied
torque on the vertical acceleration of the vehicle body y(t) is "filtered" by the dynamics of the
whole system. Since Xs(t) and y(t) are measured,
we propose a cascaded control system as shown
in Fig. 4, where:
• the inner loop control is designed to solve a
servo problem with £3 as the feedback signal;

4. design of the outer feedback compensator
Gi(a);
5. calculation of the inner loop bounds;
6. design of the inner loop feedback compensator (?2(s)'>
7. calculation of the inner closed loop transfer
function value sets, and redesign of the outer
loop controller with the designed inner closed
loop taken into account;

• the main aim of outer loop with the vertical acceleration y as a feedback signal is to
reject disturbances and keep a constant zero
reference.

8. check the outer closed loop frequency response versus specifications in the frequency
domain;

• the plant P\{s) represents the uncertain linear transfer function from the road-arm angle X3(t) to vertical acceleration of the central body y(t);

9. check the design by simulation in the time
domain.

• the plant Pz(s) represents the uncertain linear transfer function from actuator force
Fu(t) to x3(t);

5

Results and conclusions

The resulting robust linear controller in the outer
loop is:

• the disturbances represent soil-wheel interaction forces Fxw and Fyw, bump-stop force
FiSkai a n d track effect Mtskc-

fi i \ _
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Figure 7: Simulink model of cascaded SISO system
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Figure 8: Vertical acceleration of the vehicle body
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and for the inner loop:

The nominal outer plant Pinom(s) and the designed nominal open loop Gi(s)P lnom (s) are displayed in a Nichols chart together with the
Horowitz bounds in Fig. 5. Fig. 6 illustrates
the nominal inner plant P2nom(«) and the designed nominal inner open loop G2(s)P2nom(s)
in a Nichols chart together with some Horowitz
bounds. Notice that an integrator is included
in the inner loop controller but not in the outer
loop. The designed cascaded SISO loop was programmed in Matlab Simulink, as shown in Fig. 7.
The actuator saturation is —0.15 -r- 0.4 [rad].
Some simulation results are presented for comparison of the performance of vehicle models with
controlled and passive suspension systems. The
ground profile for the comparison is the commonly used profile of three half-circular bumps
with diameters of 0.1, 0.2, and 0.3 meter at distances of 10, 30, and 70 meters, respectively.
523

The vehicle performance is represented by graphs
for the vertical accelerations and angles of the
road-arm, in Figures 8 and 9, respectively. The
simulated forward speed of the vehicle was 10
m/sec. It is clearly shown in the graphs that active suspension provides significant improvement
of ride quality, represented by a 50% reduction of
the vehicle body vertical acceleration peaks and
RMS value. This reduction is a result of keeping
the road-arm between the mechanical bump-stops
and avoiding hitting the bump-stop, as prescribed
by the road-arm reference signal generated by
the outer loop. The designed active suspension
system improves cross-country mobility without
need of state estimation, due to use of two states
that are measurable with available sensor technologies.
Further development may proceed in different
directions. One option is to supplement the robust controllers with non-linear control elements
(in algorithmic form), in order to further decrease
the vertical acceleration of the body. One could,
e.g., mimic springs with variable damping. Another option would focus on the the linear identification and QFT control design to a half-vehicle
model of 18 degrees-of-freedom, 3 of them belonging to the central body and 5 degrees-of-freedom
to each suspension unit.

Angle of the road-ar
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Comparison between Two Tracked Vehicle Simulation Programs
(REKEM and DADS)
by
Dror Rubinstein
Faculty of Agricultural Engineering
Technion - Israel Institute of Technology
Haifa 32000
Israel
computers have become increasingly powerful,
multibody programs have become a popular means
to simulate the dynamic behavior of vehicles [3].
Available 2-D special-purpose programs for
off-road vehicles, such as VEHDYN I and II [4],
are time-efficient, but include over-simplified
assumptions (such as constant forward velocity)
and are not designed for detailed analysis of the
suspension system. The multibody codes are much
more powerful programs. However, most of them
are oriented to road vehicle simulation [2, 5], and
are not suitable for track vehicle design. The
DADS and ADAMS programs are currently the
most widely used multibody codes [5]. Some
advantages and disadvantages of the specialized and
the multibody codes for vehicle modeling
applications are summarized by Kortum and Sharp
[2]:
1. A generality inherent in multibody programs
may result in less computationally efficient
simulation when compared to models
developed for specific vehicle configurations.
2. The general purpose multibody program
requires more qualified personnel and a
stronger computer than the specialized vehicle
simulation programs.
3. Most existing specialized vehicle simulation
programs provide only simplified suspension
kinematics, while the
general-purpose
multibody codes can simulate suspension
systems that involve complex kinematic
relationships.
Some of the soil-wheel and soil-wheel-track
interaction models were reviewed by Burt [6]. The
present survey includes some of the empirical and
semi-empirical soil-wheel models, as well as
models based on constitutive relations. The radial
spring model is widely used in simulation
programs [1, 4, 7, 8], in order to represent the
soil-wheel interaction. The REKEM program [1]
is a special-purpose code based on a twodimensional simulation model that was derived by
Lagrange equations. It is suitable for various highmobility track vehicles, particularly modern tanks.
The purpose of the present study is to present
an upgraded version of a design-oriented
simulation program, REKEM, and to compare its
performance with the DADS (Dynamic Analysis
and Design System) multibody program [9].

SUMMARY
The paper presents a special-purpose program,
REKEM, based on a two-dimensional simulation
model that was derived by Lagrange equations. The
model includes the detailed design and features of
all suspension components, track tension, soiltrack interaction, rolling resistance, and soil
energy dissipation. In comparison, a commercial
general spatial multibody program, DADS, may
be compatible for track vehicle simulation when
the built-in elements for the suspension system
are used. The advantages of the REKEM program
are its simplicity, open structure, and limited
hardware needs. Since a minimum set of equations
is used, the program is less sensitive to numerical
problems. DADS is a powerful program, which
requires much more qualified personal to operate.
Its main power is the 3-D capacity and solid-body
graphical presentation. A comparison and analysis
of the ride simulations of the two programs are
presented. The M113 armored carrier was selected
for forward-riding and backward-riding analysis. A
reasonable results fitting was obtained for forward
riding simulation.

INTRODUCTION
Modern track vehicle systems are costly and
highly sophisticated, and so are their field tests.
For proper design of a modern track vehicle, it is
necessary to use a simulation program that
represents the suspension units and allows the
analysis of their performance prior to their final
design and field testing. During the last decade,
many simulation programs have been developed or
adapted for this purpose. However, the physical
models, especially for track vehicles, still need
improvement [1]. Integration of new suspension
systems in track vehicles has been accompanied by
difficulties
resulting
from
operational
requirements, space limitations, and energy
dissipation problems. Hence the need for a designoriented simulation program that correctly
represents the suspension components and allows
analysis of their expected field performance.
Vehicle simulation programs are divided into
two categories: the first consists of specialpurpose codes and the second is composed of
multibody programs [2]. Special-purpose codes
have a specific structure and each covers a single
class of vehicles only. Usually, these codes are
two dimensional. Multibody codes are usually
spatial and cover a wide variety of vehicles. As
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coordinates, which are the Euler parameters eg, e j ,
e
2 ' e 3 [10]- The l° c a l ; i o n ar>d the orientation of
each body is obtained by seven generalized
coordinates. These coordinates are not independent.
Each joint reduces the actual degree of freedom of
the system. Mathematically, the use of joints
creates constraint equations. In total, a mix of
n+m differential and algebraic equations should be
solved simultaneously in each time step. The
same model is solved by REKEM using n-tn
differential equations.

A BRIEF DESCRIPTION OF REKEM
A track vehicle is characterized by a relatively
heavy central body, carried by a system of
relatively light-weight road-arms and wheels. The
road-arms are coplanar and are directly connected to
the central body. Hence, REKEM was built with
some simplification of track modeling; 2-D
motion of a track vehicle with n road-arms can be
fully described by a set of n+3 degrees of freedom:
3 degrees of freedom of the central body and n
degrees of freedom of the road-arm and wheel
stations.
The motion of the vehicle and its suspension
components are described by three different frames
of reference:
X,Y
- a fixed, global frame of reference;
x c ,y c - a frame of reference attached to the
central body of the vehicle;
x^y1 - a frame of reference attached to each
road-arm/wheel station i.
A minimal set of equations of motion can be
derived by Lagrange formulation in its classical
form:

dt^BqiJ

3q;

3q,

Track superelement
The model of interaction between the track
and the soil is represented in DADS by the track
superelement.
This
element
has
some
consideration in track length, width, and thickness,
geometry of the road-wheel sprocket and idler, and
stiffness and damping characteristics of suspension
elements. The track-soil model proposed by
Bekker is based on the stress-displacement
relationship for a single application of load to the
soil [8], The normal direction of the pressuresinkage relationship is:

(1)

(2)

P=

where:
T = kinetic energy;
U = potential energy;
q; = generalized coordinate i;
Qj = generalized force i.
The kinematics of a track vehicle is now fully
described by n+3 degrees of freedom, each of
which is represented by a generalized coordinate qj.
The first and second coordinates are of the
horizontal and vertical displacements of the central
body, respectively, and the third is its pitch angle.
The other n generalized coordinates are angles
between the road-arms and the central body.

The shear stress-displacement relation is obtained
as follows:

ptan(j))(l- - A / k )

(3)

where:
p = pressure ; Z = sinkage; b = track width; x =
shear stress; A = shear displacement; c = cohesion
; (j> = angle of internal friction; k c , It*, n empirically determined constants.
It seems that the track model has an effect beneath
the road-wheel and there is no influence of the
track elements between the wheels. These
elements support the vehicle while crossing
obstacles and are important for smoother riding. In
many cases the lack of the track elements does not
much affect the accuracy of the simulation results.
However, in some cases it may cause significant
error in the simulation results. This issue is
demonstrated in the case study. The track
superelement of DADS is limited in terms of the
suspension components. These components fit a
certain class of track vehicle only.

Generalized Forces
Modern track vehicle suspension includes various
mechanisms, as well as hydraulic and pneumatic
components
with
nonlinear
characteristics
converted into generalized forces.
The external generalized forces are those
obtained throughout a certain model of soil-vehicle
interaction. The selection of a proper soil-vehicle
interaction model is an important part of any offroad vehicle simulation. The soil-wheel model of
the present study includes three types of external
forces: ground forces, track forces, and driving
force. The general-type ground shape may be
described by a set of data points, which define
ground profile segments [5]. Different soil
properties can be utilized for each ground segment.

CASE STUDY
The Ml 13 armored carrier vehicle was selected
for examination of the simulation results. The
road-arms of the Ml 13 are relatively parallel. Each
road-arm is attached by a torsional rod to the
chassis, and there is translational damper between
the road-arm and the chassis. Schematic
description of a road-arm attached to the chassis is
provided in Fig. 1. While riding over an obstacle,
the road arm/wheel may receive a blow. The

A BRIEF DESCRIPTION OF DADS
The DADS model consists of rigid bodies
which are may linked to one another by joints.
The location of the mass center of each body is
described by three translational coordinates. The
orientation of each body is calculated by four
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lack of tire elements between the wheels in
DADS model. When the vehicle gets out
ditch, the REKEM simulation shows that
sprocket hits the ground again. This is
consistent with the DADS result

impact moves the wheel toward the chassis. The
suspension components (torsional rod and damper)
restrain the relative motion of the road-arm and
reduce the force exerted on the chassis. When the
force of the impact is very high, the relative
motion is halted by the bumper. In the case of
backward riding, the impact between a road wheel
and an obstacle causes the road-arm to turn in the
opposite direction. The relative motion is
restrained by the suspension components as well
as by the weight of the vehicle. Greater force is
exerted on the chassis than in the case of forward
riding. The backward analysis can be used to
demonstrate the behavior of the program in the
case of a different type of suspension.

the
the
the
not

Fig. 1. Schematic description of a road-arm
attached to the chassis
Two types of test courses are used for the
simulation. The first course (course #1) is a ditch
of 20 cm depth and 5 m length . The second
course (course #2) is a 30 cm step. Description of
the courses is provided in Fig. 2.

Fig. 3. Animated pictures of REKEM simulation
of riding on course #1, forward velocity 10 m/sec

Course #1 -Ditch

Course #2 - Step

Fig. 2. Description of the three types of courses

Forward Velocity
The comparison between REKEM and DADS
when riding on course #1 was conducted for
forward velocities of 10 m/sec. Animated pictures
of REKEM and DADS are provided in Figs. 3 and
4, respectively.
A comparison between REKEM and DADS
regarding mass center vertical accelerations under
severe ride conditions on course #1 is shown in
Fig. 5. In this case the velocity is 10 m/sec.
While entering into the ditch, the sprocket hit the
ground. Until this point, both programs show
quite similar results (the first acceleration peak of
REKEM is about 5 g and of DADS is about 4.8
g). Beyond this point, the simulation results of
the acceleration obtained by DADS are higher than
in REKEM. Furthermore, the DADS simulation
results are quite noisy; there are several significant
peaks due to high frequency phenomena. As noted
earlier, this phenomena can be explained by the

Fig. 4. Animated pictures of DADS simulation of
riding on course #1, forward velocity 10 m/sec
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used, the program is less sensitive to numerical
problems that arise in severe ride conditions.
DADS is a powerful program, which requires
much more qualified personnel for operation. Its
main power is the 3-D capacity and solid-body
graphical presentation. The use of a maximum set
of equations of motion, which increase the
computation time, causes numerical problems in
some severe ride conditions.
To compare the ride simulations of the two
programs, the Ml 13 armored carrier and three
types of test courses were selected for forward
riding and backward riding analysis. DADS was
characterized by noisy simulation results and
higher acceleration peaks than calculated by
REKEM. The simulation results of forward riding
obtained by the both programs are reasonable. In
some cases, the simulation results of REKEM and
DADS in backward riding analysis disagree. The
backward riding analysis is more sensitive to the
absence of a proper track model, and this results in
a greater difference in the results of the backward
riding simulation.

Fig. 5. Comparison of the mass center vertical
acceleration of REKEM and DADS, riding on
course #1, forward velocity 10 m/sec

Backward Velocity
For a given course and velocity, higher forces
are exerted on the Ml 13 chassis in backward riding
than in forward riding. Backward riding on course
#1 at 10 m/sec represents an extremely severe
condition, as indicated by the simulation of both
programs. The vehicle turns over while climbing
back to the ground surface from the ditch. The lack
of a real track element in DADS yields
unacceptable results when reducing the backward
velocity.
The idler of the Ml 13 is located just above
the height of the step in course #3. When the rear
side of the vehicle approaches the step, the first
contact point occurs between the step and the
track. Then the vehicle starts to climb on the step
while lying on the contact point. In the DADS
model, the first contact point occurs between the
rear road-wheel and the step. Since the vehicle has
no point to lay on, it can't climb the step and the
simulation run halts due to numerical error. It
should be noted that the same simulation was
successfully terminated in forward analysis.
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MODELLING SPECIFIC VOLUME AND WATER RETENTION OF SHRINKAGE CRACKS
V.Y. Chertkov* and I. Ravina
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cracks (or close to them) starting from the walls of vertical
cracks. We assume that, on the average, the distribution of
volume (and width) of horizontal cracks is similar for any
vertical profile.
Linear shrinkage, e0 (z) of the soil matrix at a depth z

Abstract
The objectives of the work are first to model the
distribution of specific crack volume in a swelling soil
according to width of contributing cracks and then to
determine the water retention curve of the capillary cracks.
Volume of vertical cracks is calculated from the water
content profile and the soil's shrinkage curve. Horizontal
cracks are considered to be ruptures in the stretched soil
layers of the drying walls of vertical cracks. Specific crack
volume as a function of soil depth and crack width is
determined by contributions of vertical and horizontal
cracks. This function and a relation between width of
capillary cracks and the corresponding suction enable to get
the water retention curve of a crack network. Predictions of
crack volume were compared, separately for vertical and for
horizontal cracks, with data from five published works.
Satisfactory agreement was found. The results are needed
for modelling the tortuosity of the water filled part of a
crack network and its hydraulic conductivity.

is connected with surface shrinkage, S\z). Linear vertical
shrinkage at a point on the wall of a vertical crack, e{z, h)
depends on the crack depth, h and the depth of the point on
the wall, z < h . At crack walls <s(z,h) > s0 (z) . Below the
crack tip (z > h) the linear shrinkage coincides with sQ (z) .
We define the value, AS(z,h)

AS(z,h) =

z<h < z

m

(1)

h<z<z

m

as the potential relative subsidence at depth z of a vertical
profile containing a vertical crack of depth h. The value

Introduction
Cracks in swelling soils form preferential pathways for
water flow. An important characteristic of crack network is
the specific crack volume (per unit soil volume for a given
water content profile of the soil matrix). We propose a
model of specific volume of cracks, as a function of their
maximum width, and local retention curve of capillary
cracking. Contributions of vertical and horizontal cracks to
the specific crack volume are considered separately. The
contribution of inclined cracks is neglected.

AS(z, h) at depth z, averaged on all depths h of vertical
cracks, z < h < z m , AS(z) will be defined as the mean
potential relative subsidence (MPRS)
z

()

I

AS(z,h)R(z,h)dL(h)

(2)

where functions<?(z),L(h), and R(z,h) determine the
weight factor in the averaging.
Experimental data [6, 7] allow the following
approximation of the linear shrinkage at the crack wall

Contribution of Vertical Cracks
According to a basic model, [1], the knowledge of the
maximum crack depth, z m , the thickness of an upper
intensive-cracking layer, z Q , and the variation with depth

0 (o),

,(z"),

0<z'<R(0,h)
R(0,h)<z'<h

(3)

where the relation between points z' and z " is determined
by the condition

of the horizontal surface shrinkage, S\z) (from the water
content profile and the shrinkage curve of the soil matrix)
allows to find in succession the average spacing between
crack intersections with a straight line, d(z), the mean
specific length of crack traces per unit area of a horizontal
cross-section, L(z), width of vertical cracks at a depth z,
R(z,h) (where h is crack-tip depth, h > z), the cumulative
specific volume of vertical cracks at depth z (for cracks of

(z' - R(o, h))/(h - R(o, h)) = z"/h

(4)

(R(p,h)<z' < h and 0 < z " < h ) .
The total specific width of the horizontal ruptures on the
walls of vertical cracks (per unit length of vertical profile)
is equal to [- dAs(z)/dz ]. Considering all vertical profiles
to be similar, the total specific volume of the horizontal
cracks, Vh (z) is equal to the total specific width of the

depths < h), V c v (z,h), and the total specific volume of
vertical cracks at depth z, V (z) = V cv z, z

h/
x
|hr(z',h)-£- (z')ldz',

I. The

horizontal ruptures

model [1] was verified by using experimental data on crack
volume of [2-5]. Agreement between the model predictions
and the data was good.

dAS(z)
-(l-S(z)),
dz

if
if

Contribution of Horizontal Cracks
We assume that thin layers of drying soil along
vertical-crack walls tend to contract but the moist soil
matrix hinders it. This causes development of horizontal

dAS(z)
_dz
dAS(z)

<0

(5)
>0

dz
The multiplier, 1 - ^(z) excludes from the total volume
"Vu(z) a volume at the intersections with vertical cracks,
529

that is included already in their volume. Replacement of

4.The specific volume of horizontal cracks has a broad
maximum in the layer, 0 < z < z s (Fig. 1).

(l - S{z)) by d(z) in Eq.(5) gives an expression for the
mean width of horizontal cracks at a depth z, R* (z).
two lysimeter experiments [5] to estimate MPRS, AS(z),

Specific Crack Volume
It is necessary to do additional transformations of the
specific volumes of vertical and horizontal cracks. The

the total specific volume, V, (z) and mean width, R, (z)

functions R(z,h) and

of horizontal cracks as functions of soil depth. In the field
[2-4] the thickness of the shrinkage layer, z s was measured
by a flexible wire of thickness, D to be equal to 1.5, 2 and
3mm in [3], [4] and [2], respectively. A linear
approximation for the dependence of €o on z is used in the
micro-shrinkage depth range, z s < z < z
m

cumulative specific volume of vertical cracks, V<?v as a

We used data collected from seventeen field [2-4] and

z

-z

- z
m
m
s
where e0 (z s ) is connected with

[I], determine the

function of the maximum crack width, R (for a given z)
Vc°v (z, R) S V CV (Z, h(z, R)),

0 < R <R m v (z)

(7)

where the maximum width of vertical cracks (at depth z),
R m v ( z ) = R(Z, z m j . The total specific volume of vertical
cracks at depth z is Vtcv°v(z.R
( z ) U V (z) , [1]. The
\
mv v V
v

(6)

z

V c v (z,h),

ratio V ° v ( z , R ' ) / v v ( z ) for 0 < R ' < R m v ( z ) gives the
normalized cumulative distribution of the specific volume
of vertical cracks at depth z according to the maximum
crack width, R' (Fig.2, curve 2).
We are also interested in the cumulative specific volume

These estimates together with data on subsidence at the
soil surface [8], the dependence of specific volume of
vertical cracks on soil depth [1], and some qualitative
physical considerations lead to the following results:
1. At the soil surface, the estimates of MPRS (< 5 mm)
are smaller than values of subsidence [8] by, at least, one
order of magnitude. This is in accordance with the very
small evaporation from crack walls.
2. There is a depth interval in the range z < z s where
specific volume of horizontal and vertical cracks are of the
same order of magnitude (in Fig. 1 it is 20 * 35cm). This is
also so for the mean widths of horizontal and vertical
cracks. This prediction agrees qualitatively with
observations of the ratio between horizontal and vertical
hydraulic conductivities [9].

of horizontal cracks, V ] (z,R) as a function of the
maximum crack width, R. The ratio, V ( z . R j / v . (z) for
0<R<Rmj^(z)

gives

the

normalized

cumulative

distribution of the specific volume of horizontal cracks at
depth z according to the maximum crack width, R (Fig.2,
curve 1) where R m i-,( z ) is the maximum width of
horizontal cracks at depth z. As a rule

O < R m v (z)

(Fig.2). By definition of R m h ( z ) (Fig.2)
Vh(z,R)=Vh(z),

Rmh(z)<R<Rmv(z)

VERTICAL CRACKls

0.02

I1ORIZONTAL C6ACK

-

0

5

10

15

20

2'j

30

35

10

45

Medium width of contributing cracks, R

DEPTH, CM

Fig.2.

Fig. 1. Predicted specific volumes of vertical [1] and
horizontal cracks as functions of depth, based on
data of profile GTO3 in [2] for z < z s = 45cm

Qualitative

form

of

dependencies

of

V ( z , R ) / v h ( z ) and V ^ ( z , R ' ) / v v ( z ) on R
and R' (curves 1 and 2, respectively).

( z 0 = 44cm, z m = 524cm).

In the range 0 < R < R I i m ( z ) the distribution

3. Near the soil surface there is a layer of thickness of
up to ~3 cm where MPRS may increase or, at least, not
decrease and where horizontal cracks do not appear (Fig. 1).

is determined by the equality of the
distributions of horizontal and vertical cracks
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v

ch(z,R)

normalized

/Vv(z)

(9)

at points R and R' (Fig. 2). To find the relation between R
and R' we use two assumptions connected with similar
physical nature of vertical and horizontal cracks (both are
shrinkage cracks). The first determines R m n ( z ) (Fig-2)
v(z)

(10)

because Rt,(z) and R m v ( z ) are known, and the mean
width of vertical cracks, R (z) at depth z is calculated by
averaging the width R(z,h), [1], on crack depths h, using
the weight factor from Eq.(2). The second assumption
R/R =R
(z) Rmv(z)
R R
z
n

' mh /

' °- - nJ )

<>

and Eq.(10) give the relation between R and R' (Fig.2).
The cumulative specific crack volume, Vc (z, Rj is

V ( Z , R ) on R is shown

qualitatively in Fig. 3 (V (z) is the total specific crack
volume). For small and large soil depths R v ( z )

»

Rj^(z) (Fig.l), andRj and R2 points of inflection can be
not so appreciable.

§

(13)

The maximum width of a capillary slit is of the order of
magnitude
of
the
capillary
constant
Reap = {2a/pwg)
20°C; pw

([10], p.287) (= 0.4cm for water at

is density of water; g is the acceleration due to

gravity). If R m v ( z ) > R cap (Fig-3)

tne

loca

l retention

V

curve of capillary cracking, F (z, 8) (following from
Eq.(13)) corresponds to the curve part in the range
0 < R < R c a p in Fig. 3. Larger R values correspond to
macro cracks. If R m v ( z ) - R c a p

tne

curve ^P (z, 9)

corresponds to the curve of the cumulative specific volume
in the full range 0 < R < R m v ( z ) . In a general case the
local retention curve of capillary shrinkage cracks, ^(z, 6)
can have three inflection points (as the curve in Fig.3).

V c (z,R)= V° v (z,R) + V c h (z,R), 0 < R < R m v ( z ) (12)
A local dependence of

9= V

Conclusion
The results of this study are model algorithms for
calculating the specific cumulative volume and water
retention curve of shrinkage cracks in swelling soils. These
form necessary elements for modelling the tortuosity of the
water filled part of a crack network and then the hydraulic
conductivity. Model predictions for crack volume were
compared, separately for vertical and for horizontal cracks,
with published data.
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V !z)

t

I
d
Maximum width of contributing cracks, R

Fig. 3. Qualitative dependence of V (z,Rj on R
c

( R j , R2and R3 are points of inflection).
Water Retention of Capillary Shrinkage Cracks
Volumetric water content of capillary cracks of width <
R at depth z (for a given profile of water content of the soil
matrix) is 9 = Vc (z,R). The maximum crack width, R is
connected with a suction, W (assuming contact angle is
equal to zero) by R = - 2#/ v F, where a is the surface
tension of water (suction of a slit of width R is twice as
small as that of a cylindrical tube of a diameter R).
Accordingly, the relation between the local volumetric
water content, 8 and suction, ¥ of capillary shrinkage
cracks is
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MODELLING TORTUOSITY OF THE WATER FILLED PART OF A CRACK NETWORK IN SWELLING SOILS
V.Y. Chertkov* and I. Ravina
Faculty of Agricultural Engineering, Technion, Haifa 32000, Israel
* Conference Lecturer
Abstract
The objective of the work is to develop a model for
prediction of tortuosity of a crack network and its water
filled parts in clay soils. Tortuosity of a whole crack
network is derived for an isotropic that, basing on the fact
that connected cracks outline fragments and are their
boundaries. Calculated tortuosities for seventeen published
planar images of soil crack networks are in agreement with
model predictions. Tortuosity of a partially filled crack
network is derived, assuming it consists of vertical and
horizontal cracks (anisotropic approximation) and using
the cumulative specific volume of horizontal cracks and
also relation between tortuosities of the vertical and
horizontal directions. The tortuosity is needed for
modelling the hydraulic conductivity of crack networks.

T

2=L2/L
where Lj is the number of cracks intersecting a side of
unit square and connected with other cracks within it to
form continuous through paths to the opposite side (in the
following straight sections of such paths are referred to as
(one dimensional) through connected cracks); L 2 is the
total length of through connected cracks per unit area.
Similarly in the three dimensional (spatial) case the
tortuosity of an isotropic crack network, T^ is defined as
T3=L3/L2
where

through connected cracks per unit volume.
To estimate the values of L j , L 2 , and L

z

fragment dimension distributions in the one, two and three
dimensional cases, respectively (a "one dimensional
fragment" is the spacing between intersections of two
neighboring connected cracks with a line). Using the
distributions derived from the model of multiple cracking
and fragmentation [1,2] one gets the expression
Ln = Bn(c)/d)
11=1,2,3
(5)
where B n (c) are dimensionless functions
connectedness. According to Eqs.(3)-(5)
T n (c) = B n ( c ) / B n . 1 ( c ) ,
n=2,3

rar=l-21n2/ln(0.8z /z )
(1)
/
m/ o
is the thickness of an intensive-cracking layer,
0

is the maximum depth of cracks, and 0<tzr <l. The

0.8z

\ I

of

the
(6)

Assuming, on the average, a cubic shape of a three
dimensional fragment the function T,(c) is shown in

m
function c(z) is determined by the probability of fragment
(ped) formation [1,2]. Assuming the soil profile to consist
of three layers (an upper layer of intensive cracking (of a
thickness «0.1z m ) made up of separate peds; a middle
layer (of a thickness «0-5z m ) where the volumetric
fraction of peds slowly decreases with depth; a lower layer
(of a thickness ~ 0.4z m ) where separate peds disappear
completely) we get

(
c(z) = ln(l + exp(- z -

we define

the connected cracks as boundaries of the fragments (peds).
Consequently L , , L 2 , and L may be estimated from the

d(z) = z I z/z
where z 0

is the total length of traces of cracks

intersecting a side of a unit cube and connected with cracks
within it to form continuous through (areal) paths to the
opposite side (in the following planar sections of such
paths are referred to as (two dimensional) through
connected cracks); L is the total surface area of the

Introduction
Tortuosity of the crack network in a clay soil
determines the mean length of flow through cracks and
influences appreciably the hydraulic properties of the soil.
First, we present a model for estimating the mean
tortuosity of a whole crack network on the basis of the
fragment (ped) dimension distribution. To verify the model
we used images of crack network available in literature.
Then we present algorithms for estimating tortuosity of
cracks of width < R.
The basic model of multiple cracking in rocks [1,2]
uses as parameters the mean crack spacing, d and
connectedness of crack network, c. The generalization of
this model for soils includes dependencies of d and c on
soil depth, that will be used here. The function d(z) is
given in [3]

O\ /

L2

(4)

Fig.l. The function T 2 (c) has a similar form. These
functions are converted to T 2 (z) and T-^(z) using Eq.(2).
We used seventeen published two dimensional images
of crack networks for the experimental estimation of c, T2 ,
and T 3 . The numbered points in Fig. 1 correspond to these
images in the order of decreasing connectedness c.
Images. 1-4, 6, 9, 11, 13 are from [8]; 5 is from [9]; 7 and
12 are from [10]; 8 and 16 are from [11]; 10 is from [12];
14 and 15 are from [12]; 17 is from [14],
Within a given "working window" of a two
dimensional image of a crack network (Fig.2): any section
of a line is considered to be the trace of a spatial crack if
the ratio of its length to its width > 3 and its length >
2mm; straight sections are considered to be separate cracks
of different types as defined in Fig.2.

I
(2)

The condition c(0)=l for a developed crack network gives
a ratio z m / z 0 s l O . This was verified as part of the
model [3] verification using data [4-7] on crack volume.
Tortuosity of the Whole Crack Network
In a two dimensional (planar) case the tortuosity of an
isotropic crack network, T2 is defined as
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The standard deviations (D) of the values of c, T2 , and
Tg estimated for three groups of images each of the same
3

\

soil and conditions can be calculated directly. For instance,
the standard deviations for images 1-4 from [8] are
Dc=0.03,
D T =0.03, D T =0.03. Hence the
2
3
discrepancies between the experimental points and the
theoretical curve in Fig.l do not, generally, surpass two
standard deviations.
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Tortuosity of Cracks of Width < R
Definitions. In the following we are interested in
values that are similar to L i , L2 , L-,, T2 , T-, at a depth

Fig. 1. Predicted spatial tortuosity of an isotropic
crack network as a function of network
connectedness and data for a number of soils.

z, but for anisotropic cracking and cracks of width < R
(0 < R < R m ( z ) where R m ( z ) is the maximum width of

The mean connectedness of a crack network is

number of connected cracks of width < R, intersecting at

N. + N + N. where N-,N ,N,
+ N.
tc
lc
1
tc
lc/
1 tc lc
are the number of isolated, through connected, and locally
connected cracks, respectively (Fig.2). According to Eq.(3)
T2 can be estimated by T2 = L t c / L w N c where L t c is
c= N

the total length of through connected cracks in the working
window, L w is the length of a side of the window, N c is
the mean number of through connected cracks intersecting
with a side of the window. According to Eq.(4) T^ can be

cracks at the depth z). Let us define:

1J(Z,R)

as the

depth z a unit length of a horizontal straight line; l v (z, R)
as the total length of traces of through connected cracks of
width < R, intersecting at depth z a horizontal unit square;
1 (z,Rj as 1 (z,Rj but of a vertical unit square;
^ ( z , R) as the total surface area of through connected
cracks of width < R per unit volume at depth z (the
dimensions of all the values is L

). Then the planar

tortuosity, t2(z, Rj of the traces of through connected
estimated by T = Z s . /cos<9.
3

^

i

/

where s- is

1

cracks of width < R, intersecting at depth z a unit
horizontal square is

the trace length of the / th through connected crack on the
image plane, 6- is the random zenith angle of that crack.

(z,R)

(7)

Assuming that both the angle 6- and the random azimuth

The spatial tortuosities, t V z , R ) and O ^ R ) of the

q>-x of the crack trace on the image plane are uniformly

vertical and horizontal directions, respectively, are
(8)

distributed in the ranges 0 < 9- < <9m and 0 <
respectively,

one can write

6- =

•Tn

TCJI '

(z,R)

where

0m = 71° is a mean estimate accounting for likely ratios

(9)

In the isotropic case 1 • z, R (z) = L. (z)
i\

between the three dimensions of a ped. Values of Sj and

m

/

1

(i = 1 and 3 ) ,

, and

c^j are measured from the image.

The expression for tjfa, R ) . We assume that there
are only vertical and horizontal cracks, and the verticals
are distributed uniformly by azimuth. Then, values
1^(Z,R)

and

1|(Z,R)

result from vertical cracks only,

and one can rewrite Eq.(7) as
Fig. 2. A scheme of a two dimensional image of a
crack network in a working window. The numbers
indicate the different
types of separate
cracks:!-isolated; 2-through connected; 3-locally
connected.

A1(z)-A1(h(z,R)

, A^z) -

where A 2 (z) =

• The

function h(z,R) is the depth of vertical crack of width R at
the soil depth z [3]. To estimate the planar tortuosity
t2(z,R/

we can use the isotropic

approximation,

replacing Aj(z), A j ( h ) , A 2 ( z ) ,

A

Lj(z),

from Eq.(5), where

LjCh),

L2(z),

L 2 (h)

2 ( h ) in Eq.(lO) by

functions c(z), c(h), d(z), d(h) are given by Eqs.(l) and (2).

range 0 < R < R c a p with increasing width R (decreasing
suction). So, tortuosity of capillary cracks filled in part is
equal to that of cracks of width < R < R c a p and
determined by Eqs.(7)-(16) of the previous section.
Unlike capillary cracks water can be present at once in
all the macro cracks (R > R c a p ) even though each of them
is filled only in part. So, tortuosity of macro cracks (filled
after capillary those) is equal to that of a whole crack
network and determined by Eqs. (6) and (2).

The relation between t v ( z , R ) and t h ( z , R ) . In the

(12)

Conclusion
In this study we developed model algorithms for
calculating tortuosity of a crack network, in swelling soils,
filled in part with water. These algorithms are elements
needed for developing a model of hydraulic conductivity of
a crack network. Model predictions of tortuosity of a whole
crack network were compared with published data of
images of cross-sections of crack networks from seven
works. Agreement was satisfactory.

where K = constant (it can be shown from elementary
geometrical considerations that K = 0.45). Substituting
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case of vertical and horizontal cracks only one can write
l 3 (z,R) = l^(z,R) + lk(z,R)
where

1V(Z,R),

(11)

1 (z, R) are contributions of vertical and

horizontal cracks, respectively. Except that

q(z,R) = q(z,R),

1

and l H z , R ) in Eqs.(8) and (9) by

(Z,R), 0[(Z,R),

their expressions from Eqs. (11)-(13) we find a relation
between t

and t
(14)
if

According to Eq.(14)
t h > t ^ ' if

and

t^<2-K.

The expression for t v ( z , R ) . From Eqs. (8), (11), and
(12)
(15)
Calculation

of

the

A2(z)-A2(h(z,R))

l v (z, RJ =

function

has been discussed above. To

calculate the total surface area of horizontal cracks of
width < R per unit volume at depth z, 1 l (z, R) we use the
cumulative specific volume of such cracks, V (z,R) [15]
Cil

R

(z,R)

Tortuosities of Capillary and Macro Cracks
The maximum width of capillary cracks is of the order
of
magnitude
of
the
capillary
constant,
R c a p = [2a/pwg)
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([.16], p.287) (= 0.4cm for water at

20°C; p w is density'•of water; g is the acceleration due to
gravity). Capillary cracks, are assumed to be filled in the
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AN INNOVATIVE SOLUTION FOR A SHOCK PROBLEM IN OPTOMECHANICAL SYSTEMS
N.Shcheransky* and D.Wormser
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ABSTRACT
An optomechanical system mounted on an anti armor
weapon. While firing, a shock of 1200g, 0.5msec
develops. The optomechanical system has to function
under this shock condition and show no degradation over
a life time of 15 years. The system includes optics
boresighted to the weapon. Past experience shows that
systems cannot survive under this kind of shock unless
expensive and heavy solutions are implemented. An
inexpensive and lightweight shock reduction mechanism
is needed. The basic idea is to translate the shock input
of 1200g, 0.5msec to a lower shock input of 150g 5msec
by using a mechanism mounted between the weapon and
the optomechanical system. The principle of the
mechanism is to reduce the resonance of the system in
the fire direction and to translate the energy of the shock
to mechanical displacement along the fire direction. This
paper discusses a solution based on an elastomer sheet
having low weight and cost of production. This solution
has been proven experimentally.

along the fire direction and boresight retention of better
than 0.25mrad at the tangential directions. The adapter is
mounted to the system through linear slides. The purpose
of the slides is to support the weight of the system in the
tangential directions and keep the boresight accurate
between the weapon and the system. The slides are
required to function under extreme environmental
conditions of dust, salt, moisture and other
contamination. Two sheets of elastomer are bonded
between the adapter and a metal plate. The area of the
sheets is a function of the strength of the elastomer and
the width is a function of rigidity. A special process of
bonding the elastomer sheets to a metal surface was
developed for this purpose.

Mass Simulator

INTRODUCTION
The elastomer sheet has characteristics suitable for this
purpose, namely elongation in the shear direction is very
large. The mechanical movement and the resonance is
controlled by the width of the elastomer. The elastomer
is assembled with a linear bearing that keeps the line of
sight less than 0.25mrad from relative boresight to the
weapon.
The specification requirements are: shock of 1200g,
0.5msec saw tooth and harmonic vibration of 2.5g 10^500Hz in all directions. With these conditions, bore sight
retention will be better than 0.5mrad for 15 years of life.
The weight of the system is 1.5kg. The design goals are:
the shock will be reduced to less than 150g, maximum
acceleration of vibration will be less than 50g, axial
displacement of the system relative to the weapon will be
less than 5mm and the bore sight retention will be better
than 0.25mrad.
The solution was developed in four steps. Step one:
design the basic mechanism. Step two: preliminary
specimen examination and tests. Step three: modified
specimen examination and tests in order to prove
convergence to the design goals. Step four: building the
actual prototype and testing with mass simulator.

Linear
Bearings

Screws for mounting

Fig 1: Basic design of mechanism
The required linear spring rate k and the natural
frequency co,, were attained as shown in equations below
[1]. A shock reduction of lOx and 4.5mm of relative
displacement was obtained:
ax = 12000 /0.0005m/secA3
(1)
t > 0.5msec:

. = 3ml sec

= Kja.J* - 0.0005) + XlJast^O

OOOOS)

BASIC DESIGN OF MECHANISM
The solution is based on the design goals mentioned
above. A description of the mechanism is demonstrated
in fig 1. The adapter between the weapon and the system
should provide both relative displacement of +5mm

(2)

+c[vtase(t) - vm(t)]
A numerical simulation for equation (2) had been done
by using [2],[4]. The damping ratio is assumed to be %=
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0.05. Compatible spring rate of k=360kN/m was found
after a few simulations. The value of natural frequency
(3) was calculated as a function of the spring rate value.
The simulation result of shock response is shown in fig
2.
s80//z
(3)

mode of resonance at 48Hz occurred which is very close
to the predicted value. Acceleration response was 50g at
the natural frequency. Graphs show behavior of a lightly
damped system ^=0.05. Following half an hour of
vibrations at the specified loads, both of specimens
failed, meaning that T(/ is marginal.

Fig 2: Simulation results

MODIFIED SPECIMEN EXAMINATIONS AND
TESTS
The preliminary specimens provided a new value for
shear modulus [5]. The area of sheet was doubled to
2000mm2. Width value of 4.2mm was derived with
supporting analysis from F.E.A [4]. Two specimens of
elastomer sheet with the new dimensions were built with
the same configuration of the preliminary specimen (see
fig 3). Specimens were loaded at harmonic vibration of 5
•f500Hz with amplitude of 2.5g of acceleration. Input
and response graphs are shown in fig 4.

m7 ;

PRELIMINARY SPECIMEN EXAMINATIONS
In order to meet the design goal of shock reduction a
linear spring rate of k=360kN/m is needed with a
capability of 4.5mm of displacement. A Specific
elastomer was selected [3]. This material functions as a
linear spring over a large interval of elongation in the
sheer direction. The material is manufactured as sheets
of various widths by the vulcanization technology. For
this specific purpose standard widths of sheets had been
used. Available data from literature concerning
properties was incomplete and not reliable enough,
however it was sufficient to begin the study. The
material assumption of properties for the preliminary
specimen are: elongation of 120%,
G = \.lMPa,x,, = X.lMPa^v = 0A9. Based on these
values preliminary dimensions of the elastomer sheet
was derived, by using F.E.A analyses[4], being
1060mm2 sheet area and 6.3mm width. Two specimens
were built (see fig 3). Gravity deflection of 0.17mm was
measured which is a natural frequency of 40Hz [1],
meaning half of the required value (3).
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Fig 4: Response of modified specimen for harmonic
vibration 2.5g input
One mode of resonance at 85Hz occurred which is very
close to the requirement (3). Acceleration response was
32g at the natural frequency meaning £,s0.08. Following
two hours of vibrations, as required in system
specification, no evidence of functional degradation was
found. Following the harmonic load, the specimens were
exposed to a shock input of 1200g, 0.5msec. Shock
response was 90g, 6msec. seefig5.
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Fig 3: Preliminary specimen
Fig 5: Response of modified specimen for shock of
1200g at 0.5msec input

Specimens were loaded at harmonic vibration of 5*
500Hz with an amplitude of 2.5g of acceleration. One
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retention was measured by reading parallelism between
two mirrors using microallignment. see fig 1. The first
mirror was bonded to the base and the second was
bonded to the mass simulator. Measurements had been
taken before, during, and after vibration and shock tests.
Maximum measured deviation from boresight retention
was 0.17mrad which is better than specified required
value.

Displacement of 5mm was measured between base and
mass simulator. Following 100 shocks, as required in
system specification, no evidence of functional
degradation was found.
PROTOTYPE TESTS
A prototype was assembled with a mass simulator see
figl. Dimensions of the elastomer sheet are the same as
the modified specimens. The slide dimensions were
calculated in order to carry the dynamic loads of shock
and vibrations [4],[5] (slide diameter is 4mm). Tolerance
of pin and racer of each slide was calculated to meet the
required boresight retention of 0.25mrad. The prototype
was loaded by a harmonic vibration 5^500Hz with an
acceleration amplitude of 2.5g at three directions over 2
hours in each direction. Two modes occurred. The first
mode resonance occurred at 72Hz along the direction of
slides and second mode at 95Hz in tangential direction.
The first mode occurred with an acceleration of 15g and
the second mode occurred with an acceleration of 14g.
No evidence of functional degradation was found after a
total of 6 hours of vibrations. Comparison with FEA [4]
shows good matching. FEA shows two modes at 78Hz
along slides and 104Hz rotation around slides axis.
Following the harmonic load, the prototype was exposed
to a shock input of 1200g, 0.5msec, see fig 6. Two
shock responses were found: 90g at 5msec and 200g at
1msec. Displacement of 5mm was measured between the

CONCLUSIONS
Examinations and test results showed that the design
meets the requirements. After complete qualification
tests, no evidence of functional degradation was found.
A summary table of tests result v.s requirements is
shown in fig 7. As can be seen, actual performance
meets the requirements with a sufficient margin of safety
Parameter
Requirement
Performance
Shock Response
90g, 5msec
150g, 5msec
50g max.
Acceleration at co,,
15g
Displacement
5mm
5mm
Boresight
0.25mrad
0.17mrad
Fig 7: Comparison between requirements and test
performance.
A Mechanism of shock reduction has been designed and
proven experimentally with three engineering prototypes
of the optomechanical system. Preparation for serial
production is under way. Bonding of the elastomer sheet
is too expensive for serial production and workmanship
becomes a significant factor. Sandwich of elastomer
sheet between two metal plates can be unified to one
piece by using Vulcanization technology (inexpensive)
and therefore serial production of the shock reduction
mechanism will be based on Vulcanization technology.
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Fig 6: Response of prototype for shock of 1200g at
0.5msec input
base and mass simulator. Following 100 shocks, as
required in system specification, no evidence of
functional degradation was found. Comparison with FEA
[4] shows good matching with the first response but not
with the second one. Analysis shows response of lOOg,
5msec. It had been shown experimentally that the
response of 200g, 1msec doesn't occur with the
optomechanical system. Higher rigidity of the mass
simulator relative to the system is believe to be the
reason for that response. Shock response of
optomechanical system was 11 Og 6msec. Boresight
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ABSTRACT
A thermal switch or "clutch" is a device which enables
control of the flow of heat from a heat source to the ambient.
When the switch is turned "on" the thermal resistance to the
environment is small, and when the switch is turned "off
the thermal resistance to the ambient is large. Thermal
switches are useful in the operation of diode pumped lasers
where precise temperature control is required at extreme
ambient temperatures conditions.
The thermal switches
available today have many disadvantages including moving
parts, high power consumption, large volume, and are
expensive. A thermal switch has been developed based on
liquid crystal technology which has no moving parts, very
low power consumption, occupies a small volume, and is
relatively inexpensive.

6. Operation in extreme temperature conditions.
7. Operation in shock and vibration environments.
8. Long lifetime.
9. High level of reliability.
This paper focuses on the design of a thermal switch which
answers the above stated design parameters.

BACKGROUND
Liquid crystals are a unique class of materials which
exhibit characteristics of both liquids and solids
(mesomorphic behavior) when in a specific temperature
range [1]. The physical and electrical properties of liquid
crystals are functions of temperature and can generally be
categorized into one of three states:
1. Solid state - Low temperature range where LC exhibits
properties comparable to solids.
2. Nematic state - Medium temperature range - LC exhibits
characteristic of both solids and liquids (mesomorphic).
The mesomorphic behavior is shown by dielectric and
electrical anisotropy - different dielectric and electrical
properties parallel and perpendicular to an applied
electrical field. The anisotropies are given as:
Dielectric anisotropy: As = s paralle, - e mrmal
(1)

INTRODUCTION
Diode pumped solid state lasers enable higher operating
efficiencies than flashlamp pumped solid state lasers due to
the good spectral matching of the light emitted by the diodes
to the absorptive region of the solid state laser. The
wavelengths emitted by the laser diodes are extremely
temperature sensitive and therefore require a temperature
control mechanism to stabilize the diodes at a set operating
temperature. The control mechanism can be achieved by use
of thermo-electric coolers, liquid cold plates, or air cooled
heat exchangers. A dichotomy exists as to the function of the
heat transfer mechanism. At high ambient temperatures the
heat transfer mechanism of the system must enable small
thermal resistance from the diode to the ambient in order to
ensure that the temperature of the diode does not rise above
the setpoint temperature. At low ambient temperatures in the
"standby" mode, the diode laser is heated in order to stabilize
the laser at the setpoint temperature. Therefore, at low
temperatures the thermal resistance to the ambient must be
large in order to decrease the heat losses to the environment.
A thermal switch provides a solution to the dichotomy by
providing a small thermal resistance at high ambient
temperatures and a large thermal resistance at low ambient
temperatures. A thermal switch has been developed based on
liquid crystal (LC) technology which utilizes the unique
electrical and thermal properties of liquid crystals in order to
obtain a heat switch. The goal in the development of the
thermal switch was to meet the following conditions:
1. To obtain an effective thermal conductivity 10 times the
natural thermal conductivity of the LC material between
the on and off states.
2. No moving parts.
3. Low power consumption.
4. Small volume.
5. Non-gravity dependent.

Electrical anisotropy: Ac = cr poraSM - a normal

(2)

3. Isotropic state - High temperature range - LC exhibits
properties comparable to liquids.
The structure of a LC molecule (fig 1) has either a rod
like or a disc like geometry [1].
\ \ \ \

\\W
Figure 1: Rod like and disc like geometry of LC molecules.
Consider liquid crystal material placed between two
electrodes (henceforth called a cell). The molecules close to
both electrode surfaces tend to align themselves in the
direction parallel to the plane of the electrodes due to wall
effects or anchoring [2]. An electrical field applied to a LC
cell in the nematic state results in the formation of a dipole
on the molecule due to the anisotropy of the LC (fig 2).

Direction of
electrical field

Figure 2: Dipole acting on LC molecule.
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function as a filling hole for the liquid crystal and the other
hole to function as an outlet for the thermal expansion
compensator. Copper electrodes were bonded to the inside
of the ceramic covers (electrodes in contact with liquid
crystal). The cell is bonded on one side (bottom ceramic
cover) to a fan cooled heat sink. A power resistor is bonded
to the other side of the cell (on the top ceramic cover) in
order to function as a heat load. Thermocouples were
placed on the top cover, heat sink, and on the resistor in
order to measure the temperature difference across the cell
when applying the heat load. A polyurethane foam was then
bonded to the cell in order to reduce the heat losses to the
environment.

The dipole causes the molecules to "flow" (fig 3) from one
electrode to the other - a phenomenon termed
electrohydrodynamic (EHD) motion [3,4].

c

Electrode (+)

Electrode (-)

Fig 3: Electrohydrodynamic motion.
The velocity of the molecular flow (v) is proportional to the
applied electrical field (E) by the following relation [5]:
V X E2 - E2threshold

(3)

LIQUID CRYSTAL MATERIAL
A number of liquid crystal material mixtures were tested.
The results shown in this paper are for the MBBA liquid
crystal alone (other information proprietary). MBBA is a
popular liquid crystal used in laboratory conditions and
meets the EHD requirements mentioned above.

The main uses of LC is in the optics industry. Carr et al
[6,7] found that EHD can facilitate heat transfer from one
side of the cell to the other due to the molecular flow within
the cell. It seems that the relation of thermal conductivity
(k) to the applied electrical field is similar to that of the
velocity to electrical field relation being:
kxE2

- E2threshold

(4)

FILLING METHOD
The process of filling the liquid crystal into the cell was
as follows: The liquid crystal is inserted into the cell via the
insertion hole with a syringe.
Another syringe was
connected to the expansion hole in order to serve as a
volume compensator. Once filled, the cell is placed in a
vacuum oven in order to remove the trapped air bubbles
inside the cell. Two processes were conducted in order to
determine the importance of the cell "cleanliness" of air
bubbles. The processes are termed "low cleanliness level"
and "high cleanliness level". The low cleanliness level
consisted of reducing the vacuum level to l(r3 torr at room
temperature for a period 10 minutes. The process was then
repeated 3 times. The high cleanliness level consisted of
reducing the vacuum level to 10"' torr at a temperature of
55°C in order to ensure that the liquid crystal is in the liquid
form. This enables the trapped gases to be more readily
removed from the cell. The cell was held at this condition
for a period of 5 hours and repeated once more.

The result is the ability to control the thermal
conductivity of a cell by way of an applied electrical field.
For optimal thermal performance, the liquid crystal material
must meet the following conditions:
• The liquid crystal must be in the nematic stage.
• Dielectric anisotropy: As < 0
• Electrical anisotropy: ACT > 0
• High electrical resistivity ( p > 1-10 Q,-cm)
• Low viscosity
Biggers [8] found that the thermal conductivity of a LC
cell is both voltage and frequency dependent and therefore
for a specific cell geometry (cross section and hieght) a
corresponding optimum can be found at a specific voltage
and frequency. In our design a DC voltage is applied for
both simplicity and low cost aspects. Carr suggested [7]
applying a magnetic field parallel to the electrode surface in
order to achieve ordering of the molecules parallel to the
electrode surface prior to application of the electrical field.
This ensures that the bulk of the material is aligned parallel
to the electrode surface. The use of a magnet in laser
systems is not practical due to their bulkiness and large size.
A unique cell design was developed which ensures that the
bulk of the LC material is orientated in the desired direction
without the use of magnetic fields. A patent has been filed
on the cell design. The cell design presented in this paper is
of the experimental cell design and not the patented design.

HEAT LOAD OPERATION
The power resistor was operated for a number of heat
loads. As the heat load is increased, the average cell
temperature is also increased giving an indication of the
thermal performance of the cell as a function of average LC
temperature. The heat loads were applied for a no electrical
field condition in order to determine the natural thermal
conductivity of the liquid crystal and for electrical voltages
ranging from 1 kV to 6 kV. The limit of 6 kV was chosen
due to the unlikely chance of applying voltage greater than
this value in our systems.

EXPERIMENTAL CELL DESIGN
In order to determine the validity of the concept, liquid
crystal cells of various dimensions were constructed
(including various distances between electrodes, crosssection area etc.), and with various LC materials. The cell
was constructed from a plastic (Lexan) base with two covers
constructed of high thermal conductivity ceramic. Two
holes were drilled in the Lexan base, one hole in order to

RESULTS
THERMAL MODEL
Data from the experiments yielded results in the form of
the thermal resistance (°C/W) of the cell. In order to
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determine the effective thermal conductivity of the LC
within the cell, a thermal model was constructed using
SINDA/TAS finite difference code. The thermal model
consisted of the Lexan base, ceramic covers, liquid crystal
material, and the heat sink. The temperatures measured in
the experiments were used as input for the thermal model in
order to determine the thermal conductivity of the LC in an
iterative procedure. The available data on thermal
conductivity of liquid crystals is scarce. The values given
for the thermal conductivity for MBBA [5,6] are in the
range of 0.2 to 0.4 W/m°C. Our experimental results
yielded a MBBA thermal conductivity of 0.4 W/m°C,
agreeing with the above stated range. This value is
comparable toplastic materials which are good thermal
insulators.

into account:
1 .Filling pipe diameter: The volumetric flow rate (g) of
the air bubbles through the fill piping is given by [9]:

AIR BUBBLE CLEANLINESS LEVEL

CONCLUSION
A heat switch based on the principle of EHD motion in
liquid crystals was constructed in order to serve as a heat
switch for diode pumped laser systems. Experiments were
performed in order to determine the effect of air bubbles on
the thermal performance of the cell. It was found that the
effect is very significant on the effective thermal
conductivity of the cell. Thermal conductivities of 7 times
the natural conductivity of the LC material were obtained at
an applied voltage of 6 kV with the experimental cell
design. With the improved patented cell design, better air
bubble cleanliness levels, and optimized LC material, a
value of at least 15 times the natural thermal conductivity of
the LC is expected at 6 kV.

where d and L are the pipe diameter and length
respectively. Therefore, increasing the fill piping diameter,
shortening the length,and increasing the time in the vacuum
oven , will greatly improve the air bubble cleanliness level
in the cell.
2. Vacuum chamber temperature: Increasing the chamber
temperature results in a decrease in the LC viscosity
resulting in a decreased hydraulic resistance to the flow of
the air bubbles through the piping.

Many experiments were performed at various conditions
including varied distance between electrodes, LC materials,
heat loads, temperatures, and cell air bubbles cleanliness
levels. In this paper a focus will be placed on the effect of
air bubble cleanliness levels on cell performance.
The cell cleanliness level pertaining to air bubbles was
found to be a parameter of prime importance visavi the
thermal conductivity of the cell. Figure 4 shows a
comparison of the cell performance between a low level
cleanliness and a high level cleanliness. The cell is filled
with MBBA material, has a 1 inch by 1 inch cross sectional
area, and a 3 mm gap between the electrodes.
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Fig 4: LC cell thermal performance at high and low
cleanliness levels.
The effective thermal conductivity of the cell with a high
level of cleanliness is raised by a factor of 7 at 6kV vs the
natural thermal conductivity of the LC. An increase in cell
cleanliness level from "low" to "high" results in a 40%
increase in the effective thermal conductivity of the cell.
The presence of air bubbles in the cell hampers the EHD
motion and is more pronounced with an increase in the
electric field. It must be emphasized that the "high"
cleanliness level is not the optimized condition, meaning
that the cleanliness level can be further improved . In order
to improve the cleanliness level two factors need to be taken
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ABSTRACT
Micro-optical components, like micro-mechanical
elements, are usually made of silicon, which is the
common material for microelectronics. The various
"machining" methods are developed for the material by
the semiconductor industry, and are available for the
micro-optical user nearly free of R&D charge. The use
of silicon carbide (SiC) opens new opportunities, taking
advantage of the extremely high modulus of elasticity,
high Elp value and very good heat conduction. Some
figures of merit, comparing the various materials are
presented, focusing on two devices: micro-mirrors and
micro-detectors (currently made of silicon) and thenoptimization. The study shows the preferred selection of
parameters for each application.

must have good optical properties like transparency,
absorption, reflectivity and uniformity. The latter is so
important, that materials offering significant advantages,
but are costly or difficult to handle are often used, for
example Beryllium. For very simple structures one can
compare the self-weight deflection 8 of an axisymmetric
mirror;
E
where Cis a dimensionless support condition constant, p
is the mirror material density, E its Young modulus, d is
the mirror diameter and h its thickness. A comparison of
material properties, for materials used for micro-mirrors
is given in the following table;

INTRODUCTION
Many micro-mechanical and micro-optical devices
were developed in the last years, most of them based on
the technological advances in microelectronics. The
majority of these devices are using the well-known
silicon and aluminum as structural materials since their
fabrication is well established and they serve as
semiconductors and conductors in most of the
microelectronic devices. Recently, a new material for
microelectronic power devices is considered for wide
use, namely SiC in its various crystalline structures.
Some recent publications [1-2] show that 75mm
diameter wafers of single SiC crystal will be available
soon. Parallel to the use of this new semiconductor in
microelectronics, its compatible uses in micro-mechanics
and micro-optics show great promise, mainly due to its
very high stiffness and dimensional stability. This
presentation looks into the advantages of SiC as a
structural material by examining two devices, an
uncooled micro-optical array detector and a micro-mirror
array, as models for comparison and definition of figures
of merit.

Silicon

Aluminum

SiC

p (g/cm3)

2.33

2.70

3.22

E (GPa)

131

68

Elp (a. u.)

0.39

0.17

1

2.6 10 6

23.6 10"6

1.9 10"6

k (W/tn K)

163

165

490

al k(su u.)

2.79

25

1

V

0.28

0.33

0.21

(pm)(i- S)

2.48

5.3

1

aF (MPa)

120

124

600

RT (a. u.)

0.16

0.03

1

a (UK)

465

Table 1: Properties of various micro-optical materials
(for parameters see for example [3,4,5])

MATERIALS FOR LIGHT WEIGHT OPTICAL
SYSTEMS
The most important properties of materials used in
lightweight, rugged optical systems are those
determining structural efficiency, temporal stability and
thermal stability. Materials used in optical components

It is clear that SiC is superior in its rigidity, thermal and
dynamic properties. SiC is not only a good mirror
material but can also serve as a lens or a window within
its optical transparency region (wavelengths of 0.6 (JJH to
6um).
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MICRO-MIRROR ARRAYS
Recently micro-mirror arrays are used for display and
scanning applications. Two parameters are important:
the static deflection for stationary mirrors, and the
dynamic deflection for scanning mirrors. We consider
the geometry of a two dimensional array of mirrors. One
mirror is shown in Fig. 1.

radius h/(ATa), (see [7]), where a is the thermal
expansion coefficient. Since AT is inversely proportional
to the thermal conductivity k, a small a/k value is
desirable, and as seen in Table 1, here SiC is
advantageous.

MICRO-BOLOMETRIC DETECTOR
A micro-bolometric detector, as shown schematically
in Fig. 3, uses the heat generated by absorbed light, to
change the resistance of the detector between points A
and B. Resistance is usually measured on an implanted
thermistor on the top surface.
Light
B

I

Figure 1: Schematic of a scanning, single micro-mirror
For a constant thickness h, the deflection in the
dynamic case is given by the following departure from
flatness [6] (see Fig. 2)
8 A cc — u -

Figure 3: Schematic of a single micro-bolometric
detector (a part of a two dimensional array)

where v is Poisson's ratio. If we look at table 1 we see
the advantage of SiC in this parameter. If we allow for a
fixed value of 5a and select SiC instead of the other
materials we can either increase the scanning
acceleration or decrease the thickness h and the mirror's
weight without exceeding the limit.

Assessing the stress for real conditions, where the
temperature distribution is not uniform, but heat flux on
the surface is uniform is as follows. The temperature
peaks at the center, as the major heat removal
mechanism is conduction on the edges. Here stress is
generated due to the temperature gradient. The maximal
stress is at the edges. The material figure of merit RT,
which could be described as the amount of heat that
could be applied on a material without causing fracture,
is given by [8]:
RT =

crFk(X-v)
aE

where o"F is the fracture stress of the material. As seen in
table 1, the use of SiC is preferred here.

Figure 2: The departure from flatness Sd
The static deflection has two parts, the first is due to
self weight and the second is due to the temperature
gradient from the "hot" front to the "cold" back of the
mirror (the absorption is a few percent of the impinging
energy in metal mirrors). The first part was treated in the
preceding paragraph and the second causes deviation
from flatness as follows. A flat plate of any shape,
having uniform thickness h and one face at a uniform
temperature T, the other face at uniform temperature
T+AT, would normally assume a spherical surface with

CONCLUSIONS
The advantages of SiC as a material for
micro-mechanical and micro-optical devices were
described and evaluated for some special cases of
existing silicon or aluminum systems. SiC shows
advantage in all examined figures of merit used for
comparison. The combination of stiffness and good
thermal properties, gives SiC the option to be a key
material in future micro-optical systems.
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ESTIMATION OF STEADY STATE OPERATING CONDITIONS
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Abstract
Estimation of operating conditions for
fossil fuel boiler heat exchangers is often
required due to changes in working conditions,
design modifications and especially for
monitoring performance and failure diagnosis.
Regular heat exchangers in fossil fuel boilers
are composed of tube banks through which
water or steam flow, while hot combustion
(flue) gases flow outside the tubes. This work
presents a top-down approach to operating
conditions
estimation
based on field
measurements. An example for a 350 MW unit
superheater is thoroughly discussed. Integral
calculations based on measurements for all unit
heat exchangers (reheaters, superheaters) were
performed first. Based on these calculations a
scheme of integral conservation equations
(lumped parameter) was then formulated at the
single tube level. Steady state temperatures of
superheater tube walls were obtained as a main
output, and were compared to the maximum
allowable operating temperatures of the tubes
material. A combined lumped parameter - CFD
(Computational Fluid Dynamics, FLUENT
code) approach constitutes an efficient tool in
certain cases. A brief report of such a case is
given for another unit superheater. We
conclude that steady state evaluations based on
both integral and detailed simulations are a
valuable monitoring and diagnosis tool for the
power generation industry.

addressed by adopting a maximum allowable
temperature failure criterion, i. e., the obtained
temperatures were compared to the maximal
allowable value for the material in question.
The second issue (design geometry changes)
was examined by comparing the results for the
existing geometry and the new, proposed one,
namely, temperatures and mass flow rates. The
scheme renders, in addition to the wall
temperatures,
steam
and
gas
outlet
temperatures for each tube, as well as the
corresponding
heat
flow
superheater
distribution. The top-down
(sequential)
approach works as follows. At first the results
from a measurement based integral heat
balance of the boiler are obtained. The boiler is
modeled as an assembly of heat exchangers
some of them in parallel (superheaters evaporators) and others in series. These results
provide the input for the heat balance at the
superheater-reheater level, which in turn
constitute the input for the single tube
calculations. In addition an overall heat
balance of the boiler is performed as a self
consistency check of the above calculations.
This check takes into account: the heat
produced by coal combustion, the heat
absorbed by the water and steam in the
different heat exchangers and the heat losses,
namely, gases coming out of the chimney,
incomplete combustion, heat losses through the
boiler walls, etc.
In the second case, repeated tube failures
were observed in the final superheater of a 72
MW unit. In this case no correlations were
provided by the manufacturer in order to
calculate the heat transfer. Therefore, a
detailed CFD simulation of flow and heat
transfer had to be performed in order to
calculate the heat transfer coefficients.

Introduction
In the estimation of operating conditions
for fossil fuel boiler heat exchangers, the level
at which diagnosis is necessary depends on the
nature of the change in operating conditions or
the type of failure; for example, a typical tube
failure would require tube temperature
estimation, etc.
Two cases will be discussed in this work. In
the first one, tube wall temperatures are
calculated for a 350 MW unit superheater
under steady state operating conditions.
Diagnosis at the tube level appeared to be
necessary due to repeated failure of some of
the tubes. Furthermore, it was necessary to
estimate the influence of proposed design
changes aimed at lowering the temperature of
critical tubes. The first issue (failure) was

Superheater geometry and flow data
A scheme of the heat exchanger in the 350
MW boiler is shown in fig. 1. The primary and
secondary reheaters are designated as RH1 and
RH2 respectively." The corresponding notation
for, the primary, secondary and final
superheaters is indicated by SHI, SH2 and
SH3 respectively. The economizer is denoted
as EC. The problem of interest concerned the
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final superheater SH3. This heat exchanger
operates in a cross-flow regime (vertical gas
flow - horizontal tubes). The superheater is
composed of 34 vertical sections (tube banks
parallel to the plane of fig. 1). Each section is
composed of ten tubes which in their way
upwards undergo a series of eight horizontal
folds. Steam is supplied from two different
headers to two groups of 17 sections each. The
headers locations for the two groups are
different. Two typical hydraulic paths arise
then in this analysis as steam flows from all
tubes into the outlet header. The influence of
changes in the internal diameter and length of
some of the tubes was examined.

accessories are defined according to the boiler
manufacturer estimations [2]. The calculations
are performed using Matlab and it is therefore
convenient to work with the equivalent length
coefficients in the corresponding matrices. The
expressions for the hydraulic computation are:
m- p A v
2

(2)

&p= Rm

where p denotes the density Of steam, A the
cross sectional area, v the velocity, / the
friction coefficient, D the internal diameter, ^?
the hydraulic resistance and Ap the pressure
loss. The length L is given below with lMb as a
loss coefficient.:

from HP
turbine

\Lluhi,

for straight tubes,

= \ NhD

for bends and other accesories.

f

(3)

The resistance for elements in series is:
toLP
turbine

(4)

and for elements in parallel:
to HP
turbine
n

n

I n

from steam
drum

i=l

(5)

./=!

The heat transfer formulation scheme is
illustrated for a typical control volume. The
control volume for the two first folds, includes
a single tube, for the rest of the superheater,
tubes are stacked in pairs at the same height
(identical flue gas conditions). The control
volume then includes two tubes. A parabolic
scheme is used, i. e. the equations for each
control volume are solved by using the solution
of the previous tube (flue gas direction) as
input. The heat transfer
coefficients
correlations are given in [2], the convection
coefficient between the steam and the tube:

Fig. 1: Scheme of the boiler
The mathematical model
No coupling is assumed between the
hydraulic and heat transfer calculations, due to
the negligible influence of buoyancy forces.
The above is validated at the end of the
computation, since the ratio of buoyancy to
inertia forces is smaller than 1 [1]:

where Gr denotes the Grashoff number and Re
the Reynolds number. Incompressible flow was
assumed due to the small pressure variations
obtained and the steam velocities range. The
input for this step of the calculation comes
from the integral balance and some of the
measured values. In addition to the geometry,
the relevant input variables for the detailed
(tube level) calculation are: superheater steam
inlet temperature, overall steam mass flow rate,
heat flow absorbed by the superheater, heat
flow absorbed by the evaporator (in parallel
with the superheater), superheater gas inlet
temperature, gas mass flow rate. Loss
coefficients (steam) for bends and other

0.8

,0.8

*; =

0.023-

.,0.2

D'n
where T,x =

,0.4

, (6)

M

are
2
2
the average (inlet-outlet) steam temperature in
the i* tube and the film temperature
respectively, ^"denotes the inner (steam side
tube temperature. Indices s and g designate
steam and gas, respectively. The intermediate
brackets in the above expression denote the
influence of steam physical properties. G
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Heat transfer coefficients estimation
A different approach must be used when the
correlations for the heat transfer coefficients
are not provided ( 72 MW unit). The solution
would require a detailed CFD simulation of the
flow and heat transfer. However, the size and
geometry of the superheater made a full CFD
treatment too large for practical purposes. The
steam flow in the 168 tubes was controlled by
orifices of different diameters, which makes the
geometry of the pipe not relevant for pressure
drop (mass flow rate) calculations. The heat
flow was calculated for a typical single tube
using a CFD code. The superheater was
modeled using an equivalent geometry which
allowed for fully developed flow (equivalent
pipe length) and both the pressure drop and the
heat transfer were introduced as localized
sources (lumped parameters within the CFD
code). Heat balances were checked by
calculating for each seven tubes panel (24 of
them).

o//|

Qi denotes the heat flow transferred to the i*
control volume and TWs the external wall
temperature. Conservation of energy for gas
and steam is formulated as:

(9a,9b)

H denotes the enthalpy and rh§H?i the part of
the gas mass flow rate which transfers heat to
the superheater (recall that it is in parallel with
the steam generator on the wall), given by:

Conclusions

Qsm

+ mwall

(10)

Modern computational means enable the
building of combined engineering models, in
the whole range of detail, from integral
balance, through lumped parameter to full field
CFD simulation. In this work, some of these
options were used. The model used for the
large unit allows for a detailed mapping of the
heat flux, steam, gas and metal temperatures
under steady state conditions operation.
Superheater wall temperatures were below the
allowable limit for both designs. Failure was
attributed to the graphytization tendency of the
steel used for the tubes in question found in the
specimens extracted from the failed tubes. The
influence of design changes can be evaluated
as shown in the work.

iwall

The heat flows are obtained from the integral
heat balance. Finally heat conduction through
the wall yields:
2/r k L,
Qi =

fl*
10

Fig. 2: Normalized wall temperatures.

—
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where D" stands for the outer tube diameter.
The relations for convection heat transfer from
the gas to the tube and from the tube to the
steam are:

rri

Alur€ rtormalizftd to Ih6 3't<

Esl
0 84

stands for the mass flow rate per unit area
(obtained from the hydraulic calculation) and
D'" for the internal diameter. Convection heat
transfer between gas and the tube external wall
(cross flow) is characterized by the following
heat transfer coefficient:

- T\ w

00

The above constitutes a system of five
nonlinear equations with five unknowns,
namely, & , T*"'",Kml
T,Kml, T?s, T** for
each
tube. In the upper (outlet) bank, the elementary
control volume is split and the number of
unknowns raises to ten. The overall heat
balance is checked once the solution is
obtained. Some of the results will be displayed
to illustrate the model capabilities. The
estimated
maximum tube
temperatures
normalized to the maximum allowable value
are shown in fig. 2 for two different tube
thickness series of data.
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replicas do not indicate any remains of
creep, which are located far enough from
the cracks' region. The German Standard
TRD [7] modified approach, based on
finite elements stress analysis, has been
carried out in this paper for life assessment
evaluation. The stress-strain states of
similar 3-D piping components are
analyzed in James et al [4], Afshary et al
[1] and Skopinsky and Berkov [6]. The
life assessment analyses are carried out in
this paper for two cases: for the actual
Main piping component and for the
repaired one.

Abstract
The paper deals with estimating the service
life of the power station Main piping
component and describing the repair process
for extending of its service life. After a long
period of service, several circular fatigue
cracks have been discovered at the bottom of
the Main piping component chamber Finite
element analyses of transient thermal stresses,
caused by power station startup, are carried out
in the paper.
The calculation results show good
agreement between the theoretical locations of
the maximum stresses and the actual locations
of the cracks. There is a good agreement
between theoretical evaluation and actual
service life, as well. The possibility of
machining out the cracks in order to prevent
their growing is examined here. The machining
enables us to extend the power station
component's life service.

2. OPERATING (STEADY-STATE)
STRESSES
A finite elements model under static
pressure loads is built, while using the
ANSYS program [2]. Since there are
planes of symmetry in Main piping
component, only one eighth of the Main
piping component is modeled with
appropriately applied symmetry boundary
conditions (fig. 1). The cracks' locations
and the regions of the possible machining
out of the cracks are shown in the figure,
as well. In order to increase the
calculation's accuracy the model is
restricted to the brick elements with
transitional degrees of freedom per node.
The finite element SoIid-5 is used in order
to generate the accepted element mesh.
This thermal-structure solid element
enables us to model the stress-strain state
by considering of the steel thermal
conductivity and thermal convection
process between steel and steam etc due to
static and transient thermal loads.
Mesh density is high enough in the
region of the expected large stress
gradients. The model mesh density is
refined till the calculation results arising
from this model-agree sufficiently close to
the previous not refined model.
The calculations are made for the
material 0.5%. CrMoV. The maximum
pressure Von-Mises stresses occur on the

1. INTRODUCTION
The Main piping component is located
at the outlet of the main steam piping
forward to the turbine. Two types of
processes may be distinguished during the
service life. The first type, called the
operating process, is characterized by
relatively slow changes in pressure and
temperature. The second type, called the
power station startup
process, is
characterized by rapid changes of loads.
This transient process leads to the
development of the thermal stresses in
piping components.
The Main piping component is an
intricate shapes component, connecting
different pipes. This component is
subjected to low (negligible) level of creep
stresses due to pressure and high level of
fatigue thermal stresses.
After a long period of service several
circular fatigue cracks have been
discovered at the bottom of the Main
piping component chamber. As ultrasonic
measurements show, the cracks depth is
until 30 mm. The Main piping component
547

Fig. 2 The typical process of the steam
temperature change.

Fig. 1 The finite elements model mesh.

is the peak stress, as well.
These calculations are carried out for
the mean values of the temperature
difference AT = (Tmax - Tmin) =200 *C
and of the temperature rate 200 °C/hr. The
maximum thermal stress is developed on
the internal surface of the Main piping
component exactly at the same region
where the cracks are observed in the actual
component. The maximum overall stress,
is CTI = 975 kN I mm 2 for the actual

internal surface of the Main piping
component (the maximum stress is upr~
46.4 kN I mm 2). These stresses have a
local character and they are the peak
stresses according to the Standard TRD
classification. Analogous character of the
thermal stress field is obtained for the
repaired Main piping component, while
the regions containing the cracks are
machined out.

Main piping component due to pressure
and thermal transient.
Notice, that the thermal stresses
occurring at the depth of 30 mm in the
future internal surface, (after machining
out) are lesser than 100 kN I mm2 and
their influence on the service life of the
repaired Main piping component is
negligible.
The thermal stress field is obtained
under the same conditions for the repaired
Main piping component, while the regions
containing the cracks are machined out
(the maximum stress occurs on the
analogous area and here is <Jlh = 1015
kN I mm2. For the repaired Main piping
component the maximum overall stress is
cr^ = 101 kN I mm 2 due to pressure and
thermal transient.
The
maximum
stresses
versus
machining deep are presented in fig. 4 for
the actual Main piping component.

3. THERMAL TRANSIENT
(FATIGUE) STRESSES
It is assumed that the Main piping
component works only under fatigue
conditions (the influence of the creep is
negligible) and as a result the life
assessment calculations are based on the
usage of damage coefficient. When the
coefficient reaches the value of 100%, the
service life is completed. The thermal
transient (fatigue) stresses in the Main
piping component arise from rapid
temperature change of steam during power
station startup. Finite elements analyses of
thermal stresses are carried out for similar
problems in Miroshnik et al [5] and De
Aquino and Manesky [3].
A typical process of steam temperature
8 change with time t is schematically
shown in fig. 2. The maximum Von-Mises
thermal transient stresses are shown in fig.
3. The maximum stress is alh = 91A
kN I mm 2, it has a local character and it
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Fig. 4 The maximum stresses versus
machining deep.
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The model of the thermal and pressure
stresses of the power station Main piping
component is built. This model enables us
to obtain a good agreement between the
actual location of the cracks and
theoretical location of the maximum
thermal stresses. It is proved, that
machining out the cracks will prevent their
growing and will extend the Main piping
component's service life.
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Evaluating the statistics, accumulated damage and reliability of a mechanical system exposed to
random vibration or acoustic noise
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evaluation methodology and appropriate
material fatigue data, the accumulated damage,
can be evaluated for a certain loading time or
the time to total failure (the life time). A
computer package has been written by the
authors, to evaluate the statistics and to
calculate fatigue damage accumulation and
reliability, based on the results of regular
spectral analysis. First the paper summarizes
the principles implemented by the program.
Next the testing of the program is discussed in
the evaluation of a structural element's life
time, using published data, from an acoustic
loading experiment. Use of the program to
evaluate reliability of an electronic component
exposed to an acoustic field is presented next.
Finally several concluding remarks summarize
the paper.

Abstract
The use of a computer program is
presented, to evaluate the statistics of the
responses of structural elements under random
mechanical and acoustic loads. The program is
applied to evaluate the fatigue life time and
reliability of structural elements. After several
introductory remarks the principles of the
methodology are shortly described. A fatigue
life evaluation under acoustic loading is
exemplified next, followed by an example of
reliability calculation for an electronic
component, exposed to an acoustic excitation.
A short summary concludes the paper.

Introduction
Most of the dynamic environments to which
mechanical systems are exposed are of random
character, for example: vibration and acoustic
noise that operate on airborne structures,
vibration
induced by transportation on
irregular roads, vibration and acoustic noise
generated by turbulent flow. As a result of
these random environments, fatigue damage is
accumulated, which can partially or totally
impair the structure's mission. Moreover, a
structural failure can be induced by single
exceedance of a critical load level. Both
modes of failure affect the structure's
reliability. To avoid such failures, or to
evaluate the structural element's reliability,
requires the evaluation of the structural
element's fatigue life or of the probability
that under a certain vibrational or acoustical
environment, it's response will exceed a critical
level. This evaluation can sometimes be
performed analytically but most often it will be
the result of an experimental and computational
effort.
The
structural
element
under
investigation is exposed to the expected
acoustic load using an acoustic testing cell or
to the vibratory environment by using a shaker.
During the exposure, the structural responses
are measured. Special analysis methods enable
the evaluation of the response statistics. From
these statistics the probability of exceeding a
critical response level can be evaluated.
Combining these statistics with a damage

The principles of the methodology
Fatigue damage accumulation
Evaluation of the accumulated damage is
performed based on Miner's law [1]. According
to this law, the fatigue damage accumulated in
a structural element exposed to stress cycles
of different levels is expressed by :
(1)

where n\ is the number of stress cycles of level
Sj. N(Sj) or Nj is the number of cycles of level
Sj that cause total damage, described
mathematically
by D>1. For stresses of
random nature, counting of the cycles is
complicated
by
their
nondeterministic
characteristics. A stress cycle is related to a
positive or negative peak value. The number
of peaks in the range S, S+dS counted in the
time T can be evaluated using the relation:
(2)

with mT the total number of peaks in unit
time and pp(S) the probability density of the
peaks. From the standard deviation of the stress
and of its first and second derivatives,
respectively OS. as. aS , the two unknown
quantities can be evaluated for stresses of
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curve as given in [3] are A=1.5*10 2I and
b=3.83. The measured power spectral densities
of both the acoustic excitation and the stress
were calculated in octave bands. Each octave
band was considered as a narrow band
resonator and the damage accumulation per
unit time was calculated separately for each of
the resonators. The inverse of the sum of the
damage for each resonator is the system's life
time. In the work presented here, the measured
power spectral densities were transformed to
linear resolution (the continuous lines in Figs.
1 and 2) and were treated as broad band
phenomena. Following the methodology
discussed above, the damage accumulated in
unit time over the entire frequency range of the
stress was calculated in one step. The inverse
of the accumulated damage is the element's life
time. Fig. 3 presents the statistics of stress
peaks and Fig. 4 the damage distribution as a
function of stress level and the fatigue curve.
The life time (1500 Hrs) and the total damage
appear also. The results compare well with the
calculated (1560Hrs) and measured (1680 Hrs)
in [3].

gaussian distribution of instantaneous values.
These three quantities can be derived from the
power spectral density of the stress [2].
Reference 2 presents a detailed description of
the calculation process for evaluating nix and
pp(S). The values of N(S) are evaluated from
the relation:
(3)

where A and b are parameters of the material
fatigue curve, dependent on the material type
and the geometry of the structural element.
First passage failure
The additional possible failure mechanism
of a structural element is the exceedance of the
critical strength level by the stress. This failure
occurs when the stress exceeds for the first
time during a loading duration T, the critical
strength. The design goal is to minimize the
probability of this failure. According to [2] the
probability of failure is:
I

Q = 1 - exp - jnsc * {t)dt

L o

(3)

Reliability evaluation of an electronic
component under acoustic excitation

J

For a narrow band stress, the probability of
failure is [2]:

The power spectral density (PSD) of the
displacement
of an electronic component
exposed to an acoustic excitation is described
by Fig. 5. Given that the critical displacement
level of the component is 1.5 mm, it is required
to determine the component's reliability for
1000 hours of operation. From the PSD, the
standard deviation of the displacement and its
first derivative are calculated, followed by the
calculation of nxc+ (xc, the critical
displacement) using (6) and the reliability
using (5). The result is 0.8868.

(4)

and the reliability :

R(T) = exp(-nsc+ T)

(5)

with n s / the number of positive slope
crossings of the critical strength Sc in a given
time unit. For a Gaussian distributed stress nSc+
is given by:
1 fas'

i *-y

Summary

(6)

It has been shown that, starting from the
power spectral density of a measured
mechanical response, the statistics of extreme
values can be evaluated and applied to
calculate the fatigue life or the probability of
failure, when exceeding a critical level. Use of
the methodology, implemented with specially
written software, has been exemplified, in the
evaluation of the fatigue life of a structural
element and an electronic component under
• acoustic noise excitation.

Evaluation of the fatigue life under acoustic
loading
The software written to calculate the fatigue
damage accumulation was tested using data
published in [3]. An acoustic load of power
spectral density presented in Fig. 1 by the
circles was applied during an acoustic test to
plain structural elements containing fillet
welds. The power spectral density of the
average measured stress is described by the
circles in Fig. 2. The parameters of the fatigue
551
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This paper presents a method which allows
1. Abstract
reliability calculation of complex mechanical
In this paper a methodology of reliability
system with latent failures to show compliance
analysis of mechanical systems with latent failures
with requirements.
is described. Reliability analysis of such systems
must include appropriate usage of check intervals
for latent failure detection.
3. Definitions
The methodology suggests, that based on system
Failure
logic the analyst decides at the beginning if a
A loss of function, or malfunction of a system or a
system can fail actively or latently and propagates
part thereof.
this approach through all system levels. All
Latent failure
inspections are assumed to be perfect (all failures
Latent failure is one which is inherently undetected
are detected and repaired and no new failures are
when it occurs. A significant latent failure is one
introduced as a result of the maintenance).
which would in combination with one or more
Additional assumptions are that mission time is
other specific failures or events , result in a
much smaller, than check intervals and all
hazardous failure condition.
components have constant failure rates.
Check Interval
Analytical expressions for reliability calculates are
A recurring maintenance check that is required by
provided, based on fault tree and Markov modeling
design to show compliance with reliability/safety
techniques (for two and three redundant systems
requirements by detecting the presence of, and
with inspection intervals). The proposed
there by limiting the exposure time for significant
methodology yields more accurate results than are
latent failures.
obtained by not using check intervals or using half
Check
check interval times. The conventional analysis
An examination (e.g. an inspection or test) to
assuming that at the beginning of each mission
determine the physical integrity or functional
system is as new, give an optimistic prediction of
capability of an item.
system reliability.
Some examples of reliability calculations of
4. Method description
mechanical systems with latent failures and
The methodology of reliability calculations of
establishing optimum check intervals are provided.
mechanical systems with possible latent failures
has been developed in reference [1]. The following
assumptions have been used:
2. Introduction
- Inspections are perfect, all failures are
Most reliability analytical techniques assume
detected and fixed.
that a system employed for a mission is fully
operational at the beginning of a mission. An
- No new failures are introduced as a result
assumption here is that system is maintained or
of maintenance.
checked at the beginning of each mission. In real
- All items have constant failure rates.
mechanical systems this assumption is not correct,
- Mission times are much smaller than
since many mechanical failures are inherently
inspection intervals.
undetected. As a result system configuration may
Based on system logic, the analyst decides at the
be different from initial fully operational state.
beginning about the active or latent failure of a
Because the frequency at which a device is checked
given system architecture and propagates this
directly affects the probability that undetected
approach through all system levels.
(latent) failure exists, check intervals may be used
Derivation of analytical expressions is illustrated
in reliability calculations to show compliance with
bellow for two cases with latent failures: two items
reliability requirements. At the time of
in parallel and three items in parallel.
maintenance check all components scheduled to be
maintained are checked and repaired or replaced if
Case 1. Two in parallel
required, so that they operate as new.
Items A and B are in parallel. Failure in item A
Some formulae exist in the literature which
will be detected and fixed before the next mission.
consider latent failures in assessing system
Item B can fail latently., its failure will not be
reliability, but these pertain to special
detectable. Item B will be inspected at the time of
configurations or scenarios.
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The average mission duration is I hours. Failure
probabilities of parls A and B during mission are
designated as PA and PB. failure rate of part C is Xc
and its check interval is T c .
Suppose: PA = P» = Xc = 1 .OE-04. t = 1 hour
Using the proposed method, (based on equation 2 ) ,
the probability of a system failure is:
Q sys = PA *PB* (XC *T C ) / 3 < 1.0E-09
To satisfy this condition check interval for part C
should be: Tc<300() hours.
Using a common approach , the probability of
system failure is:
Q sys = PA *PB* (XC * T C / 2 ) < 1.0E-09
To satisfy this condition check interval for part C
should be: Tc<2000 hours.
Common approach lead to overestimation of
checking frequency.

scheduled maintenance , when its failure will be
detected and fixed.
The system fails when A fails and B fails either
during current mission or B had failed latently
during earlier mission after the last scheduled
maintenance and A fails during current mission.
Markov methodology was used to derive analytical
expressions for probability of system failure. In
general, using the state with the initial condition 1
as the origin of the paths, the first non-zero term of
states power series is the product of failure rates
along each path, summed over all paths and
multiplied by (t /n!) )for a state at the nth failure
level, t is an average mission duration.
The probability of system failure is:
Qsys= (QB te * QA,CI)/ 2 = (ABT * AAt)/2 (1)
The result is validated by the fault tree with a
"Priority And" gate, where:
Probability of a basic event B, = XRT
Probability of basic event Al = >.At
Similar results also exist in the literature [4].

6. Example of reliability calculation
Consider a reliability block diagram for a
mechanical system . Figure 1, [5]. It comprises a
hydraulic power supply A , operating the primary'
system B. with a second hydraulic power supply C ,
operating the secondary system D. The two systems
join together in common parts E. In the event of
combined failure of two systems, or of the common
parts, the back-up system F is operating. The
system finally join in other common parts, subject
to the risk of mechanical seizure G. The object is to
determine the probability of total system failure
and to find whether the risk exceeds an allowable
level. Total system failure is regarded as Major
failure condition with a maximum allowable level
of 1.0E-05 per mission hour.
The average mission duration is t hours. Failure
probabilities of items A. B, C, E and G during
mission are designed as PA, PB, P<-, PE and Pc,. The
normally inoperative secondary system D (failure
rate XD ) can fail latently, during check interval TD,
the same applies to the back up system F (failure
rate >.F, check interval TF).
Suppose:
PA = 18.54E-04
XD = 6.65E-05
PB = 2.0E-04
Xv = 5.0E-06
P c = 4.5E-()4
t = 3 hours
Pi; = 1.55E-06
T u = 3000 hours
P i; = 3.OE-O7
TF = 6000 hours

Case 2 Three in parallel
System comprises items A . B and C in parallel.
Any two of these items can fail latently, failure of
the last third item will lead to system failure and
therefore will be detected. Inspection interval for
the system is T, when the latently failed items will
be detected and fixed, average mission duration is
t. Probability of system active failure is:
Qsys= (>.AT *XB7 * Xr\)/3 + (XAT *XCT * XB\)/3
+(h-:T *A.BT * JlAt)/3 = XA* A,, * ?.c *T2 *1
(2)
Probability of system latent failure is:
Qsyst= XA* XB * Xc *T3
(3)
There is a common approach of failure probability
calculation during periodical tests at intervals of T
hours [2]. Since the failure probability rises from a
low Q = 0 immediately after a test to a high value
Q = XT in the end of interval, in exponential case.
the average failure probability is Q = X*T/2.
Therefore it is recommended to use in calculations
time equal to half of checking interval [2\.
This approach is true only in case of double
redundant system, in other case it will lead to
overestimation of checking frequency with
resulting economic consequences.

Probability of both primary and secondary systems
failure during mission can be calculated as follows:

5. Example of check interval calculation
Consider a triple redundant system with two
parts A and B which can fail only actively
(detected and fixed before next mission) and part C
which can fail latently (detected and fixed during
check interval = T c ). The required probability of
failure should be extremely improbable, since it
can lead to a Catastrophic failure condition, i.e. Q
< 1.0E-09 [5]. What is the suggested check interval
time to satisfy the requirement?

Q, = |[PA + PB) * (PC +XD *TD)] / 2 = 2.03E -04
Probability of both primary and secondary systems
or their coomon parts E failure during mission is:
Q2 = Q1 +P r . =2.045E-04
Probability of back-up system F failure during
check interval is:
r>54

show compliance with reliability requirements and
to establish optimum check interval times.
The common approach of using half interval times
as a average value in calculating failure probability
is true only in case of double redundancy.
The proposed approach allows more accurate
reliability assessment

Q F = XF * TF = 0.03
Now the system can be represented as two
redundant paths:
- both primary and secondary systems or
their common parts E
- back-up system F
Using the equation (1), probability of a total system
failure as a result of failures in both redundant
paths during mission is:
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data, time saving through parallel processing,
and cost reduction where machines can replace
humans working in harsh environmental
conditions and whenever the lack of
information may result in a costly damage.
These advantages should be weighed against
the increased complexity of the system, its
overall cost, and the amount of excess essential
information acquired by the system.

ABSTRACT
In recent years there has been a progress
in the application of measurement and control
systems that engage multi-sensor arrays.
Several algorithms and techniques have been
developed for the integration and fusion of the
information obtained from the sensors, through
the application of principles adopted from
fields such as signal processing, artificial
intelligence, statistics, and The Theory of
Information. This paper reflects on the
application of data-fusion techniques to the
field of non-destructive testing and suggests
some considerations to be taken into account,
based on a trenchant review of the experience
gained to-date.

The potential advantages of the data fusion
process gave the impetus to apply data fusion
techniques to the field of nondestructive
testing (NDT). Nondestructive measurement
techniques are carried out to asses
the
condition of structures and components and to
evaluate their fitness for use. The tests are
essential to components of which a failure can
have grave safety, operational and economical
consequences.

INTRODUCTION
In recent years there has been a progress
in the application of measurement and control
systems that engage multi-sensor arrays.
Several algorithms and techniques have been
developed for the integration of the
information obtained from the sensors. The
fusion of the data may be complicated due to
the fact that each sensor has its own
performance characteristics, and because
different sensors may detect different physical
phenomena.

METHODOLOGY
The present paper is based upon a critical
review of data fusion algorithms and
techniques, and a trenchant summary of the
experience gained to date from the several
preliminary NDT studies which have been
applying multisensor data fusion systems.
Consequently, this paper suggests a list of
rules and criteria to be followed in future
applications of data fusion to nondestructive
testing.

As a result, data fusion turns out to be a
multidisciplinary
field,
which
applies
principles adopted from other fields such as
signal processing, artificial intelligence,
statistics, and The Theory of information. The
data fusion machine tries to imitate the human
brain, in combining data from numerous
sensors and making optimal inferences about
the environment.

CONCLUSIONS
The design of a multi-sensor system for
data fusion must consider several aspects,
among which:
• What level of knowledge inference is
required from the system (from row data to
decision making).
• Is the system expected to be universal, or
dedicated to a specific application (can it

The main advantages of data fusion are:
redundancy of data, obtaining complementary
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•

•

•

•

the amount of excess information gained
does not justify the excess complexity and
cost of the system. There exists an optimal
number of sensors to be fused, which is
affected by the nature of the problem, the
algorithm for the data fusion, and the
characteristics of the utilized sensors.

be adjusted easily to similar problems and
working conditions, or is it limited solely
to a certain use).
What are the suitable sensors for the
mission (taking into account the nature of
the problem under consideration, the
characteristics of the sensors, the ability to
use identical sensors at different locations,
or sensors based upon different physical
phenomena).
What measures and standards the system
has to meet (probability of detection,
measure of effectiveness, measure of
performance,
signal-to-noise
ratio,
resolving power, etc.).
What algorithms should be employed by
the system (statistical, fuzzy-logic, neural
networks).
The system's architecture, man-machine
interface, output configuration.

The potential advantages of data-fusion
provide the impetus for the application of
multi-sensor data-fusion systems to the field of
non-destructive testing. Feasibility studies on
several applications of data-fusion systems to
non-destructive testing are now under way.
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While the application of data-fusion
systems may be beneficial from the
redundancy of data, complementary data, time
saving through parallel processing, and cost
reduction (where machines can replace
humans working in harsh environmental
conditions and whenever the lack of
information may result in a costly damage)
perspectives, one should bear in mind, that
data-fusion is not an end by itself. Data-fusion
systems for non-destructive testing are to be
implemented in those occasions, where usual
everyday techniques fail to provide the
necessary data. The advantages of data-fusion
should be weighed against the increased
complexity of the system, its overall cost, and
the amount of excess essential information
acquired by the system.
From our critical review of data fusion
algorithms and techniques, and the trenchant
summary of the experience gained to date from
the several preliminary NDT
data-fusion
studies, some rules emerged, to be considered
in future potential applications:
• The efficiency of the fused sensors should
be similar. There is no gain in information
when an efficient sensor is fused with a
notably inferior sensor.
• If the same type of sensors is used in the
systems, there is no benefit from fusing
their data, if the sensors exhibit poor
performance. On the other hand, the same
is true when the sensors are very accurate.
• Increasing the number of sensors in the
system does not necessarily improve the
performance of the data-fusion system, or
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SYSTEM RELIABILITY
Denote by Px the reliability of component x and by
Qxy the probability of failure mode y occurring in
component x (P., + ZQxy = 0Table 2 presents the failure modes ofi the different
components and the associated failure probabilities Qxy.
We note that both the list of failure modes and the
chosen probability values are given for the sake of
demonstration alone and do not necessarily represent
real-life components.

ABSTRACT
Redundancy, as a technique for improving system
reliability, may be implemented in various ways for the
same system. Redundancy used in different subsections
of the system may have different effects on system
reliability, as well as other characteristics such as size,
weight, or cost. Evaluation of different designs should
therefore be treated as a system-level problem. This
paper demonstrates the course of analysis and evaluation
of several different redundancy designs for a simple
electromechanical system.

Component
Motor

Failure Mode
Probability
Jammed (MJ) QMJ = 0.005
Idle
(MI) QMI = 0.010
Transmission Jammed (TJ) QT] = 0.0025
Idle
(TI) Qr, = 0.0025
Screw
Jammed (S J)
QSJ = 0.005
Table 2
In the basic series system, failure of any component
will cause the system to fail, so the total reliability of the
system is:

INTRODUCTION
In many complex systems with high reliability
requirements, redundancy is used in order to improve
reliability. Redundancy may be implemented in various
manners in a given system, using redundant components
in different subsections of the system.
Redundancy, while improving system reliability,
usually involves some increase in weight, size, cost and
other attributes of the system. Furthermore, improperly
implemented redundancy may not yield the expected
increase in reliability, due to failures of the redundant
system. Different manners of redundancy design (if any)
need therefore be evaluated as an overall, system-level
problem. In many cases, redundancy should be used for
the most unreliable parts, where the potential for
reliability improvement is greatest.
The purpose of this paper is to demonstrate the
course of analysis and evaluation of several alternatives
of redundancy design for a given system.

P,.«=PM-PT-PS

Under the assumptions of table 2, Ptot = 0.975. It is
immediately seen that the electrical motor is the least
reliable component, so the use of redundant motors is
the natural direction of improvement.
ALTERNATIVE REDUNDANCY DESIGNS
As stated before, redundancy may be implemented
using several different methods. We shall hereby
demonstrate a few examples, noting that additional
designs may also be proposed.

SYSTEM DESCRIPTION
The technical problem demonstrated is that an
electromechanical system, in which an electrical motor
is used to move an object in the following manner; the
operation command is transmitted to the motor (M)
through a controller (the motor and controller will
hereafter be addressed as a single unit for simplicity).
The rotational motion of the motor is transformed,
through a transmission (T) and a translation screw (S)
into linear movement of the object. The controller
receives feedback from the object's motion through a
system of sensors. A block diagram of the system
(without redundancy) is given in figure 1.

Design #1: Two Motors in Series
In this design, two motors are connected in series to
the same axis (figure 3). If one motor becomes idle, The
other continues to operate the system. On the other
hand, if one motor is jammed, the entire system becomes
jammed. Thus, even though this design is redundant
regarding one failure mode (idle), the probability of
failure is doubled regarding the other mode (jammed).

Figure 3
The system's reliability in this case is:

Figure 1
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It can easily be seen that the increase or decrease in
reliability depends on the relation between the
probabilities associated with the different failure modes
of the motor. Under the values of table 2, Ptot = 0.98.
Thus, this design results in mild reliability improvement.
Design #2: Two Parallel Motors
In this design, the two motors are connected through
a differential (D) to a transmission (figure 4). If one of
the motors is jammed the other continues to move the
system. However, should one motor become idle, the
system stops, as the operational motor's action is
transferred to the idle motor causing it to rotate in the
opposite direction, rather than to the object. This design
is, in a sense, the "opposite" of design #1.
The failure modes of the differential, DJ and DI are
the same as those of the transmission (TJ,TI) and will be
assumed to hold identical values.

D

•P •
r

S

TJ )

+ (P M Q TJ +(1-P M )(P T +Q TJ ))P M P T ]

PT + Q T ] )-P M -P T ]-P D .P s
Under the assumptions of table 2, Plol = 0.985. Ths
reliability improvement in this design is thus more
substantial than in design #1.
Design #4: Parallel Motors & Electric Brakes
In this design an electric braking system (B) is used
in order to overcome the main drawback of design #2 failures caused by an idle motor. In this design, as
opposed to design #2, an idle motor will not cause
system failure, since its reverse rotation, caused by the
operational motor, is sensed by the braking system and
the motor is stopped (figure 6).

Figure 6
However, the use of a braking system introduces
additional failure modes: The brakes may jam (BJ) and
stop the motor unnecessarily, or they may be idle, and
fail to stop the motor when required (BI). These new
failure modes may easily be analyzed, by viewing the
motor and brakes as a single system, "MB", with the
following reliability and failure mode probabilities:

Object m o t i o n ] <
Figure 4
The system's reliability in this case is:
= P M .(P M +2-Q M J )-P D -P T -P s
Under the assumptions of table 2, P,o, = 0.965. Due
to the increased vulnerability to idle motors (the main
failure mode of the motor) compared to the original
design, and the required addition of the differential, this
design is even less reliable than the original, series
design.
Design #3: Parallel Motors & Transmissions
In this design, each motor is connected through a
transmission to a differential which moves the screw
(figure 5). In this case, as the transmission's motion
cannot be reversed (assuming high reduction rate), no
failure of a single motor will result in system failure.
However, an idle transmission will cause the system to
fail.

=

*

~

M8,1

Under this formulation, this design may be analyzed
using the equations previously set for design #2, with
PMB replacing PM. The system's reliability is therefore:
"mi

=

["MB ' \"MB "*• QMB.J )

QMB.J ' "MBJ

JJ•

Assuming, for example, QBJ = QBJ = 0.0025, we have
again Ptot = 0.985, so this design is equivalent (regarding
reliability improvement) to design #3.
"MB" may be viewed as an "altered" motor, which is
much more likely to become jammed than idle (as
opposed to the "real" motor). The incentive for the
above "altering" of the motor's failure mode distribution
comes from the fact, that design #2 is tolerant to a
"jammed motor" failure but not to an idle motor. On the
contrary, the use of brakes in design #1, for example,
would result in much lower system reliability, since that
design is sensitive to a jammed motor.
Design #5: Full Redundancy
In this design, two complete translation systems are
used: motors, transmissions and screws (figure 7). The
difficulty in this design arises from the need to
disconnect one of the redundant branches from the

Figure 5
The system's reliability in this case is:
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object in case of failure, in order to avoid interruption to
object motion. This requires the use of a mechanical
connector (C), which is a relatively complicated and
expensive. In view of the relatively small potential
increase in reliability (compared to designs #3,4), this
design is not recommended.

( O b } ect motion
Figure 7
EVALUATION OF ALTERNATIVE DESIGNS
Design #2 may be rejected immediately, since its
reliability is lower than that of the original series design.
Design #5 is also rejected due to the required use of
mechanical connectors, leaving designs #1,3,4 as
candidates.
Besides the improvement in reliability, other
system-level attributes should be considered, as
demonstrated in table 8:
Reliability

advantage to designs #3,4 (0.985)
compared to design #1 (0.98)
Speed & power
Similar.
Weight & volume All designs require some
additional weight. Design #1 the
lightest, #3 the heaviest. The
differences are not substantial.
Similar.
Cost
Similar.
Maintainability
Testability
Design #4 requires simulation of a
failure in order to test brakes.
Table 8
The need to simulate motor failure during testing in
design #4 is somewhat of a drawback: the existence of a
"failure simulation mode" in the system may put its
normal operation at jeopardy, should this mode
accidentally be activated (due to a control failure)
during system operation.
Reviewing table 8 yields the conclusion that design
#3 should be implemented, due to its higher reliability
compared to design #1 and its better testability
compared to design #4.
SUMMARY & CONCLUSIONS
Redundancy design may be implemented in different
ways for the same system. The different designs vary
considerably in the resulting reliability, as well as in
other important system attributes, so alternative designs
must be evaluated using system-level analysis.
The example brought in this paper demonstrates the
course of evaluation of alternative designs. In this case,
the choice of the optimal design was based mainly on
reliability, testability, and design complexity.
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Abstract
The analysis of reliability serves the engineering
decision-maker in various fields such as safety analysis and
certification, design of systems and processes, monitoring
and fault diagnosis, and so on. In this paper we introduce the idea of uncertainty aversion, borrowed to some
extent from economic theory, and show how it is used,
together with robust reliability, as a decision-support tool
in vibration problems with uncertainty.
GAMBLER'S THEOREM
It is widely observed that reliability increases with the
failure threshold of the system. We will obtain deeper
insight into the theory of robust reliability by seeking to
understand the origin of the universal monotonic relation
between reliability and failure threshold. First we need a
general formulation of robust reliability. Robust reliability
is described elsewhere in detail [3, 4, 5, 6] as well as in
another paper in this volume [9].
Let the state of the system be x(t) and its input be u(t),
which are related by the mechanical model, whatever it
may be. The failure criterion states that failure occurs
if a 'decision function' D(x, u,t) exceeds a threshold value
Da:
D{x,u,t)>DCT
(1)

a in this set:
a(Dcr) = maxA(DCT)

(3)

In other words, the robust reliability is the greatest value
of the uncertainty parameter which is consistent with nofailure of the system.
Without getting into mathematical technicalities, one
can see that, if failure threshold D\ is less than threshold
D2, then A(Di) is a subset of A{D2):
A(D1)CA(D2)

Dx < D2

(4)

The explanation: if D(x,u,t) < D\ for all « in U(a, u),
then clearly D(x, u, t) < D2 for all w in U(a,«) since D\ <
D2. Hence any a in A(Di) will also belong to A{D2)As a start at understanding what this means, let's state
this result succintly and give it a name:
Gambler's theorem: The robust reliability increases
monotonically with the failure threshold [7].
a(Ecr)
.
f
immune

2
^

1

ai

where x obeys the dictates of the mechanical model of the
a
system. This encompasses quite a broad range of failure
criteria. The uncertainty model is an info-gap model,
U(a,u), a > 0. Info-gap models, and especially convexset models of uncertainty, have been described elsewhere,
both technically [1, 5, 10, 11], non-technically [2] and ax- vulnerable
Inerable
iomatically [8], and in this volume [9].
To formulate the robust reliability of the system we first
rash E2
heed to define the following set:
cheap

E\

E

wary
costly
A(Dcr) = {a : D{x, u, t) < Dcr, for all u € U{a, u)} Figure 1: Robustness versus failure threshold for two dif(2) ferent designs.
A(Dcr) is the set of all values of the uncertainty parameter a for which the decision function D(x,u,t) does not
violate the failure criterion, for all inputs u(t) in the infogap model U(a, u). The robust reliability is the greatest
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DECISIONS A N D
AVERSION TO U N C E R T A I N T Y
The gambler's theorem can be interpreted in various
ways in different contexts. We will examine it in connection with design decisions. In fig. 1 we plot the robustness
versus the failure threshold for two different designs, for
instance, provided by designers who have chosen different
natural frequencies. The robustness axis is labelled 'immune' for large values of S since large robustness implies
large immunity to uncertainty. Likewise, the a axis is labelled 'vulnerable' for small values of 2. Consider now
the failure-threshold axis. When the designer chooses his
system to fail at a low threshold, he is adopting an approach which might be viewed, in the extreme, as 'rash'
or 'cavalier', motivated perhaps by the desire for an inexpensive product. At the other extreme, where Ecr is
very large, the designer may choose expensive solutions
providing high failure thresholds. With this point of view
in mind we have labelled the failure-threshold axis 'rash'
or 'cheap' for small values of ECT and 'wary' or 'costly' for
large Ecr.
With this interpretation of the axes in fig. 1, we can interpret the monotonic increase of the robustness curve as
expressing the trade-off between cost and vulnerability-touncertainty: as cost rises, vulnerability decreases. Conversely, the gambler's theorem states the trade-off between economy and immunity-to-uncertainty: as the designer "cuts corners and costs", he increases his vulnerability to uncertainty.
Furthermore, the robustness curve quantitatively characterizes the designer in terms of how he "gambles" in
this trade-off. Comparing the two designs in the figure we
see that designer # 2 shows greater fondness for risk and
uncertainty than designer # 1 . Consider the arrows running to the right and downward from the robustness value
a. At the level a of ambient uncertainty, designer # 1 is
more cautious and requires a more costly system than designer # 2 , as evidenced by the fact that E± > Ei- In
this sense, designer # 1 is more averse to uncertainty than
designer # 2 . Likewise, consider the arrows rising from
the failure-threshold E. For a system intended to fail at
this threshold, designer # 2 can tolerate greater ambient
uncertainty than designer # 1 , since a? > <*i. Again, designer # 2 has greater proclivity for ambient uncertainty
than designer # 1 .
Whatever linguistic interpretation one chooses for the
robustness curve, and it must be stressed that the interpretation of the last few paragraphs is by no means the
only plausible one, the fact remains that robustness increases monotonically with failure threshold. The gambler's theorem expresses a trade-off between vulnerabiltyto-uncertainty and resistence-to-failure: vulnerability increases as resistence falls. Robustness curves such as those
in fig. 1 serve as an assessment of global sensitivity to uncertainty.
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Abstract
We outline the theory of robust reliability of vibrating systems subject to severely deficient information
about the dynamic loads. We stress non-probabilistic
information-gap models of uncertainty, which are adapted
to severe lack of information. When some probabilistic information is available, we show how it can be incorporated
in a hybrid probabilistic/info-gap analysis.

Consider a simple technological example: uncertain
forces u(t) exerted on a building during an earthquake.
The temporal variation of the force resulting from a
nominal or typical seismic excitation is u(t) which is a
known function. The actual load u(t) deviates by an unknown amount from the nominal load v(t). The set of all
excitation-functions u(t), whose energy of deviation from
u{i) is bounded by a 2 , is one set in a family of nested sets:
U(a,u) =

ROBUST RELIABILITY
In this paper we measure the reliability of a system
by the amount of uncertainty consistent with no-failure.
That is, reliability is quantified as immunity to uncertainty. A reliable system will perform satisfactorily in the
presence of great uncertainty and is immune to unanticipated variations. Such a system is robust with respect
to uncertainty, and hence the name robust reliability. On
the other hand, a system has low reliability when small
fluctuations can lead to failure. Such a system is fragile or
vulnerable to uncertainty. This approach to reliability is
described elsewhere in detail [4, 5, 6, 7]. We will illustrate
the method of robust reliability with several examples.
We will employ three components in our analysis of
the robust reliability of mechanical systems: (1) a model
of the mechanics, (2) a model of the uncertainties, and
(3) a criterion of failure. For items (1) and (3) we will
use standard mechanical and physical theories. For item
(2) we will use info-gap models of uncertainty, augmented
where possible with whatever probabilistic information is
available.

/

- u(t)]2 dt <

This info-gap model, U{<x,u), is a family of nested sets
for a > 0. This means that U(a,u) is a subset of U({3, u)
if a < /?. Uncertainty is expressed at two levels by this
info-gap model. For fixed a, the set U(a,u) represents a
degree of uncertain variability of the load function u(t).
The greater the value of a, the greater the variation, so
a is called the uncertainty parameter and expresses the
information gap between what is known (u{i) in the above
example) and what needs to be known for an ideal solution
(the exact function u(t)). The value of a is usually unknown, which constitutes the second level of uncertainty.
Each set in the family of uncertainty-sets defined in
eq.(l) is in fact a convex set. The convexity of the sets
has not been assumed; the convexity simply arises as a
by-product of how the partial information is quantified.
Convex info-gap models are commonly encountered, and
are called convex models. However, not all info-gap models are convex. In particular, convexity may be lost when
info-gap uncertainty propagates through a nonlinear system, while still retaining the nesting properties characterized by the axioms of info-gap models [3],
INFORMATION-GAP MODELS OF
In the info-gap model of eq.(l), each set in the family
UNCERTAINTY
is defined as the collection of all functions consistent with
the prior information, up to uncertainty a. This is characAn information-gap model is a family of nested sets. teristic of how info-gap models are formulated in general.
Each set corresponds to a particular degree of uncertainty, In this way, the info-gap model is constructed with very
according to its level of nesting. Each element in a set parsimonious use of information.
represents a possible realization of the uncertain event.
Info-gap models, and especially convex-set models of uncertainty, have been described elsewhere, both technically
[1, 6, 9, 10], non-technically [2] and axiomatically [8].
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EXAMPLE: HYBRID
PROBABILISTIC/INFO-GAP UNCERTAINTY
Consider a damped SDOF mechanical system subject
to separate transient excitations of duration T occurring
infrequently enough so that the system damps down to
zero initial conditions after each event. The mechanical
model for each transient is described by the following
linear differential equation:
mx(t) + cx(t) + kx(t) = u(t), z(0) = i(0) = 0

(2)

Let T be the duration of the transient, and express the
input as a sum of harmonics with uncertain coefficients:

where A is the mean number of transients per unit time.
However, the specific temporal variation of each transient
input is uncertain and described by the info-gap model
of eqs.(4) and (5). Thus the uncertainty model combines both probabilistic and info-gap models of uncertainty, P n (6) and U(a).
The system fails when damage has accumulated in excess of a quantity Ea. While there are many models of
damage accumulation, we adopt the simplest for purposes
of illustration. Extensions can be found in [3, 6]. We suppose that damage accumulates by a viscous dissipation
mechanism, so the increment of damage in a single transient is proportional to the integral squared displacement:

N

u(t) =

sin

nnt/T + bn cos nnt/T]

(3)

E=i/

\dt

(9)

This is more conveniently expressed in vector notation. where u is a constant. Failure occurs in n transients with
Let j3T = (a\, ... ,6jv) be the vector of unknown Fourier damage increments E\, ... ,En if the cumulative damage
coefficients and let y(t) be the corresponding vector of sine exceeds a critical value:
and cosine functions, so that:
(10)
u(t)=PT7(t)
(4)
If we imagine a 2iV-dimensional space whose coordinates This is the failure criterion.
are the coefficients Pi, . . . , @2N, then the unknown vectors One can show that the maximum increment of damage
0 cluster in a cloud in this space. Our prior information is in a single transient is:
sufficient to roughly characterize the shape of this cloud
but not its size. This information about the uncertain
(11)
max E — v max / xl dt
coefficient vector /? is represented by the following family
)J0
of sets, which constitutes the Fourier ellipsoid-bound info(12)
gap model of uncertainty:
where T) is the greatest eigenvalue of the matrix
U{a) = {/? : /3TWp < a 2 } , a > 0
(5) w-i/2 j-T Cy(*)C(*) dt W-1'2 and C is defined in eq.(6).
We have insufficient probabilistic information to calcuwhere W is a real, symmetric, positive definite matrix
late
the probability of failure: we can not calculate the
which specifies the shape of the ellipsoid, and the uncerprobability
distribution of m a x / z £ d i since u is charactainty parameter a determines the size of each ellipsoidal
terized
only
by an info-gap model of uncertainty. Howset in the family.
ever,
we
have
partial probabilistic information: the disEq.(2) can be solved [11] to express the total displacetribution
in
time
of the transients is Poisson. A hybrid
ment at time t as:
approach is called for, and we will outline one such analysis [6, pp. 193-194].
The robust reliability for failure in exactly n transients
is the greatest value of the uncertainty parameter a which
is consistent with no-failure. Call this an, which can be
(6) evaluated based on the info-gap model. Since we know the
(7) probability of n transients in duration 0, we can average
where £(t) is defined in eq.(6), and is a known vector func- an on the number of transients.
Combining eqs.(9)-(12), we evaluate Sn by equating the
tion. The natural frequency is u = y/k/m, the damping
maximum
cumulative energy to the threshold value, and
coefficient is f = c/2um, and the damped natural fre2
2
then
solving
for a:
quency is w<j = a/^/l — £ . We have assumed that £ < 1.
Based on prior information, the probability of exactly n
transients in a long duration 0 is described by the Poisson
nvc^T) — Ecr
(13)
an =
probability distribution:
3

(A6)"

n>

^ 0, lt 2, ...

This is the robust reliability for failure in precisely n tran(8) s i e n t events.

Randomizing an on n, we must exclude the case n = 0
since failure can not occur without the input of energy.
Hence the robust reliability averaged over the Poisson
probability distribution becomes:

5. Y. Ben-Haim, 1995, A non-probabilistic measure of
reliability of linear systems based on expansion of
convex models, Structural Safety, 17:91-109.
6. Y. Ben-Haim, 1996, Robust Reliability in the Mechanical Sciences, Springer-Verlag, Berlin.

(14)
7. Y. Ben-Haim, 1997, Robust reliability of structures,
Advances in Applied Mechanics, vol. 33, pp. 1-41.
(15)
Eq.(15) reveals how the reliability decreases as the duration of operation, ©, increases. It shows the dependence
of the reliability on the failure threshold Ecr and on the
system properties through the quantities v and r\.
SUMMARY
We have addressed the challenge of using very incomplete information about dynamic loads in evaluating the
reliability of a vibrating system. Uncertain inputs can be
characterized in different ways, using probability theory,
or information-gap models of uncertainty, or fuzzy logic.
These methods are conceptually distinct and each is particularly suited to a different type and quantity of prior
information.
We have stressed info-gap models of uncertainty, which
are adapted to severe lack of information. In situations
where rare events are of critical concern and information is
at a premium, info-gap models allow the analyst to make
rational and systematic assessments without introducing
unverifiable extrapolations beyond his data. When some
probabilistic information is available, we have shown how
it can be incorporated in a hybrid probabilistic/info-gap
analysis.
We have outlined the theory of robust reliability, which
replaces or supplements probabilistic reliability in those
situations where prior information is insufficient to verify
the choice of a probability density. We have also illustrated a hybrid probabilistic/info-gap reliability analysis.
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ABSTRACT
In this paper the dynamic equations of motion of a six
degrees of freedom parallel manipulator actuated by three
carts are generated; It is shown that the associated inverse
dynamics problem cannot be solved straightforwardly, and
that a two-stage algorithm is required to generate a
solution.
1. INTRODUCTION
In the last five years, parallel robots have been subject
of increase number of research and development.
Theoretical investigations as well as practical
implementations were proposed. Although most of the
robots to date consist of serial kinematic chains, parallel
robots are attractive since they exhibit higher rigidity and
accuracy. Furthermore, their payload-to-weight ratio is one
order of magnitude better than that of their serial
counterparts. On the other hand, parallel robots suffer from
a smaller workspace.
A typical parallel manipulator comprises a fixed base
and a moving platform connected to one another by means
of extensible links actuated by linear motors, as shown in
Fig. 1. The links are attached to the base and to the
platform via revolute, universal or spherical joints located
at the links' extremities. Such a structure is generally
referred to as the Stewart Platform [1], although earlier
versions of similar structures can be found [2].
One way to increase a parallel manipulator workspace
is to replace the fixed base by movable carts and thus
exploit the ability of each cart to move on a planar surface.
Such a structure is the subject of this investigation.
Moving
Platform

Fixed
Base
Fig 1: A typical parallel manipulator

The robot consists of a moving platform connected to
three moving carts by means of three inextensible links.
These links are attached to the platform through revolute
joints and to the carts through spherical joints, as shown
in Fig. 2. Each cart is attached to two independently driven
wheels, so that coordinated rotation of both wheels enable
a planar motion of each cart. A similar structure was first
described in [3]. There, the role of the carts was played by
planar motors. The workspace of such mechanisms is

limited only by the size of the surface on which the carts
move.
revolute joint

Fig. 2: The robot structure

Several studies of the inverse dynamics of parallel
robots have been carried out in the last decade. In 1987,
Sugimoto [4] suggested a dynamic model for a parallel
manipulator. Do and Yang [5] presented in 1988 an
algorithm which solves the inverse dynamics for parallel
manipulators. They found that the inverse dynamics
solution is governed by thirty-six linear equations which
can be reduced to six if solved in a proper sequence.
Gosselin [6] introduced in 1996 an approach for the
computation of the inverse dynamics of parallel
manipulators. All these works were based on the NewtonEuler formalism. The Lagrangian technique was used by
Geng and Haynes [7], and by Pang and Shamipoor in 1994
[8], presenting an algorithm which solves the inverse
dynamics of a three degrees-of-freedom parallel
manipulator.
The use of Kane's method for the generation of
explicit equations of motion of general parallel robots was
introduced by Baiges and Duffy [9] in 1996 and by Ben
Horin, et al [10] in 1997, who simulated the motion of
two conventional types of Stewart Platform as well as two
planarly actuated robots, similar to the one presented here.
They solved, in addition, the inverse problem associated
with these systems.
In this paper the derivation of the explicit equations of
motion of a parallel robot moving on three carts, using
Kane's method, will be presented. Both the forward and the
inverse dynamics will be discussed, pointing out the
difficulties raised by the presence of nonholonomic
constraints.
2. ROBOT DYNAMICS
2.1 Forward Dynamics
Consider the system shown in Fig. 3., which consists
of a rigid platform M, attached to three links Lj (i=l,2,3)
at points p, (i=l,2,3) of M respectively, by means of
revolute joints. The endpoints S; (i=l,2,3) of the links are
attached to three carts Q (i=1,2,3) at their mass-centers C*

0=1,2,3), respectively. Each cart comprises a uniform
rectangular parallelepiped, and a massless axis A( passing
through C* and common to two massless independently
driven wheels W^ (i= 1,2,3 j=l,2) of radius r, as shown in
Fig. 4. The wheels are in contact with a fixed horizontal
plane H at point Wy (i=l,2,3 j=l,2).

n2

t

Letnj, n^, ljj, Cyand wikj (ij=l,2,3; k=l,2) be set of
dextral mutually perpendicular unit vectors fixed in N, M,
Lj, Cj and Ws respectively and oriented as shown in Figs. 3
and 4. In is taken to be parallel to the longitudinal axis of
Lj, and lj2 is parallel to the axis of the revolute joint. C;3
points vertically upward and CJI is perpendicular to Aj. Thus,
q 2 are aligned with Aj$= 1,2,3), as are wik].

m

Fig. 4: The dynamic model of cart i

where O is a point of N. The coordinates q& q^ and q21
denote angles describing the orientation of M in N. Here, a
spacel23 sequence is used [11]. The generalized speeds are
defined next
3
u 3i = ©L< • p M * p ' ; u l + 9 =
u i+ io =

C

'fO

Wi2

C

' <DW» • c i 2

ci2

M
M

ui+15= V - n , ; ui+18=

(9,10)
(11,12)
(13)

i,

(14,15)

where i=l,2,3. Hence, the differential kinematical
equations are as follows:
112

qi

Fig. 3: The dynamic model of the robot

(16)

In view of Eqs (3)-(15) the velocities of M*, L*, C\, Wy
and the angular velocities of M, Lj, Q and Wy in N can be
expressed as

The approach used here in order to obtain the
equations of motion of the entire system is as follows:
The constraints forcing Sj to coincide with C* (5=1,2,3)
and, the constraint forcing the wheels to roll without slip,
namely,

N

0)M =

(17)

(C21U20 + S 2I C 2O U 19) n 2
N

V c *=V S i

= Ui (i = l, ..21)

(1)
N

(2)

VM

= u 16 n! + u l 7 n 2 + u 18 n 3

o L i = N co M + u 3 i l i 2 ; N V L * = N V P l + N a M x

(18)
(19)
(20)

are removed temporarily. Expressions for velocities of
mass centers and angular velocities of rigid bodies are
generated for this unconstrained system, as are the
associated motion equations. Constraint equations are then
formulated. Finally, the motion equations are formulated
with the aid of Kane's equation for constrained
systemsfll].
Now, generalized coordinates for the system are
defined, for i=l,2,3, as follows:
<bi-a = P 0 0 ' •«« ; qa-i = oos-'Cc,, • n,)
q3i = cos-'O,, • p M * P i ) ; 9U9 = cos-'( Cil • vr )n )
qi+10 = cos-'(c n • w l2I ) ; qi+15 = p

OM

' • n;

N

w

co '' =

ui+9ci2

(21)
(22)

N

C0 W « = U 3 i _ 1 C i 3 + U i + 1 0 C i 2

N

Vw-=(u3i_2+|u3i_I)cil

(23)
(24)

where c^ = cos(q20) , s21 = sin(q21), etc, b is the distance
between the wheels ; and i=1,2,3. The velocities of s, can
be written as

(3,4)
(5,6)

V s ' = VL* + coLi x p L ' s ' (i = 1,2,3)

(7,8)
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(25)

Substitution from Eqs. (3)-(25) in Eqs. (1) and (2) lead
to 15 scalar constraint equations which can be solved for a
selection of generalized speeds with an invertible
coefficient matrix. This can be shown to be the case if the
independent generalized speeds are ult % U4, u5, u7 and u8.
Then the dependent generalized speeds can be cast in the
following form:
u

i

=

X A i j u J 0 = 3,6,9, ..,21)

The paths transversed by S; are produced in the first
part numerically. Interpolation of the data points
comprising these paths are required when used in the
second part as paths transversed by Cj. Accordingly, we
compute a cubic interpolating spline that fits these points.
We do it as follows: between every pair of data points
[x i _ l ,y i _ 1 ],[x i ,y i ] we construct a spline of the form [12]:

(26)

j=U,4,5,7,8

where Aj are runctions of q; (i=l,..,21). By way of contrast,
u16,..,u2i cannot be choosen to be the independent
generalized speeds, for the coefficient matrix ofu^-u^ is
singular.
The forces acting on M*, L*, C\, Wy and the torques
acting on Q and Wj are:
F M * = -m M gn 3 ; FL> = -m Li gn 3
c

w

(27,28)

F ' =-m C i gn 3 ; F « =-m Wij gn 3

(29,30)

T c ' = -(T,, + Ti2 )cI2 ; TW'J = Tyci2

(31,32)

(34)

Here h{ = x{ - x;_i,
S;_i = <j>"(xi_i),
s ; = <t>"(Xi),
i=l,..,n, n being the number of data points and sO,..,sn
being the unknown. Since §'(x) must be continuous
across the middle point x, of two neighbour splines we
have
<Ky,+,-y,)

whereTj (i=l,2,3; j=l,2) are control torques. Now we can
write Kane's dynamical equations for constrained systems
[11] as follows:
F r + F r = 0 (r = l,..,

6h,

(35)

fly.-y,.,)

Such equations can be written for i=l,..,n-l. Still, two
aditional relations are needed to complete the system of
equations for s0,..,sn. These we get by specifying the first
derivatives of <jKx) at the initial and final points, <)>'(x0)
and <j>'(jcn). and obtain the following equations:

(33)

where F r and F r are generalized active forces and
generalized inertia forces for the entire system. Now Eqs.
(33) can be solved for U], u2, 114, U5, u7 and ug, given the
initial conditions for all the generalized coordinates
qi(0),..,q2i(0) and the generalized speeds u^O), u4(0), UT(0),
"2(0). «5(0) and "8(0) and the torques Tj. Note that
q1(O),..,q2i(O) have to satisfy configuration constraint
equations which have to be written explicitly.

yo)

2h,s 0 + h,s, =
h n s n _, + 2h n s n = 6g n -

-6go

(36)

6(yn-yn-,)

(37)

Thus, we get a set of equations for the unknown second
derivatives that can be written in a three diagonal matrix
form as follows:

2.2 The Inverse Dynamics
The inverse dynamics problem can be solved
straightforwardly if one seeks the torques which have to be
exerted on the wheels so as to obtain a desirable behavior
of ui, U2, U4, U5, u7 and u8. Such an approach fails when ui,
U2, u4, U5, u7 and u g are replaced with u^..,^ becasuse the
coefficient matrix is not invertible.
The solution presented here to the inverse dynamics
problem is separated into two parts and is accomplished by
two different simulations. In the first part the forces which
have to be applied at s, (i= 1,2,3) so as to make M undergo
the required motion are evaluated; and the associated paths
transversed by S; are calculated. In the second part, C*
(i= 1,2,3) are made to transverse the paths of s, Aj is made
to be perpendicular to the path at C' and the torques which
need to be exerted on the wheels are evaluated, provided C*
are subject to the force exerted by s; 0=1,2,3).

2h,
h,
0

h!
2(h,+h 2 )
h2

0
b2

0
0

0
0

..
0

..
0

2(hn_,+hn)

0
0
0
2h n

Sn

(38)

(yn+i -

-(yn -yB-i

Note that n < n 0 , where n 0 is the number of data points
produced in the first part.

5(>8

As an example, suppose that the mass center of the
moving platform is required to undergo a motion such that
qI6=O.5t, q17=O.5t, qig=1.2, q19=0, q20=0, q21 =0.25:tt.
The required trajactories of C* (after a four-point
interpolation) and of Sj (resulting from the first part) are
shown in Fig. 5 whereas the torques required to generate
the desirable motion is shown in Fig. 6.
si movement
Ci movement

1

1

-1

1

-0.5

t

1

0

0.5

A

/

.1

1.5

X [m]

Fig. 5: Translation of S; and C*
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3. CONCLUSIONS
In this paper both forward and inverse dynamics of a
parallel robot moving on three carts were discussed. It was
shown the inverse problem cannot be solved
straightforwardly. A two-parts solution was suggested,
whose drawback lies in that two different simulations and
an intermediate processing is required. Further work
involves an attempt to solve the two parts in a single
simulation.
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comprises proprietary and sophisticated yet very
low cost navigation and control electronics using
software algorithms enabling the systematic and
effective coverage of a given work area such as
the floor of a home or a typical garden lawn.

The Company
Friendly Machines Ltd was founded in May
1995 to develop and market a new generation of
fully automated consumer robots. The company
developed several versions of a fully automatic,
hands free lawn mower called ROBOMOW, a
"Follow-me" golf caddy called ROBOTROLL
and additional products along the same lines.

SharpScan builds and updates a map of the
work area, including its perimeter and inner
obstacles while in operation, and hence does not
require any prior knowledge of the work area, or
markers and beacons within it.

Friendly Machines focuses on fully
automated domestic appliances for the garden
machinery, sporting goods, and home appliance
markets. A robotic navigation and control
technology called SharpScan was developed
which opens the door for the following
applications: Automated motorized household
and industrial cleaning equipment, such as floor
sweepers and vacuum cleaners. Automated lawn
and garden power equipment, such as lawn
mowers, edge trimmers, and garden vacuuming
tools. Hands-Free "Follow me" devices, such as
golf trolleys, supermarket trolleys, and toys.
Automatic snow removal machines for parking
lots and driveways.

ROBOMOW - Development By Iteration
ROBOMOW is effectively the first
intelligent utility robot ever offered to the
consumer market. Developing such a compound
product requires careful blending of many and
very often contradicting requirements.
Performance Requirements
The first set of requirements that
ROBOMOW had to meet are targeted at
achieving the right level of performance in the
consumer's garden. Such requirements include
quality and uniformity of cut, motion and
maneuverability in various garden setups
including obstacles and slopes, and navigation
and control requirements needed to achieve
systematic coverage of the entire lawn area
including edges. Designed to be used by the
general public, ROBOMOW also has to meet
very stringent safety requirements intended to
prevent any possibility of accident with human
beings, pets or obstacles on the lawn.

ROBOMOW
The company's first product ROBOMOW is
an intelligent, hands free lawn mower which
systematically and automatically mows an entire
lawn. ROBOMOW contains an onboard sensing
and guidance system, which allows it to avoid
objects in its path, and ensures that the lawn
edges are cut neatly. The user simply presses the
"GO" button and ROBOMOW starts mowing
automatically. ROBOMOW is also a multcher,
which recycles the lawn clippings and nutrients
back into the lawn. It is environmentally
friendly, built with recyclable materials and
powered by two sealed batteries with efficient
power consumption and no pollution.

Commercial Requirements
The second sets of relevant requirements are
commercial requirements. Price, which of course
is a key parameter in the consumer market, but
also styling, and size. Other things being equal,
larger products are more expensive to
manufacture and transport and very often also
less attractive to the consumer. This means that
the mechanical parts, sensors and electronic
components needed to achieve the performance
requirements outlined earlier had to be packed in

SharpScan Technology For Surface Treating
Robots
SharpScan is a small electronic module
designed to operate as the "brain" of an
automatic surface-treating machine. SharpScan
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The second key element in our approach was
development by iterations. Since many
challenging and contradicting requirements had
to be met and since ROBOMOW was effectively
the first of it's kind there was no formula and no
experience we could use to arrive at the right
design balance in a single iteration.

a neatly designed, small and compact enough
unit to appeal to the consumer.
Industrialization Parameters
A third but very important set of parameters
evolves around industriability issues. Such
parameters include the ability to manufacture the
product effectively in quantities, testability - the
ability to test the product at the and of the
production line bearing in mind that a fairly
complex and intelligent robot with a large verity
of behaviors is under test. Reliability of the
product - ROBOMOW is the first utility robot
designed for mass production. Last but not least
- maintainability. The ability of a local dealer or
maintenance company to support the product at
the field level. This is more challenging than it
seems since ROBOMOW is the first attempt to
introduce a sophisticated hi-tech product
involving electronics and software into the lawn
and garden industry where typically products
were of a lower level of sophistication and
technology.

The approach that was chosen therefore was
iterative. Several prototypes were built during
the course of the project, and each of them
represented our best design at that point in time.
Each prototype was tested extensively in the
field involving not only our own development
team, but also other manufacturers, distributors,
dealers and consumers. The design team used
feedback from all these elements in order to
come up with a better design for the next
iteration. Such an approach obviously requires
the ability to design and build prototypes in a
very short period of time. During the
development of ROBOMOW six deferent fully
working prototypes were build and tested in
addition to many sub assemblies and parts of the
product. This effectively means that a new
prototype was designed, built and tested ever}7
three to four months during the project. It is our
believe that this iterative approach was the best
way to arrive at the final product quickly and
cost effectively.

Development By Iteration
ROBOMOW's development cycle from
scratch to a fully tooled and working production
line took less than three years. Two elements
were fundamental in meeting all the
requirements in a relatively short period of
time: A strong and well-financed development
team and iteration approach to reaching the
final design of the product.
An exceptionally strong team of engineers
and designers was assembled for the project.
From very early in the program the team
comprised experts and consultants covering all
the relevant issues ranging from sensor
technology through electronics, mechanics,
plastics, styling and design. Good coverage of all
the development issues with top quality people is
crucial in such projects since a failure in almost
any single element may mean total failure of the
program.
Sufficient budget form day one is also a
crucial factor. Meeting all the requirements
described above is enough of a challenge for any
development team and imposing in addition
financial restrictions on the program may be
detrimental. It is our experience that well
financed and well-stuffed projects deliver better
products faster, and also end up costing less
money then under financed projects.
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Kinematics Constrains - Impose limitations on
the vehicle position and orientation, and on its
dynamic behavior [6]. Furthermore, often
AGVs are planned to carry large and heavy
objects (Fig. 1 shows an IDAB AGV caring a
paper roll in a newspapers plant), which cause a
change in their mass properties, frequently
increasing the risk of overturning.
In the following we present the idea of
taking into consideration the AGV's dynamic
properties while planning its controller. The
objective of our work was to design a controller,
that enables the AGV to follow a given path in
minimum time without overturns.
To perform such a task, a dynamic model of
the system in question is needed, and, in
addition, means to efficiently perform control
analysis and synthesis. A number of software
tools are available, and can be used, to develop
a dynamic model, and a controller. However, it
turns out that software tools that are well suited
for motion equations generation - such as
Autolev, fall short of dealing with control
analysis and synthesis. Similarly, software tools
that are used for control analysis and synthesis such as Matlab/Simulink, are not equipped to
efficiently generate motion equations. Here, a
hybrid procedure is developed whereby the
motion equations are generated by means of
Autolev and cast in a form ready to be used by
Simulink without additional processing. The
equations are fed into a generic block diagram
within the framework of Simulink ready to
accept
motion
equations
of
simple,
nonholonomic systems such as the AGV in
question. A basic controller is developed so as
to enable an AGV carrying a load, and being
exposed to unexpected events, to follow a
predetermined path in minimum time without
overturning.

Abstract
This work deals with Automated Guided
Vehicles (AGVs) used in an industrial
environment [1]. To date, AGVs are constrained
to move on rails, and thus are limited in use in a
rapidly changing environment. In order to
remove this constraint and let the AGV move
autonomously
(an Autonomous Guided
Vehicle), better sensors, navigation systems and
smart algorithms for path planning and obstacle
avoidance are required [2,3,4], In addition, due
to the removal of rails, the path uncertainty
increases.
This article presents simulation results of a
controller that takes into consideration the
AGV's dynamic properties while directing it
through a predetermined path.
Introduction
The fast development of the world economy,
the open markets, and the changes in
consumers' behavior, led to major changes in
manufacturers policy. The products become
better, cheaper, and is subject to continuous
changes. The long and inflexible production
lines are replaced by short and flexible ones.
AGVs moving on rails (mechanical, magnetic,
or electric rails), no longer meet the demands
for rapidly changing production lines. An
autonomous vehicle is required for unlimited
motion on plant grounds, involving path
parameters download only.
Developers of autonomous vehicles became
aware of a few problems: Positioning - the
integration between the AGVs and the machines
in the production line demands the accuracy in
the vehicle position to be within a few
centimeters and degrees. If on rails, the vehicle
could be guided by sensors fixed to the rail.
Free motion requires much more accurate
position sensors on the vehicle [5]. Tracking The AGV must follow a preplanned path, while
rails, guide the vehicle. Safety - The free motion
over plant grounds increases the probability of
the AGVs encountering an obstacle. This
requires much more sophisticated perception
sensors and obstacle avoidance algorithms.

Tools being used
Autolev - A software package developed by
T. R. Kane [7] which explicitly generates the
motion equation of simple nonholonomic
systems. The software
also generates
expressions for variables of interest. The system
configuration is being described by generalized
coordinates, and the system motion is described
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Simulink - One of the Matiab libraries being
used for control analysis and synthesis. Simulink
consists of built-in operators such as derivatives
and integrals, blocks of basics controllers such
as PI, PID, etc. We use Simulink to simulate
motions by integrating equations produced by
the analist, and apply controls to the system.
Here, the idea is to produce the motion
equations with Autolev.

by generalized speeds. The software creates also
a C or Fortran file, which, after compilation,
performs numeric integration of the motion
equation. The software creates also an input file,
for entering numeric values of the system
constants and initial conditions, and output files
consisting of numerical values of variables of
interest.
The Implementation of Autolev - Let us
consider a system of n degrees of freedom. It is
assumed that the system is holonomic, possesses
n generalized coordinates, qi,...,qn, and n
generalized speeds, uh...,un.
n dynamic
equations and n kinematics equations are
required in order to describe the system motion.
The dynamic equation are:
F r + F*r=0(r=/ ) ...,n),

Combining Autolev and Simulink - A generic
block diagram was build under Simulink in
order to simulate the motion equations of
simple, nonholonomic systems. The block is
shown in Fig. 2. The core of the block is the
MATLAB Function. That function is actually a
translation to Matiab of the C file being created
by Autolev, which consists of the motion
equations of the system, and expressions for
variables of interest. q,,...,qn represent the
generalized coordinates, M/,...,«„.,„ represent
the independent generalized speeds, E,,..., EN
represent the external inputs to the system, and
OUTj,...,OUTM represent variables of interest.
It can be seen that information on any of the
system generalized coordinates or speeds can be
obtained easily during the motion, as well as
information on the variables of interest. A
control system can be build based on that
generic block.

(1)

where F r and F /-are the r-th generalized
active force and the r-th generalized inertia
force, respectively. Equation (1) can be solved
for ii/,...,un , so that:
i-A'

YlDJq1,...,qn,t)Es_l,(r=l

(2)

n),

where N is the number of the external inputs to
the system £ v (forces and moments measure
numbers), and Drs are functions of qh...,qn
and /.
In a similiar way, one can write the
kinematic equations as follows
qr=gr(u,,...>ul,,q]>...,qH,t)
(/•=/
n).

A Mobile Robot Dynamic Model

(3)

Fig. 3 describes a three wheels mobile robot
model. The robot is based on a box, A, of
dimensions 2W x 2L. At the base of the box
there are three wheels, wl, w2, w3, which are
centered at points PI, P2, P3 respectively. In
order to simplify the model, the inertial
properties of the wheels are ignored. A driving
force, FORCE, is assumed to be applied at point

In all there are 2n first order differential
equation,
and
2n+N
inputs,
ql,...,qll,ul,...,u,,,E,,...,EN

If m motion constraints are imposed on the
system, then only ul,...,un_m are independent.
The system motion is governed by n-m
dynamics equations, and n kinematics
equations. The dynamic equation are:
Fr + F% = 0 (r=l,...,n-m)
Solving for uh...,u,,.m , one has:
K =f,.(u,,..., un_m,q,,...,qn,t)

n
"i.bjq,,...,q
ib n,t)Ex

A . The front wheel is being used for steering.
Furthermore, the wheels move without slip. In
order to describe the robot motion, two sets of
dextral mutually perpendicular unit vectors «,and a~j (/= 1,2,3), will be defined, fixed in TV and
A respectively. The front wheel's (wl), axis is
parallel to a unit vector b-,, which is member of
a unit vectors set b, (/= 1,2,3). The axis system
B, attached to the front wheel, is being rotated at
anglea from system A. Finally, the robot

(4)
+

(/•=/,...,«-«)

Whereas the kinematics equations are:
qr=gr(u,,...,ull.m,q,,...,qllit)

(5)
(6)

center of mass A in Fig. 3, is at height H
above the plane of motion.

In all there are 2n-m first order differential
equations, and 2n+N-m inputs.
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coordinates and generalized speeds, and the
reaction forces acting on the wheels.

The Dynamics Analysis [8] - Three
anc
generalized coordinates, qi,q2,q3,
* three
generalized speeds, uhu2,u3,
are defined as
follows (Fig 3):
qiSpOA'-n,(/=1,2)

The Controller

(7)

Fig. 5 shows a schematic representation of
the controller [9]. The controller receives as
inputs the desired path that the robot should
follow (from the computer), the actual position
of the robot (from the position sensors), and the
reactions on the wheels (from the force sensors).
The controller produces, as outputs, the force
that should be applied to the robot, and the
steering angle. The controller consists of three
main blocks. The Supervisor, the Dynamic
Controller, and the Real Time Controller.
The Supervisor - produces, according to the
desired path, the acceleration, velocity, and
position desired vectors. The Supervisor gets no
feedback from the robot, so in planning the
mentioned vectors, it does not take into
consideration the robot's instantaneous state.
The Dynamic Controller - In addition to the
desired path, the Dynamic Controller receives
as input the reaction forces on the wheels. In
case of a decrease in the reaction force at one of
the wheels below a certain value, the Dynamic

q3 =
(8)
Thus, qj,q->, describe the position of A , in
N, while NVA and ^co"^ are the velocity of
A* in N, and the angular velocity of A in N,
respectively. q3 describes the orientation of A
in
iV,
and
q4
is
defined
as
q4 = a = cos~'(a, -b,). The requirement that
the wheels move without slipping, implies that:
N A

V -a2 = NV2-b2 = 0 (where A and A are
points shown in Fig. 3). These are the
constraints equations. Using Autolev one obtains
the following:
• The Constraint Equations
«, =O.5*tan(<7,)*«,
(9)
u3 = 0.5*tan(qA)*u,/L
(10)
• The Kinematics Equations
q, =cos(q3)*u,-sm.(q3)*u2
(11)
q,=sm(q3)*u,+cos(q3)*u2
(12)
<j3=u3
(13)
• The Dynamics Equations
COEF( 1,1 )=-A-0.25* A*tan( qA )A20.25*IA3*tan(^) A 2/L A 2
1 )=0.25*A*tan( q4 )*(2* u, * u3 + q4 *(
My +tan( qA )* w_,+L*tan( qA )* u3 ))+0.25*IA3*t
qA )* ? 7 *(tan( qA )* «, +(«, +tan( 9 v )* u2 )/L

Controller will act to reduce VA

until the

reaction returns to a safe value.
The Real Time Controller - An Inverse
Dynamics + PD controller is used. According to
the reactions on the wheels, this controller
decides whether to take into account the vectors
being produced by the Supervisor, or the ones
being produced by the Dynamic Controller.
This controller receives, as inputs, the actual
position and velocity of the robot. Its outputs
are the driving force, FORCE, and the steering
angle, Q4, As seen in Fig. 5, those outputs are
the external inputs to the AGV's dynamic
model.

)/L-FOR-A*K2*K,

iii =RHS(1)/COEF(1,1)
(14)
In addition, expressions for the reaction
forces acting on the wheels, are generated by
Autolev, For example, the reaction force acting
on the front wheel, PI, is:
PP1
= 0.5
*A*g-0.125*H*(4*FORq4 )*(A*(2* u, * u3 +qA *{ u, +tan( qA )* u2
L*tan( q4 )* «, ))+IA3* q4 *(tan( q4 )* u3 +( u,
+tan( q4 )* M, )/L)/L+(A+I A 3 / L A 2 ) *
tan(^)* W / ))/L
(15)
In Fig. 4 we can see the equation of motions
in the generic block of Simulink. The inputs to
the block are the force acting on the robot, and
the steering angle of the front wheel. The
outputs of the block are the generalized

Simulation Results
A simulation of an AGV carrying a load,
and following a predetermined path, was
performed. In Fig. 6 the preplanned path to be
followed by the AGV is seen. By "Desired
path" we mean not only the path that the AGV
should follow, but also a 'timetable' to be
considered. We test a case in which the paper
roll being carried by the AGV is located higher
then it should be, and therefor change the mass
properties of the AGV significantly. Fig. 7
shows the reaction on the inner wheel during a
turn in a normal situation (i.e.,the paper is at its
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normal position) and Fig. 8 shows the reaction
associated with the test case. When the reaction
decreases, the Dynamic Controller prevails, and
VA

is being reduced. That could be seen by

comparing figures 9 and 10. During the turn,
VA

is reduced to 2.5 meters per second. After

completing the turn, the AGV accelerates in
order to accomplish the path on time. Fig. 11
shows the actual position of A on the Y axis,
and its preplanned position. It can be seen that
during the turn there is a gap which vanishes
towards the end of motion.

Fig. 3: A three wheels mobile robot model.

Conclusions
A hybrid procedure was developed for
Combining Autolev and Simulink. That gives us
the tools for this work object - to design a
controller for an AGV that takes into
consideration its dynamic behavior.
Fig. 4: The block for the AGV.

Fig. 5: A schematic representation of the
controller.

Fig. 1:IDABAGV

Th» O«*«J Path

m

Fig. 6: The preplanned path to be followed.

Fig. 2: A generic block diagram in Simulink
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Fig. 7: The reaction on the inner wheel •
normal case.
Th* Reaction on Wht«i 9

Fig. 11: The difference in the position of A*
between the planned and the actual.
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DOF that controls both the middle and distal revolute
joints.

ABSTRACT
The Anthrobot-3, an 18 degrees-of-freedoms
anthropomorphic robot hand, has been integrated with a
PC based data acquisition and control system. A
user-friendly operating system was constructed to
operate and teach the robot desired sequences of
positions. In the teaching phase, the operator drives the
robot hand and a set of desired hand-positions is stored.
In the playback phase, the robot is controlled through
the set of previously stored positions to accomplish a
complete continuous movement. The robot operating
system provides a powerful tool for application
development and further research.

Middle
Fore
Ring

Thumb

Distal

INTRODUCTION
The field of dexterous, multi-fingered, robot hands
has progressed significantly from the veteran Utah/MIT
hand [2] to the up-to-date DLR multisensory articulated
hand [6]. Such hands are developed to support flexible
assembly, especially in hazardous and remote locations
and as assisting devices. Given their large number of
degree of freedom, and the complexity of the tasks they
are supposed to accomplish, the programming of such
robot hands is a major challenge. Most robot hands,
including the Salisbury [5] and Okada hands, are not
anatomically correct ones, possessing only 3 or 4
fingers, arranged in a thumb-opposing configuration. In
contrast, the Anthrobot-3 is an anthropomorphic robot
hand, designed to resemble the human hand.
Anthropomorphic robot hands facilitate the interface to
a human operator, either in a tele-operation mode or in
a learning mode, as in programming by human
demonstration. Ultimately, the interface would be via a
sensorized glove like the Cyber glove. The teaching
system presented here provides a more direct yet
interactive interface and establishes the basis for other
interface systems.

Fig. 1: Anthrobot-3 Palm Structure
Like the human hand [3], tendons driven by actuators
accomplish the movements. However, Instead of
flexor/extensors muscles there are 18 DC servomotors
to activate each of the 18 joints. The motion of each
servomotor is transferred to the controlled joint via a
pair of tendons.
SYSTEM DESCRIPTION
The PC-based data acquisition and activation system
includes Digital-to-Analog, Analog-to-Digital and
Digital I/O boards to interface to the servomotors on the
robot. These interface boards perform the following
functions:
• Sampling 16 potentiometers on the finger
motors.
• Commanding 16 control signals to the motors,
including 16 D/A channels and 16 digital signals
for the motors directions.
• Sampling 2 encoders on the wrist joints.
• Commanding 2 D/A control signals to the wrist
motors.
The
servomotors
are
driven
using
Pulse-Width-Modulation (PWM) amplifiers. A digital
signal, indicating the desired motor directions is
required for the amplifiers that drive the finger motors.

ANTHROBOT-3 STRUCTURE
Anthrobot-3 is an anatomically correct robot hand
with 18 degrees of freedom (Figure 1). The robot is
constructed of a broad palm attached to the forearm by
a two degrees of freedom wrist. Five digits are
connected to the palm: a thumb with four degrees of
freedom and 4 fingers each with 3 degrees of freedom
(DOF). The 3-DOF include a lateral revolute joint, a
perpendicular proximal revolute joint and an additional
577

The unmasked control signal has the following structure
before the mask:

U = C + P-(Qr-QJ+ D~(Qr-QJ

Flng»r»
I Finger*
Potan«on»*»r» I Motor*

Where, all the capitalized terms are 1x16 vectors, U is
the unmasked control signal, r is the reference and m
the measured motor angle. C, P and D are the vectors of
constant, proportional and differential
control
parameters, respectively.

£<?
^ r Joint
'^^Angle

Fig. 2: System Structure
CONTROL
A closed loop motor position control was developed
that samples the built-in potentiometers in the
servomotors and generates the signals to drive the DC
servomotors. The whole close loop runs at an overall
rate of 20-25 Hz.
The control system is composed of 16 independent
close loop controllers, one for each of the 16
finger-joint servomotors. The 16 control loops are
multi-tasked to imitate natural movements. Each control
loop implements a controller that includes the
followings:
• A simple linear
proportional-differential
controller algorithm. We put a first order
differential term in order to save CPU computation
time. Second or third order derivatives do not affect
performance in this case.
• A constant term to overcome backlash, Which
exists due to these factors:
1. Motor dead zone.
2. Coulomb friction between the tendons coating
springs.
3. Coulomb friction in the pulleys where tendons
roll in.
4. Hook's elongation in tendons.
A different constant is applied to each channel to
overcome the specific backlash in the corresponding
joint.
• Saturating function mask. In order to prevent the
controller from outputting higher voltages than the
maximum voltages the D/A board can send, a
suitable analytic saturating function was applied.
This function facilitated flexibility in optimizing the
control parameters and improved performance. The
saturating function mask is a modified hyperbolic
tangent function:
rjlA

/

—V
masked

•tanh(0.6-—)

max
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Fig. 3: One joint control scheme
The same control system is used in both the teaching
and the operating phases.
USERINTERFACE
A PC-based user-friendly operating system was
constructed to operate and teach the robot desired
sequences of positions [1].
The operating system consists of two phases:
• The teaching phase.
In this phase the robot is driven by signals that can be
entered manually using scrollbars. The system is ready
to be integrated with other position-indicating devices
like joystick or the commercial Virtual Glove. A
database of desired hand positions, specified by sets of
the corresponding 16 servomotor positions, is built and
stored. In contrast to industrial teaching systems, the
controller is active during the teaching phase, driving
the robot to reach the desired position indicated by the
operator.
• The operating phase.
In this phase the robot is controlled through the set of
previously stored positions to accomplish a complete
continuous movement. Whenever the robot does not
reach a specific target joint angle it continues smoothly
to the next indicated joint angle. These situations can
occur when the user-specified interval to accomplish
the desired movement is too short. The user can also
select specific joints to be disabled during operation.
Numeric feedbacks of joints' positions are displayed
followed by percentage of motion completion. The

1p joint position

interface provides an emergency stop button and long
motion name.
The transition from the teaching phase to the
operating phase is smooth and user-transparent. The
motion databases produced in the teaching phase can be
edited manually or constructed by other programs.

0.5

0-

Fig. 6: proximal joints' performance
The response demonstrates a significant delay, which
may be attributed to the motor deadtime. Following the
initial delay, the joints respond as either critically
damped (the middle joints in digits 1,2,4, and the
proximal joints in digits 2), or slightly underdamped
second order system (the middle joint in digit 3 and the
proximal joints in digit 1 and 4).

Fig. 4: Actual Teaching Phase Screen
SYSTEM PERFORMANCES

CONCLUSIONS

We study the step response of the controller while
performing quick opening and closing of the hand. An
interesting look at those responses, comparing the
performance of the same joints in different fingers is
presented (Figure 5 the medial joint, Figure 6 the
proximal joint).

The teaching and control system developed here
provides a powerful tool for further research and
development on motion co-ordination and manipulation
control. Much work should be done on this specific
robot to achieve more realistic human behavior.
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ABSTRACT

This paper presents advances in three
dimensional
evaluation of robot repeatability
measurement. An experiment was setup to analyze
the effect of target location on robot repeatability.
An error analysis model to determine repeatability
based on the robot's kinematic model and known
robot parameters was developed. Experimental
results indicated that there was
significant
statistical difference between repeatability at
different locations in the workspace and that height
of the target point influenced repeatability.
Experimental results were in the same tendency of
results derived from the error analysis kinematic
model. Hence, to determine the optimal target
location - there is no need for extensive
experimentation, instead only a few target points
can be sampled and compared to an error-analysis
model.

The objective of this research is to investigate
the influence of the target's location on repeatability
and develop a model which could enable prediction
of repeatability without requiring extensive
experimentation.
EXPERIMENTAL DESIGN

The experimental procedure was setup as
detailed in [1]: the robot was equipped with a
special 3D cube which was attached to its gripper
and programmed to approach each target point 30
times; the three-dimensional measurement system
consisted of three linear optical encoders with
resolution of 0.00125 mm, accuracy of 0.005 mm
and repeatability of 0.002 mm. A CRS A255
vertical articulated five degrees of freedom robot
was employed. The repeatability of the robot, as
specified in the product literature, is 0.05 mm with
maximum payload of 2 kg.
Previous research indicated influence of the
manipulator's speed and payload on repeatability
[1], [5|. Therefore, a preliminary experiment was
setup to determine the best parameters for the
extensive experiment. Based on experimental
results (Figure 1) which evaluated five different
combinations of speed and payload (corresponding
to ISO9283 specifications: 50% and 100% of
maximum speed and payload, and for 80% of
maximum speed) while approaching the central
target point the preferred operational conditions
were selected (payload - 2 kg, 80% maximum
speed).
Nine different locations at three different
heights were selected as target points. The target
points were selected at 10% of the work envelope
borders corresponding to ISO9283 specifications.
The robot was programmed to pass through
several preprogrammed points to enter the
measuring system at 45 degrees so all sensors could
be measured without colliding into the sensors.
Each experiment was repeated 30 times (resulting
in 900 readings for each point).
To evaluate the statistical difference between
repeatability at the different points Friedman's two
way analysis of variance test was employed.
Comparison of identical points (with same X and Y

INTRODUCTION

Robot
parameters
are
supplied
by
manufacturers, but, their specifications are not welldefined [5], For example, repeatability and accuracy
are not defined with respect to other specified
parameters such as velocity and payload. Thus, the
user does not know under what operating conditions
the specifications were obtained. The complexity of
robot evaluation and selection is further
complicated by the many interrelated parameters
involved and the difficulties in assessing the
tradeoff in the choice of the parameters [7],
Moreover, a robot's capabilities are not uniform
across the work-volume of the robotic arm and are a
function of the robot controller inverse kinematics
algorithms and dynamic characteristics. It is
therefore important to determine the effect of
different parameters on performance.
Repeatability of a robot is the precision in which
its endpoint achieves a particular pose (endpoint
position and orientation) under repeated commands
to the same set of joint angles [2], [4], High
repeatability is important for a variety of robot
applications, such as pick and place, assembly and
spot welding. Repeatability (Rp) is defined as [3]:

3S,
where:
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error was similar (Figure 2).

positions) at different heights was determined using
the t-test (two sample test assuming unequal
variances).

SUMMARY

Experimental results indicated that there was a
significant
statistical
difference
between
repeatability at different locations in the workspace
and that height of the target point influenced
repeatability. Experimental results were in the same
tendency of results derived from the error analysis
kinematic model. This implies that to determine the
optimal target location within the robot's workspace
- there is no need for extensive experimentation,
instead only a few target points can be sampled and
compared to an error-analysis model and thereby,
the best location can be selected.

ERROR ANALYSIS MODEL

The error analysis model [6] combines possible
errors in each direction by applying partial
derivatives to the robot's forward kinematic model
to obtain the total error Er:
Er=(Ex2+Ey2+Ez2)0
where Es=
for s=x,y,z
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Er=abs(Ex)+abs(Ey)+abs(Ez)
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RESULTS AND DISCUSSION

Evaluation of influence of target location on
repeatability (Table 1) indicated:
a) there is a significant difference between
repeatability at the different target locations
(p>0.99, x~ = 1282.6)
b) the relative position of the points influence
repeatability (p>0.99, Xr = H- 3 )
c) height influences repeatability (a<0.05).
Table 1. Average repeatability at different locations

A9

A7

A5

Al

0.04339

0.09536

0.05201A

0.0642A

0.06313

0.04767*

0.09001

0.0443"

toferts
Height

m
m

• points with similar repeatability

Results obtained from the robots' encoder values
(indicating where the robot estimated its position)
were compared to the sensors' readings (indicating
where the robot actually reached) and indicated that
although the error magnitude was different (the
sensors were of smaller error values) the pattern of
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environment. In addition, the following must be
considered:
This paper describes a supervisory control
1. Each sensor has different resolutions, updating
system for an autonomous dirt road vehicle which
frequencies and accuracies.
operates in an unknown and unstructured
environment. A hierarchical control system, which
2. Raw sensor data must be preprocessed (i.e.,
activates through multiple blackboard systems, was
must be transformed into information).
implemented. Each hierarchy is built of modules
3. Processing provides also information related to
which communicate asynchronously through their
certainty of information.
corresponding blackboard. Each module is a
4. The problem of storing and updating data
specialized subsystem dedicated to a specific task
becomes increasingly complex considering
and independent as possible. Sensor fusion was
errors introduced from sensing devices and the
implemented using fuzzy logic rules. A simulation
dynamic environment.
model was developed to evaluate system
5. At any given instance only the part of the map
performance for a wide range of sensor conditions
necessary for the current decision is activated.
and vehicle speeds. Results demonstrate the
6. New information must simultaneously update
vehicle's ability to track the road in an efficient and
all hierarchies.
robust manner.
The blackboard model [6] enables integration of
diverse types and sources of knowledge and both
quantitative and qualitative methods. Opportunistic
INTRODUCTION
reasoning is applied, that is, which knowledge
•The objective of a dirt road vehicle which is
module to apply is determined dynamically. Robust
under development is to autonomously follow a dirt
sensor fusion is required to enable merge of
road while executing different tasks [8]. The main
information from several physical sensors into a
missions are to detect the dirt road and obstacles
logical sensor reading [1], [10]. Efficient fuzzy
along the road, determine the vehicle's path along
logic rules can help to find good (and even the
the road, control the vehicle to follow this path, and
optimal) decision in multiple sensor systems [11].
respond to changing conditions. To achieve fast
and robust operation in the unknown and dynamic
environment the autonomous vehicle must be
SYSTEM ARCHITECTURE
equipped with sensing, scheduling and adaptive
The blackboard approach will be applied since it
planning capabilities. An intelligent sensor-based
is useful for complex, dynamic and ill structured
control system must be structured for efficient
problems [9], It uses opportunistic reasoning, which
planning, coordination and control of these tasks
is important for robust operation in the dynamic
[4], [7]. Multiple and different types of sensors are
environment. For each part of the problem and at
required to extract accurate information on the
each stage of the solution, the best knowledge
vehicle's surroundings because of the unknown
representation and solution strategy is selected [5].
environment and limitations intrinsic to any kind of
METHODOLOGY
sensor [5]. This multitude of data must be sensed
To reduce complexity the intelligent controller,
and processed in real-time. Based on this
which is composed of several submodules (Figure 1)
knowledge, tasks and motions must be planned,
is divided into two hierarchies: a high-level
executed and modified using on-line sensory
planning blackboard and a low-level control
information. The supervisory control system of the
blackboard. By dividing the control system into
autonomous mobile vehicle must constantly process
hierarchical levels the complexity of individual
large amounts of the sensory data to provide
modules is reduced. Each sensor asynchronously
meaningful actions. The ability of the control
updates the blackboard at its own frequency. Each
architecture to support this processing task in a
algorithm accesses the blackboard whenever data is
timely manner is significantly affected by the
needed
organization of the information pathways within the
The supervisory control system is also
architecture. The architecture must be designed so
responsible for sensor fusion and maintaining an
as to maximize the amount of parallel information
updated map of the road edges and of the obstacles.
flow from sensing to action to provide minimal
All data is maintained relevant to the vehicle's
delay in response to a constantly changing
current position. Old data (i.e., data that the vehicle
ABSTRACT
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Figure 1. Executive Control Block Diagram
has already passed) is discarded. High-level
planning is integrated with low-level decisions
using the transfer controller, which transfers the
data from the high-level planning blackboard to the
low-level control one.

addition, they consider AI arm Cases. Data from the
Decision-Making Control Blackboard and from the
Task List is sent to the Transfer Controller. The
Transfer Controller contains local strategies that
modify in real-time the plan according to real-time
senson' data and decide on the current task to be
performed.

SENSOR SUBMODULES

Vision Modules (Far & Near): Cameras. Lasers,
and Sonar.
Vehicle Monitor Sensors: Fuel, Temperature, and
Oil.
Vehicle Inertial Navigation Sensors: Odometer.
Direction, Speed, Accelerometer, Gyros and Slope.
Map-based modules: Maps, Satellite's Photos and
A irplane's Photos.
The Planning Algorithm consists of:
1.
Processing data information,
2.
Path identification, and
3.
Obstacles identification.
The Global Path Planning module sends to the Task
Planner locations of: Obstacles, Global Targets,
and Global Direction for the vehicle.
The Task Planner defines the current task to be
performed. It divides this task into subtasks and
determines the appropriate order of execution.
Then, the subtask sends the information to the
Task's List.
The Control Algorithms (in the control blackboard)
are similar to the Planning Algorithms, however,
since they must respond in real-time they do not
seek an optimal solution but determine the best
solution within the allowed response time. In

SENSOR FUSION
SIMULATION

A simulation module was developed to evaluate
influence of the algorithms, sensors and hardware
[11] on the effectivity of the supervisory control
system decisions.
SYSTEM P E R F O R M A N C E

The sensor fusion simulation consists of four
sensors: two sensors, which simulate data far ahead
of the vehicle, and two sensors, which simulate data
nearby the vehicle. The simulation tested the
capability of the vehicle to track after the edges of
the dirt road as a function of the following
parameters: vehicle velocity, sensor information
accuracy (noise), and sensor scanning rate. The
following values were simulated: Velocity: 1 - 20
[Km/h]; Sensors' scanning rate: 20 - 200 [Hz];
Sensor information accuracy: ±0.3 (m] (road width
is 4m).
Decision-making was achieved by fuzzy logic
rules [2] described in detail in [3]. The fuzzy logic
controller determined the weight of each sensor by
combining fuzzy logic membership functions for
584

the three parameters. For example, the velocity
parameter has three weight functions (Slow,
Average and Fast): at high velocities the far
sensors received increased weight values, and at low
velocities the near sensors received increased
weight values.

underway. In parallel, an optimal path-planning
algorithm which considers the vehicle dynamics, is
being developed and will be integrated into the
blackboard system. After all sensor algorithms have
been developed - actual performance of the selected
sensors/algorithms (e.g., accuracies, scanning rates,
computation time, latencies) should be simulated
using real-world conditions to provide a valid and
complete simulation and to ensure correct and
consistent data flow.

SIMULATION RESULTS

Simulation results include 423 combinations of
the different parameters (with 10 repetitions of each
combination). A representation case is described in
Figure 2, (see [8] for complete analysis).
At high vehicle speeds the most significant
sensors are the far sensors, and at low vehicle
speeds the most significant sensors are the near
sensors. Sensors with high accuracy and scanning
rates will receive increased weights. In cases of
extreme sensor values (representing cases of
sensor/algorithm failure), Ihe fuzzy logic controller
decreased the sensor weight.
Simulation results indicated that increase of
vehicle velocity caused an increase in the influence
of the scanning rate, and as velocity decreases the
influence of the noise increases.
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Figure 2. Mean absolute deviation vs. sensor
information accuracy at scanning rates of 200 [Hz]
and vehicle velocity 1 [Km/h]
SUMMARY

The blackboard enables a modular approach in
which sensors and algorithms can be easily
modified, deleted and/or added. This enables
possibility
for
future
parallel
processing
implementation (in which each algorithm is
executed as an independent processor). This model
provides a very powerful and flexible paradigm for
coordinating the interactions between the
subsystems. The fuzzy logic sensor fusion
simulation demonstrates the vehicle's ability to
achieve robust and efficient decision making for
contolling the vehicle under various conditions.
Future research that takes into account the
sensor's opening angle and obstacle detection is
585

SECONDERY CONCENTRATOR FOR A COMMERCIAL SOLAR RECEIVER SYSTEM DESIGN AND EVALUATION
Gideon Miron*, Shmuel Weis, Ido Anteby, Ephi Taragan, Dan Sagie,
ROTEM Industries Ltd., P.O.Box 9046, 84190 Beer-Sheva, ISRAEL
Tel: +972-7-6567496, Fax: +972-7-6554502, E-mail: roteml@netvision.net.il
* Conference Lecturer

Abstract
A 1 MWt Solar Electricity Generation Demonstration Plant
test facility is scheduled for operation early next year. The plant
includes a large compound parabolic secondary concentrator.
Strict requirements led to a unique modular structural
concentrator design. The design allows for close tolerances and
ease of assembly and maintenance. Special attention was given
to the thermo-mechanical design, and to the selection of
reflecting surfaces and method of attachment. Calculations have
shown that stresses within the glass mirrors can be controlled
with proper design.
Introduction
A Solar Electricity Generation Plant test facility is about to
be erected next to the solar tower of the Weizmann Institute of
Science (WIS) in Rehovot, ISRAEL [1]. The project is a joint
venture of Rotem Industries, Ormat and WIS as part of activities
within the CONSOLAR Israeli solar consortium. The facility

will serve as a test platform for a larger commercial solar plant
which is due to operate by the early years of the next century in
Arizona, USA. The test facility shall utilize part of an existing
3450 m2 heliostat field. The radiation shall be concentrated onto
a tower reflector (hyperbolic mirror) which in turn will direct the
energy straight down into a secondary Compound Parabolic
Concentrator (CPC) and 10 peripheral lower temperature
CPC's. The concentrated radiation enters the aperture of a high
temperature volumetric receiver (Fig.l).
The receiver is a Directly Irradiated Annular - Pressurized
Receiver (DIAPR) [2] with an inlet aperture diameter of 460
mm. It absorbs around 520 kW of a total of 640 kW solar
energy, which enters its aperture. The receiver contains a
"porcupine" shaped ceramic bed to absorb and transfer the
energy to high pressure (22 Bar) - high temperature (1200-1300
°c) air. The air is then fed into a high temperature
gas-turbine/generator unit to produce electricity.
Compound Parabolic Concentrators (CPC's)
In order to achieve the high concentration rate, which is
essential for the system performance and efficiency, a secondary
CPC, which is based on Non-Imaging Optics principles, is used
[3].
The secondary CPC is positioned on top of the DIAPR with
its inlet aperture plane pointing upwards to accept radiation
from the Tower Reflector. Solar radiation of 750 kW enters the
2.2 m diameter CPC aperture that is truncated to 5 m height. It
was obvious at an earlier stage that such a big concentrator
could not be practically made to fit the theoretical curvature and
still be economical and maintainable. Ray tracing optical
analysis suggested approximation of the parabolic profile by ten
flat segments with only 2% power loss. The first bottom section
is 200 mm high, the next six are about 350 mm high each and
the three top ones are 900 mm high each. Ten peripheral CPC's
are installed at the perimeter of the secondary CPC to collect the
lower energy spillage of the radiation. In order to efficiently
collect all the energy at the CPC's entrance, a decagon shaped
cross section was chosen for the central CPC, and pentagon
shaped cross section for the peripheral ones (Fig. 1).

SOLAR RADIATION
FROM TOWER
REFLECTOR
PERIPHERAL
CPC'S

IL0006696

SECONDARY
CPC

Design Requirements and Concept
Several requirements and restrictions bound the mechanical
design. The structure has to be rigid and self-supported, on the
other hand light and easy to manufacture, assemble and
maintain. It should support the reflecting surfaces, provide
cooling to working temperature with minimal thermal stresses,
and allow for thermal expansion. It was required that any of the
reflecting surfaces could be replaced without dismantling the
whole structure. Tight dimensional tolerances were dictated with
minimal misalignment between adjacent reflecting surfaces. The

RECEIVER (DIAPER)

Fig.l - CPC's/Receiver arrangement (Heliostats, Tower
Reflector and Turbine are not shown).
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design has to be carried out with view to the larger commercial
plant, which shall be based on the current concept. The design
concept was selected after investigating existing CPC's, e.g. [4]
and [5]. No CPC of that size was found. Previous concept of a
CPC that serves as a 50 kWth prototype for this project was
found to be inapplicable due to manufacturing limitations and
cost.
Eventually the selected concept was decided upon (Fig. 1,
2). It comprises ten different size modules; each made of
aluminum frame casted to near final dimensions (Fig. 2). The
frames are machined to precise dimensions only on limited
groove shaped areas, thereby saving on production costs. The
frames are bolted to each other with cylindrical 10 mm diameter
pins placed at the grooves. The groove/pin assembly allows for
a 2 mm gap between the frames and enforces close dimensional
tolerances on the complete structure. Ten similar frames bolted
together create a complete decagon shaped closed ring. Ten
rings are mounted on top of each other to complete the whole
CPC structure. While being a closed, rigid self-supporting
structure, it allows for backside disassembly of any single frame.
Pulling first the pins, the frame is free within its surrounding 2
mm gap and is easily taken out without interference to the rest of
the CPC.
The reflecting surfaces are thin back silver-coated glass
mirrors glued to 6 mm thick aluminum plates, precisely trimmed
to dimensions and bolted to the frames. Commercial plate-type
water-cooled heat transfer units are attached to the back of the
aluminum plates on the lower sections where heat fluxes are
high to dissipate the absorbed heat.
Thermal and Thermo-Mechanical Design
In order to determine the thickness of the mirror and the
silicon adhesive, thermal and structural calculations, including
the Finite Element Method (FEM), were carried out for the
reflecting panels at the specified thermal and environmental
conditions. Fig. 3 shows the CPC profile and the solar heat flux
distribution on its panels.
A Portion of the solar radiation (up to 10%) is absorbed in
the reflecting coating of the mirror and heats the panels. In
addition to the solar heat load, the radiative heat flux from the
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Fig 3 - CPC profile and the solar heat flux distribution
receiver aperture is absorbed on the outer face of the glass. The
heat transfer unit that is attached to the rear side of the
aluminum shall keep the mirror and the adhesive within their
service temperature limits. The low thermal conductivity of the
adhesive layer leads to high temperature differences between the
glass and the aluminum. The difference between the thermal
expansion coefficients of the aluminum and the glass causes
stresses in both components. The stresses in the glass, which is
the sensitive component, can be minimized by optimal selection
of the glass (coefficient of thermal expansion, absorption,
thickness, etc.) and the adhesive layer (thickness, thermal
conductivity, service temperature, etc.).
After preliminary investigation, two types of glasses were
selected for further analyses - Glaverbel VERTEC and Schott
BOROFLOAT glasses. Calculations were carried out to
optimize the glass and adhesive parameters.
Fig. 4 shows the thermo-mechanical model and its boundary
conditions. The thermal and mechanical properties of each
component were taken from the manufacturers data sheets and
are given in Table 1. As first approximation, analytical
calculations were done assuming one-dimensional expansion at
zero stresses (i.e. the strains of the glass and the aluminum are
set to be equal). The required adhesive thickness for this case
for both glasses is shown in Fig. 5. One can see that the
VERTEC glass requires thinner adhesive layer, which will
ensure lower temperature in the glass. More detailed analyses
were done using the Finite Element Method. In order to simplify
the analyses, two-dimensional model was built, assuming plane
strain and large strain behavior. The calculations were carried
out for the lower panel that is exposed to about 1.3 MW/m2
solar radiation on its base, and the highest re-radiation from the
receiver aperture. For each glass, thermal analysis was
performed to evaluate the temperature field across the panel.
The results of the thermal analysis were applied as loads on a
FEM model of stress analysis. The results show that the stresses

along the panel are homogenous, except for the last 5 mm on the
edge, therefore the assumption of plane strain is reasonable.
Table 2 summaries the results for the maximum tensile stress
and maximum temperature in the glass, and maximum shear
stress in the adhesive.

Ag/Cu
Glass ^
\ Adhesive
At plate
Absorbed
Radiation

Adhesive
Type of Glass Thickness

Re-Radiation/

fmm]

<JmsK Glass
[MPa]

T max Adhesive
[MPa]

T m a x Glass
[°C]

0.1

-22.6

0.2

188

0.05

-12.6

0.1

137

0.1

12.6

-0.1

184

0.05

21.7

-0.3

133

VERTEC

BOROFLOA

h, Tcooling

Table 2 - Summary of the FEM results.
The results led to the final design with the Vertec glass and
0.05 mm adhesive thickness. This combination will ensure
stresses and temperatures within the service conditions of the
glass, the adhesive and the reflective coating. Gaps of 0.2 to 0.3
mm are kept between the mirrors to allow for thermal expansion.
A full-scale model of nine frames and reflecting surfaces is now
being assembled for tests and evaluation, before the complete
CPC is constructed.

Fig 4 - Thermo-Mechanical model of a panel.

Material
Thermal
Conductivity
[W/m K]
Young Modulus
[GPa]
Poisson Ratio
Linear Thermal
Expansion [1/fC]

VERTEC
glass

BOROFLOAT
glass

Adhesive
(Silicon)

Aluminum

0.95

1.13

0.147

150

70

64

0.01

72

0.23

0.2

0.45

0.3

8.5-lO"'1

3.25 50-6

9.6-10"1

23.810- 6

Summary
The larger CPC ever built, to our best knowledge, is under
construction. A new conceptual design has been applied to
provide an economical device that allows simple assembly and
maintainability. Extensive heat dissipation by water-cooled
aluminum panels is imposed by the high radiation. An optimal
combination of glass mirror, adhesive, and aluminum substrate
is recommended to keep the mirror at allowable temperature,
and still eliminate high tension stress in both the glass and the
adhesive. Solar radiation fluxes up to 1300 kW/m2 can be
safely supported by this design.

Table 1 - Thermal and Mechanical properties.
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day, the per unit heat generation capacity of the
biomass is Q' = 0.2 * 19 = 3.8 MJ/ m2 day = 0.044
kJ/m2sec
With the power plant efficiency set at r\ = 0.167, we
have Q'' = 0.044 • 0.167 = 0.0073 kW/m2 and for P
= 300 kW , S = 300/0.0073 = 4.08 -104 m2 = . ~ 4
ha. Consumption of fuel: Mf = 0.2 (kg dry/m2 day) *
4.08 * 104 m2 = 8.16 t/day= 2940 t/year.
Pond depth - lm, water volume - 40,000m3, in which
can be 3.52* 10< m3 of CO2 = 5.22*10<kg of CO2.
The theoretical value per unit volume of the gases is
Vt = VCO2 + VH2O = 0.9 + 0.62 = 1.52 m3/kg of
fuel. The volume of the CO2.in the gases is V = (0.9
m3/kg of fuel) * (0.094 kg of fuel/sec) = 0.085 m3/sec
and the amount of water needed for desolving is v =
0.085/0.88 = 0.096 m3/sec. Mass of CO2 absorbed
from the flue gas Mco2 = 0 9 m3/(kg of fuel) * 2.94 *
106 kg = 2.64 * 106 m3 CO2 = 2.64 * 106 m3 * 1.98
kg/m3 = 5.23 * 106 kg CO2 /year= 14.5t CO2/day. On
date [2] average solar radiation around Tokyo is
about 500 kW/cm2.y. If this energy is consumed by
microalgae photosynthesis, then 140 g CO2 can be
fixed per m2 day, i.e. 5.6t/day CO2 or 39% of CO2emission. .

Abstract
The purpose of the present study was to investigate
a concept of a fuel reproduction after its burning and
CO2 trapping. This concept is considered with
practical (technical) point of view. We focus our
attention on the involving of biological system of fuel
reproduction and CO2 trapping in power plant for
electricity production.
The paper discusses the energy, biological, ecological
and economical aspects of such power plant. This
work is connected with potential development of
zero-emission power and technological plant on the
base of microalgae solar photosynthetic pond.
Introduction
Among the ideas to trap CO2 from the power plant
burning fossil fuel, which have been advanced in
recent years, the idea of using of biological systems
for the purpose seems the most attractive with regard
to potentially positive ecological results. Biological
studies have determined the certain types of watersubmerged microalgae with a growth rate high
enough to allow their industrial use, not only for
trapping but also utilization CO2 through conversion
microalgae biomass into fuel. Although these
developments have been mostly divorsed from the
power engineering, in our view this problem has
reached a stage when it is possible to begin a practical
integration of CO2 trapping biotechnology in fossil
fuel burning power plant. This project deals with a
300 kW combined power-technological plant of this
type.

Energy aspect
The main concept of zero-emission for considered
power plant consists in a classical Rankine cycle
where the biomass fuel is burned in a low-pressure
boiler and mixture of oxygen and carbon dioxide is
used in the combustion process instead of air [3]. The
reason of using oxygen to avoid the presence of
nitrogen which on the one hand, blocks dilution of
carbon dioxide in water, and generates NOX, on other
hand [4].
A mixture of water and microalgae is pumped out of
the pond ( Fig. 1) at 2 bar and is sent to the FSU. .
The water flow and the flue gas flow, leaving the
boiler, are mixed in order to dissolve CO2 in water.
The resulting mixture flow is injected into the pond.
The ASU produces O2 at 98% purity with specific
power consumption 0.22 kWh/ kg O2. A fraction of
the exhaust gases is recirculated into the boiler in
order to control the decreasion of CH2O temperature
in pure O2. The combustion gases are used to
vaporize the water and overheat the steam up to 250
C (15 bar) in the Rankine cycle. A heat loss in the
boiler of 10% of the heat input is assumed. The
superheated steam is sent to the steam turbine where
it is expended to the air cooled condenser pressure,

Carbon dioxide trapping and fuel reproduction
The analysis indicated that only cianobacteria and
microalgae that possess two photosystems and
perform photolysis of water have potential for
trapping carbon dioxide from flue gas at large amount
[1].A
mayor potential application is the fuel production
from microalgae and is to make useful products from
photosynthetic biomass such as hydrocarbons, fatty
acids, protei for using as animal feed and ets. A water
race track type shallow pond connected with the
source of flue gas (power plant) through a
pipeline. The determining parameter in calculating the
pond area required for a 300kw power plant is the dry
biomass output of the former per m2 per day (q). The
q data obtained in biological studies vary fairly widely.
Setting it for the present purpose at q = 0.2 kg/ m2
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namely 0.02MPa.. Realistic figures for the isentropic
effectiveness of the steam turbine and generator are
taken as 0.7 and 0.95 respectively. Results of the
numerical simulation for a demo power plant of 300
kW are following: Gross output = 322.5 kW, ASU
consumption = 20.6 kW, Pump consumption = 1.9
kW, Net output = 300 kW, Heat input = 1810 kW,
Net efficiency =0.165.
This cycle has a low efficiency of around 25%
because the Rankine cycle itself has efficiency as low
as 30%. In this first calculation, no bleedings and no
reheat were introduced. So the efficiency of the steam
cycle has a farther potential of improvement. For
instance, supercritical stem conditions can be used. In
addition, due to the small size of the installation the
turbine effectiveness is lower and the heat losses in
the boiler are higher than in a large power plant. On
the other hand the big efficiency penalty is due to
ASU consumption and amounts to around 5
percentage points
A power plant based on such a cycle comprises of the
following processes: 1.Absorption of CO2U1 sea
water, 2. Production of a combustible biomass in a
solar pond containing submerged microalgae, 3. A
combustion chamber for the dehydrated biomass and
a steam boiler, 4. A solar pond, 5. An oxygen plant,6.
CO2 absorber (fore-reactor).
Air enters the air separation unit ( Fig. 1) where O2 is
produced. It is a mature technology, the specific
power consumption is 0.2 kWh/'kg O2 . The nitrogen
is released to the atmosphere without any harm. The
produced O2 is directed to the furnace of the steam
boiler. The pond is the major part of the proposed
power plant. It is filled with water with microalgae.
The pond absorbs solar energy, converting the
dissolved CO2 into organic matter (Qr= 19 MJ/kg),
which is then directed to the furnace and used as fuel
for the power plant. The combustion products (CH2
O)x + O2 —> CO2. + H2O + 19MJ/kg (CH2O)X
are directed to the CO2. absorber. The excess CO2 is
absorbed directly in the pond. The solubility of CO2 in
water is sufficient (at 20 C 1 volume H2O dissolves
0.88 volume of CO2.).The water-fuel separation unit
breaks down the mixture of water and algae into pure
water and wet organic matter [5].
Characteristics of turbogeneratorGenerator power
300kW , Steam pressure before turb. 1.5MPa, Steam
temp, before turb. 250°C, Steam pressure after turb.
0.02MPa, Turbine efficiency 0.7, G^^r 2340 kg/h.
Fuel consumption 343 kg/h.
Peculiarities of Combustion in Oxygen
The zero-emission combustion in an oxygen
atmosphere involved in the project entails, unless
special measures are taken, a higher combustion
temperature ( ~ 2800K) compared to combustion in
air, exceeding the permissible level for the boiler
heating surfaces. To bring the former closer to the
air-combustion level, it is proposed to recirculate the
flue gases, for which purpose an exhaust fan is
provided in the scheme .

The recirculation ratio r = Vg/Vres is determined
from the requirement of an identical because of the
higher heat capacity nitrogen/oxygen ratio is b = VN2 /
VO2 = 79/21 =.3.76. For inert-constituent effect in
the combustion chamber as that provided by the
nitrogen. At a = 1 the flue gases, the level must be
lower of the triatomic CO2 and H2O compared with
the diatomic nitrogen (Cp,co2./Cp,N2 = 2.2/1.4 =
1.57), whence the ratio should be b = V Co2, mc/Voi
= 3.76/1.57 = 2.4.
Economical Aspects.
The general balance of energy production is: N = B/
Qf r]o /3600 ,: Qf= 19MJ/kg ; Bf343 kg/h ; 77/1 =
0.167 .Then: N= 343 kg/h * \9MVkg * 0.167---1088*10 > kj/h = 300 kW.
Assumptions: auxiliary power e - ej+e2= 10% ,
where et ~ 4% - auxiliary power on feed pumps; e2
= 6% - auxiliary power on smoke exhauster, drives of
centrifuge and mixer.
The estimate of the unit price of the energy includes
the capital and operating costs on the equipment for
fuel reproduction in the microalgae solar pond
and ones for actually equipment of power station
On data [6], the capital (C;) and operating (C ;) costs
are following:C'/ = 700 000 S/ha/year; C" ; = 18500
$/ha/year.
Then for our solar pond ( S= 4 ha) C, =. 400 000
$/year; C"i = 74 000 S/year.
On date of price lists for power station equipment (N
= 300 kW):C'2 = 250 000 $; C"2 = 50 000 $/year.
C •--- 400 000 + 74 000 + 250 000/5 + 50 000 ^574
000 $/year.
Annual energy produced. A = 300 kWh 24 360 =
2.6* 106 kWh/year. Then unit prices of energy
produced: Po = 5.7410s/2.6106 = 0.22 $/kWh. The
annual monetary value of charge produced: E =2.6106
0.22 = 574 000 $/year.
Comparison to the production cost of conventional
power plants is necessary to produce for every
concrete placement of power plant. But estimated unit
price is same order with ones of conventional
installations {0.1 - 0.3) $/kWh.
The produced electric energy will be sold and used by
consumers located near the power plant; it is relevant
for consumers move away from high-voltage lines of
big power plants.
Annual operating and maintenance costs M of the
installation in the project, excluding energy costs,
financial and depreciation charges: Staff - 70 000 $,
Materials - 10 000 $, Instruments - 10 000
S.Maintenance - 30 000 $ , Spare parts - 10 000 $,
Other - 5 000 $. Total M=135 000 $
The payback time for the investment I is expressed as
the ratio I/(E-M).
1 = 1 295 000 $,

t= I / (E-M) =

=1 295 000/ (574 000 -135 000) = 3 years
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Conclusions
The power plant with a simple coaventional Rankine
cycle, but the solar radiation- and CO2-capture by the
photosynthetiic microalgae pond is recommended.
Due to the zero level emissions it can be used in
densely populated places with sufficient solar
radiation (below 40° of latitude), in remote village and
farms.
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ABSTRACT

constitutive equations which depend on the material and
geometric properties of the two bodies as well as on the
relative velocity of impact. The objective of this paper is
to discuss a set of physical conditions which impose
nontrivial restrictions on general constitutive equations
for the impulse. Due to the general nature of these
restrictions, they must be satisfied by all constitutive
equations for the impulse. Consequently, it is expected
that these restrictions will provide useful guidance for
limiting functional forms proposed for the impulse which
attempt to model complicated features of the impact event
due to inelasticity, friction and wave propagation. In
particular, they can be used to determine the range of
validity of various proposals for the impulse.
Restrictions for specific classes of problems are
discussed in the book by Brach [1] which include the
common notion that the dissipation of kinetic energy
during the impact event must be nonnegative. Brach [I,
p. 36] also mentions a less well known restriction that
the tangential component of the impulse must be limited.
In addition, some general considerations of rigid body
collision laws together with a number of relevant
references has been presented in an expanded form by
Chatterjee [2] and in a more concise form by Chatterjec
and Ruina [3,4].

It is well known that the impulse of the contact force
acting during impact of two rigid bodies determines the
abrupt change in the motions of the two bodies. This
impulse models a number of complicated phenomena such
as wave propagation and inelastic deformation that occur
during the impact process. The objective of this paper is
to discuss a set of physical conditions which impose
nontrivial restrictions on general constitutive equations for
the impulse.

INTRODUCTION
A number of complicated phenomena occur when
two bodies collide. Since no materials are infinitely stiff
this collision causes elastic waves to propagate from the
contact region into each of the bodies. It also causes
deformation of the surfaces of the bodies in contact and
spreading of the contact region. Moreover, if the relative
velocity of the points which initiate the contact is large
enough then the deformation of the bodies can dissipate
energy due to inelastic effects. Additional dissipation can
be caused by slipping of the two bodies in the contact
region.
In spite of the complicated nature of the deformations
that occur in each body during impact it is sometimes
possible to model the impact using rigid body dynamics.
Such models usually make the following two
assumptions.

BASIC FORMULATION AND EQUATIONS
Consider two rigid bodies A and B which are moving
so that at the instant of impact point C on the surface of
body A coincides with point D on the surface of body B
[Fig. 1]. Just before the beginning of impact (t=t|), body
A has absolute angular velocity <0Ar its center of mass
(point A) has absolute velocity v A | , and point C has
absolute velocity v c | . At this same time (t=tj), body B
has absolute angular velocity 00 B | , its center of mass
(point B) has absolute velocity v R | , and point D has
absolute velocity v D 1 . Just after the end of the impact
(t=t,), these physical quantities attain the values {G>Ai.
v A , , V C T, (0 B 2 , v B 0 , v D -,}, respectively. Also, let: m A
be the mass of body A; I A be the inertia tensor of body A
about its center of mass; r c / A be the position vector of
point C relative to point A: m | ( be the mass of body B;
I B be the inertia tensor of body B about its center of
mass; and r D / B be the position vector of point D relative
to point B. It follows that in view of the assumption
(AI) the quantities {I A , r,
r D/R } remain constant
A, r c / A ,
during the impact.

(Al) The time interval [t ( ,t o ] of the impulsive
contact is so short that the centers of mass
and angular orientations of the two rigid
bodies are presumed not to change during the
impulsive event.
(A2) The contact region remains small enough
relative to the sizes of the two bodies that the
impulsive loads acting in this contact region
are considered to act at a single point of
contact of the two bodies.
Within the context of such assumptions, the complicated
phenomena associated with actual deformations of the
bodies are modeled by equations for the magnitude and
direction of the impulse of the force acting in the contact
region.
Much of the previous work on rigid body impact
attempts to propose quantitative functional forms for the
coefficient of restitution and the direction of impulse
applied. These functional forms are thought of here as
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and where 8 is the third order permutation tensor. Also,
letting T,l and T, denote the total kinetic energy of the
two body system just before and after impact,
respectively, it can be shown thai

B!

A

AY

(F ®F

2m

(6)

RESTRICTIONS ON THE IMPULSE
Once the states of the two bodies are known just before
impact it is possible to determine the states of the bodies
just after impact if the impulse F is known. From the
point of view of rigid body dynamics F requires a
constitutive equation that models the main physical
phenomenon occurring during the impact process. In this
section, restrictions on the magnitude and direction of the
impulse are developed using the following four physical
assumptions

Fig. 1 Sketch of two rigid bodies just before impact at
points C and D. Also shown are the unit outward normal
n to body A and the impulse F applied by body B on
body A.

(PI) The impulse is not orthogonal to the relative
velocity of the contact points just before impact

A

Letting F be the impulse due to the force applied by
body B on body A during the impact event it can be
shown by integrating the equations of linear momentum
and angular momentum (about the center of mass) of the
two bodies that

t • Av,

(P2) The impulse has a component that resists
penetration and aids separation of the two bodies

F = m A ( v A 2 - v A | ) , r c / A x F = I A «DA2 - <»A,) ,

- F = mBB((vvBB22 - v B | ) , - r D / B x F =II B (a>B2 B|

# • (- n) > 0 ,
. (1)

Cl=vA!+(0AlxrC/A

V

Di

= V

+<0

BI

V

C2 = VA2

(D

(P4) The dissipation of kinetic energy during the impact
event is nonnegative
T, - T , > 0 ,
(10)

A2XrC/A
(2)

BlXrD/B

Thus, the relative velocities of the contact points C and
D can be defined by the expressions
Av

!

=

2 ~ V C2

V

D2

where n is the unit outward normal to body A at the
point C. Moreover, it is noted that the impact event will
not occur unless the bodies have a tendency to penetrate
each other with

(3)

Next, since the inertia tensors I A and I B are symmetric
positive definite tensors they can be inverted and the
relative velocities Av and Av2 can be related by the
equation
Av.,2 = Av, + — A F
! m

(8)

(P3) The two bodies have a tendency to separate after the
impact event
Av2 • (- n) > 0 ,
(9)

D/B

Moreover, since the bodies are rigid, the velocities of
points C and D are given by
v

(7)

Av( • n > 0

(11)

To analyze these restrictions it is convenient to write
the impulse F in terms of its magnitude f and its
direction f such that

(4)

t = ff

where the effective mass m and the symmetric positive
definite inertia tensor A have been defined by

f> 0 . f •f =1

(12)

where the trivial case of zero impulse has been excluded.
It then follows from (12) and the positive definite
character of A, that without loss in generality, the
magnitude f can be written in terms of the scalar r\ such
that

m =

A = I +m[(erc,A)Tr'(e r c / .) + (e r nm ) T r'(e r n/B )] ,

- m f • AVj
f

(5)
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I+

= < n > [ A.(f®f)

J •

(13)

Now, substilution of (12) and (13) into (6) yields the
expression
= (1-r| 2 ) [•

T1 —
I

m (f • Av,)
(14)

2 A • (f®f)

Moreover, with the help of (10), (13) and (14) it is
possible to develop a stronger restriction than (7)

on the coefficient of restitution and a single friction
angle. For this case it is assumed that the impulse acts
in the plane defined by the normal n and the direction of
the vector A Av, which causes maximum energy
dissipation for a fixed value of r| [see (17).,] (this same
plane was considered as collision law II in 12] and [4]).
Thus, f is specified by
- (n •
f = -cos<|) n - si

f • (-Av.)>0 ,
which indicates that the impulse resists the relative
velocity of the contact points just before impact (this
result was also obtained by Chatterjce, [2]).

DISCUSSION
By using (12) and (13) and taking the dot product of
(4) with the direction of f it follows that
f • Av 2

n= -f

(16)

• Av,

which indicates that t| is the same coefficient of
restitution that was introduced by Ivanov [5] who used a
different method of analysis. It also can be shown that
maximum energy dissipation occurs for fixed T\ when
Av,, = - r| Av.

Now, examination of the expressions (14), (16) and
(17) suggests that the scalar T| is a natural generalization
to three-dimensional impact of the energetic interpretation
of the coefficient of restitution for one-dimensional
impact. In particular, it follows from (14) that the
energy dissipation vanishes when t|=l and for the special
case when T|=0 and f is oriented in the direction (17)2, the
bodies remain in contact just after impact since Avo=0.
Also, it can be shown that the value of T)=0 is associated
with maximum energy dissipation for any specific f.
Now, with the help of the representation (12) for the
impulse and the expression (4), the restrictions (15) and
(8)-(10) are satisfied provided that
f • (- Av.) > 0

f • (- n) > 0

(Av, • n) A • (f®f)
(-n) • Af >

0<T|

<

(18)

These results are general and are presumed to be valid
for all constitutive equations. However, when there are no
directional properties of the roughness of the two
impacting bodies, it is reasonable to propose a simpler
form for the direction of the impulse which depends only

?] . d9)

- (n • A"'Av.) nl

where § is the friction angle. Here, it is lacitly assumed
that if A"'Av, is in the direction of n then f also is in
the direction of n with $=0.
Within the context of the assumption (19) the
impulse is characterized by only two constitutive
equations: one for the coefficient of restitution r\ and one
for the friction angle (|>. In particular, it can be shown
that the inequalities (18).,,,,3 limit the range of <]>.
In summary, the physical conditions (7)-(10) impose
restrictions on constitutive equations for the impulse that
acts during the impact event. These conditions have been
reformulated (18) in terms of a generalized coefficient of
restitution r\ and the direction f of Ihe impulse [see (12)
and (13)1. It is hoped that the compact tensorial form
(18) will be useful in determining the range of validity of
various proposals of constitutive equations for the
impulse.

(17)

for f = -

A"'AV

ACKNOWLEDGMENTS
The author would like to thank Prof. D. Pai for
calling his attention to (his problem and for a number of
helpful discussions. Also, the author would like to thank
Dr. A. Chatterjee for helpful discussions and for
supplying a number of references which were unknown to
the author during the preparation of the original
manuscript.

REFERENCES
fl] R.M. Brach, Mechanical Impact Dynamics - Rigid
Body Collisions, John-Wiley, New York (1991).
[2] A. Chatterjee, Ph.D Thesis supervised by A. Ruina at
Cornell University (1997a).
[3] A. Chatterjee and A. Ruina. "Rigid body collision
laws: some general considerations", Presented at the
Fifth Pan American Congress of Applied Mechanics,
January 2-4, San Juan. Puerto Rico (1997b).
|4] A. Chatterjee and A. Ruina. "Some new algebraic rigid
body collision laws". Presented at the Fifth Pan
American Congress of Applied Mechanics. January 24, San Juan, Puerto Rico (1997c).
[5] A.P Ivanov. J. Appl. Maths. Mcchs.. 56, 527 (1992).

594

ON TORSION OF CLOSED THIN-WALL MEMBERS WITH ARBITRARY STRESS - STRAIN
LAWS WHICH EXHIBIT NO WARPING.
A. Chiskis and R. Parnes*
Department of Solid Mechanics, Materials and Structures, Faculty of Engineering,
Tel-Aviv University, Ramat Aviv 69978, Israel
* Conference Lecturer

be vector fields independent of z,

ABSTRACT
Warping due to torsion of closed thin-wall elastic
members having constant thickness is investigated under the assumption of small strain but with arbitrary
isotropic shear stress - strain laws. Based on a derived
general criterion, it is shown that there exists a class of
cross-sections which undergo no warping.

7=7(2;,?/)

T=r(x,y),

(2)

(where 7 and T represent angle changes and stress components) the strain and stress tensors, c and T, are given
by
T = T<g>k

INTRODUCTION

(3)

Here k is the unit vector corresponding to the axis of
rotation. From (1) and (3) it follows that

The problem of torsion has attracted attention for
some time and has been considered under different aspects (DAY [1981], GUIDUGLI [1983], ERICKSEN [1979])
both for linear or nonlinear behavior (see TRUESDELL
[1972]). Thin walled constructions may be of interest,
as indicated below, not only for technical applications
in traditional engineering but also in such a new field as
nanbtechnology, where the absence of warping may be
of special interests for molecular thin-wall structures*.
In the present paper warping in thin-wall constructions of constant thickness is considered. We restrict
here the problem to members undergoing small strains
but governed by arbitrary isotropic shear stress - strain
(r — 7) relations. For experimental consideration of
physical nonlinearity in real materials, see BELL [1973].
While it is known that the absence of warping is possible only for circular cross-sections, under the thin-wall
approximation the situation changes dramatically. It is
shown that thin-wall constructions possessing the property of no warping may be convex as well as nonconvex.

7 = 2c • k.

(4)

We note that the equilibrium equation V • T = 0 is
then reduced to one scalar equation

V-r=0,

(5)

Representing the displacement vector u as the outof-plane warping w, (independent of z) and the in-plane
displacement u due to rotation (which depends on z
through the angle of rotation, Qz, where 0 is the unit
angle of twist),
u — w;k + u,

u = 0zk x p,

w = w{x,y),

(6)

where p = xi + yj is the in-plane position vector measured from the axis of rotation. Using the definition of
the small strain tensor c = V®u + u<X>V, it follows from
(4) and (6) that

2. GENERAL RELATIONS
We consider below the standard Saint-Venant representation for a prismatic member undergoing torsion
about, the z-axis such that all cross-sections lie initially
in the x-y plane. Letting 7 and r,

7 = Vw + dzii = Vw + 0k x p,

(7a)

Vw = 7 - 0k x p,

(76)

from which
Consequence ("Global compatibility) We consider
the arbitrary contour L as shown in Figure 1. Applying
the compatibility condition §L VUJ • dL = 0, substituting
(7b) and using Green's theorem, we obtain

(1)
* While a classical mechanics approach was recently used
by YAKOBSON, BRAKEC and BERNHOLC (1996) and
FALVO et al (1997), in investigating the buckling stability
and corrugation of carbon nanotubes due to bending, no such
study of torsion appears in the literature.

7-<£L = 20 A,
where A is the area within the contour.
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(8)

While the contour line consists of straight segments
another representation is simpler. We first note that
et • (k x p) = k ( p x e j ) — P±, where p± is the distance
from the axis of rotation to a straight segment (or its
prolongation) (see Figure 2). Therefore, we have

In what follows below, we consider isotropic elastic
materials either having physical-nonlinear behavior
(9a)
or linear behavior
r = Gy.

(96)

dw

It will be seen below that the determination of warping
is independent of any specific constitutive relation.

Segment of the contour

We consider below a closed thin-wall construction
whose cross-section consists of closed curvilinear segments in the x — y plane.
The contour is then determined by the middle-curve
of the cross-section; the position of a given point on this
curve is denned by the the arc-length coordinate, 5 and
the cross-section thickness by t = t(S).
The usual approximation for closed thin-wall structures is (see Figure 1):
e* j = 1,

(14)

The relation (14) is crucial for further consideration
of the warping, w.

3. THE CLOSED CONTOUR
THIN-WALL APPROXIMATION

r=r(S)et,

"

(10)

/

Px * O (axis of rotation)

Fig. 2
CONSTANT THICKNESS DOUBLY CONNECTED
(SINGLE-CELL) SECTION
For a wall of constant thickness, {t(S) = const) T
is constant, and therefore, 7 is necessarily a constant,
which can be easily determined from the "global compatibility", relation (8a), for the closed contour. Thus,
using

where et is the unit tangent vector to the contour curve
lying in the x-y plane.
contour L

j> 7 • dL — 7 ® e/. • dL — 7IT,
(where II is the perimeter of the contour), we obtain
2QA

n

(15)

We emphasize here that no specific r - 7 relation was
used in deriving (15).
We then rewrite (14) as
Fig. 1

dw

dS~

Equation (10) obviously satisfies the boundary conditions T n = 0, where n is the normal to the contour. The
equilibrium equation is then reduced to conservation of
the shear flux q along a section of the cross-section:

Due to constitutive equation (9), the shear vector 7
has a representation similar to (10) (see Figure 1)
(11)

We now investigate the geometrical shapes of contours
for which w = 0. Since at some point of the contour
w = 0, then w = 0 if and only if dw/dS = 0. Thus,
from (16) we have

(12)

Neglecting the thickness of the contour segment, we
rewrite relation (7b) in the form
(ho
~dS

~ et • V w = et • 7 - 0 e , • (k x /»).

(16)

4.1 Shapes of contours with no warping

where the scalar constitutive relation relating r and 7 is
r = / ( 7 ) 7 = ^(7)-

\1T

We note that a relation corresponding to (16) is
known for thin-wall linear elastic multi-cell structures
(see, for example, MURRAY [1984]). However, as we have
shown here, this relation is equally valid for physically
nonlinear elastic members undergoing small strains.

q = rt = const.

7 = 7(5)6,,

_r,(2A

= const =

(13)
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to the sides (or their prolongation) of the section be
constant. This criterion ma)' be reformulated as follows:

Note that any curve may be approximated as the limit
case of a polygon. Therefore, without restriction of generality, we may restrict our attention to considerations
of polygons which satisfy relation (17).
We note that relation (17) demands that the distance
from any side of such a polygon to the point represent. ing the axis of rotation be the same for all sides of the
polygon.
We first consider convex polygons, both regular and
irregular polygons.
(i) It is clear that the class of regular polygons satisfies
relation (17) (Figure 3).

A closed thin-wall section of constant thickness will not
warp under torsion provided there exists an inscribed circle
(whose center coincides with the center of rotation of the
section) which is tangent to all sides (or their prolongation)
of the section.

Thus, there exists also an infinite number of star-like
(nonconvex) sections possessing the required symmetry
which do not warp under torsion; some of these are
shown in Figure 7.

Regular polygons

Fig. 3
(ii) We now generalize to the class of irregular convex
polygons which are symmetric with respect to the x and
y axes and possess an inscribed circle of radius R with
center at O touching all sides of the polygon (Figure 4).

Fig. 4
As an example of a nonconvex polygon we note the
contour of a "Magen-David" (Figure 5) which obviously
satisfies relation (17).

Fig. 5

4.2 Generalization of the results
Based on the criterion of (17), we may generalize the
results. We first recall that the criterion for no warping
requires that the distance pj_ from the center of rotation

Fig. 7a

Fig. 7b
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GENERAL THEORY OF REINFORCED SHELLS. STRESS-STRAIN STATE OF REINFORCED CYLINDRICAL
SHELLS UNDER STATIC LOADING
V. A. Zarutsky
Institute of Mechanics of National Academy of Sciences of Ukraine,
3 Nesterov str., 252057 Kiev, Ukraine

ABSTRACT
A general theory of ribbed shells based on the assumption
of the discrete ribs distribution is developed. The general
solution of equilibrium equations for cylindrical shells
reinforced by longitudinal ribs is obtained. Analysis of this
solution is fulfilled and the condition of applicability of the
theory of constructively orthotropic shells is obtained.
INTRODUCTION
First the equations of equilibrium of cylindrical shells
reinforced by longitudinal ribs with taking into account discrete
ribs distribution were derived by V. Vlasov [1]. The author
derived the various variants of such equations both for
cylindrical and for arbitrary shells reinforced by the cross ribs
net [2, 3, 4, 5]. The above-mentioned works were published
only in Russian. The first publication on the subject in English
was made by M. Baruch [6].
Later on a number of other statements of problems on
determination of stress-strain state of shells taking into account
the discrete ribs distribution was suggested. Review of the
works is adduced in [7]. The starting points of the ribbed shells
theory and some investigation results obtained on its basis are
given below. As an example the circular closed cylindrical
shells reinforced by the longitudinal ribs were considered.
GENERAL THEORY OF RIBBED SHELLS
Theory of reinforced shells is based on the next
assumptions:
a) for the description of deformation of a shell proper
(sheathing) the classic or modified shells theory based on
the Kirchhoff-Love and Timoshenko hypotheses [8]
respectively is available;
b) for the description of ribs deformation the curved bars
theory based on the Kirchhoff-Clebsh or Timoshenko
hypotheses [8] may be applied;
c) sheathing and ribs are joined rigidly along the line or
surface of contact.
In a number of cases it is possible to substitute the last
assumption for other one describing either simplified scheme
of contact of sheathing and ribs.
For the derivation of equilibrium equations we used both
the principle of conservation of full energy of system
(sheathing-ribs) and a method based on application of the
forces method (action of ribs on a sheathing is substituted for
their reactions which after that are eliminated from the
equations of sheathing equilibrium using the equations of ribs
equilibrium) [1, 4]. The first from the above-mentioned

methods is more general, since it allows to obtain the natural
boundary conditions in addition to equilibrium equations.
The equations of equilibrium of shells reinforced by a cross
ribs net are obtained in the form [3, 4, 5]

-a,

(1)

A, dd(a - a
da

Here, £,(«) are the right-hand sides of the equations of
sheathing equilibrium, Mb{u), Mb{u) are the right-hand
sides of equations of equilibrium of a rib displaced along the
coordinate line
fis in case of ribs deformation under
extension-compression and bending in a radial plane and under
bending in a plane tangent to the middle surface of sheathing
and under torsion. Nb (w), Nb (w) are analogous expressions
for a rib displaced along the coordinate line as ; k and &, are
the numbers of ribs of the first and second directions; l2 = 3 or
5 for equations derived on the basis of classic or modified
theory of bars and shells, respectively; u is the displacements
vector (at l2 - 3) or generalized displacements vector (at
l2 = 5); q, are the components of the external surface load, 5
is the Dirac delta function.
Boundary conditions for efforts at shell faces are written in
a form analogous to (1). The kinematic boundary conditions
have the same form as in the theory of unreinforced shells. In a
case where the ribs bending in a plane tangent to the middle
surface of sheathing is taking into account the additional
boundary conditions are formulated on the rib faces.
SOME INVESTIGATION RESULTS
The exact solutions of equations (1) are obtained for closed
and unclosed circular cylindrical shells reinforced by only
longitudinal or only ring ribs. Further to save a space we'll
consider in detail the closed cylindrical shells reinforced by
regular system of longitudinal ribs (all ribs have identical
geometric and mechanical characteristics and are distributed

through equal mutual distances). General solution of
inhomogeneous system (1) was obtained as a sum of particular
solution of inhomogeneous (ui) and general solution of
homogeneous (u2) systems. Below the expressions obtained
only for sheathing deflection (w = wi + w2) with using
equilibrium equations derived on the basis of classic theory of
shells and bars [2, 3] are given

parameters of sheathing and ribs, and also s, nh k and roots of
characteristic equations xl > xl,

X^ •

cos

2mj

(4)
(2)
«=o

where

k
2'
k-l

k is an odd number

One can check that the underlined in (3) terms describe a
turn of a shell as a solid body and shell deformations of beam
type arising under action of nonself-balanced (on cross-section)
face loads.
The other terms in (3) (containing Cs0, Dl) describe the
deformation of a shell subjected to self-balanced cyclic
symmetric face loads (rib axes are axes of symmetry or
asymmetry of loading) and under action of other variants of
self-balanced face load (items, containing C nl ! and Dns).
Analysis of characteristic equations show that they have not
purely imaginary roots, therefore stress-strain state of a
longitudinally reinforced shell in a case of discrete ribs
distribution under action of self-balanced face loads can be
characterized as boundary effect. The influence of discrete ribs
distribution reduces to the change of its length depending on a
number and stiffness of the ribs. For calculation of real part

m=H,=0

xsin(/,

;<f sin<9)

i^GC cos«,6>)
JT=1

*<I>° (5* sin«,6>)} +

k is an even number

(3)

in )

of a minimum root of the characteristic equation

(from which zL

at

l/o^

<<:

^ i s determined at C > 1) the

next expression is derived

cos «,

(5)

Here £, 9 are the dimensionless coordinates of a point on
the middle sheathing surface, k is the ribs number, v is the
Poisson coefficient, w00, v/\Mnl, w^ + n l ,w^ + «, (sJ( s2 =1,2)
are the known functions of geometric and mechanical
parameters of sheathing and ribs and also m, lh nL. A}, C't,
C;, C o \ D'o, C^ , D'ni are the unknown constants which
should be defined from the boundary conditions. A^,

B^,

E* , FJ are the known functions of geometric and mechanical
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where ao,a1,a2,j3l
are the functions of stiffness parameters
of sheathing and ribs, C = cfk4, a2 = h2/12R2, h is the sheathing
thickness, R is the radius of sheathing middle surface. At C->x
(5) coincides with the appropriate formula that may be
obtained on the basis of the theory of constructively orthotropic
shells.
The analysis of the general solution of the homogeneous
system of equilibrium equations allowed to formulate
conditions under which some variants of approximate solution
of a problem on determination of stress-strain state of a
cylindrical shell reinforced by longitudinal ribs fit to obtain
reliable results at various number and stiffness of ribs and at

various distance from shell face. So in a case where at shell
face bending moments and cutting forces are given to find
efforts and moments near face it is necessary to use exact
solution of equilibrium equations, and for determination of
displacement components it is possible to use the various
approximate methods. The relationships obtained on the basis
of theory of constructively orthotropic shells give reliable
values of displacement vector components in the case where

X is the ratio of total ribs bending stiffness to the sheathing
bending stiffness (shells with rigid ribs for which
X » 1 are considered). If at shell face the displacement
components are given determination of efforts and moments in
sheathing and ribs close by a face on the basis of pointed out
theory is possible in a case where inequality (6) is fulfilled. If
C » 1, it is possible to find the displacement components.
The author derived simple approximate formulas for
calculation of efforts, moments and displacement components
with taking into account the discrete ribs distribution in the
shell zones situated far from the faces [3],
Present investigations allow to conclude that for
determination of a stress-strain state of ribbed shells it is
necessary to take into account the discrete ribs distribution
even if their number is sufficiently large.
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EXPERIMENTAL AND THEORETICAL INVESTIGATIONS OF STABILITY
OF RIBBED CYLINDRICAL SHELLS
V. A. Zarutsky
Institute of Mechanics of National Academy of Sciences of Ukraine,
3 Nesterov str, 252057 Kiev, Ukraine

ABSTRACT
The stability equations for the shells reinforced by the
longitudinal ribs are solved exactly while taking into account
the discrete ribs distribution. The solution is analyzed. New
methods of construction of curves enveloping from below the
experimental values of critical stresses are suggested.
INTRODUCTION
For a period of 30 years the above-mentioned investigations
have been conducted mainly at Technion (Haifa, Israel) under
the supervision of Prof. I. Singer and in the Institute of
Mechanics of National Academy of Sciences (Kiev, Ukraine)
under the supervision of Prof. I. Amiro. Till the recent time the
exchange of information on obtained results was found difficult
and therefore it is expediently to set forth even partially the
results of investigations conducted in Kiev.
Detailed review of the works fulfilled in Kiev and
published till 1990 is contained in [1]. Review of experimental
investigations published till 1995 is given in [2].
In the theoretical investigations, as a rule, the discrete ribs
distribution was taken into account.
In all works, except [3], it is assumed that for the
description of deformation of a shell proper (sheathing) and
ribs the classic theory of ribs and bars may be used. In [3] it is
taken into account that a shell and ribs may be made of a
material with low transverse shear stiffness. To describe their
deformation the modified theories of shells and bars based on a
shear model of beams deformation proposed by S. Timoshenko
[4] should be used.
Some results obtained by the author are presented below.
SOME RESULTS OF THEORETICAL
INVESTIGATIONS
The shells whose behavior under loading is described by
the classic theory are studied. Consider, in a more detailed
manner, the closed shells reinforced regularly (all ribs have the
same geometric and mechanical characteristics and are
displaced through equal mutual distances) by systems of
longitudinal ribs subjected to action of axial compressive
forces. It is accepted that undercritical shell state is
momentless. The solution of the neutral equilibrium equation
set is determined in a form of trigonometric series [5]:

601

v2mn cosnO),

v=

(1)

n=0

w=

mi

cosn& + w2mi

sinnO)

(m = 1,2,3,...),
nmR
dm =
Risa radius of the middle

where <5 = R'
R
sheathing surface, L is a shell length, ulmn,...,w2mn
are the
unknown constants, u,v,w
are the components of
displacement vector on a middle surface of sheathing.
The determination of the critical stress parameter is reduced
to the calculation of a minimum root of a set of transcendental
equations for three essentially different forms of wave
generation in buckling:

f,(p,m,n1) = 0,

= 0,1,2).

(2)

Here, p is the dimensionless parameter equal to the ratio
of the critical stresses in a ribbed shell to the critical stresses in
a nonreinforced shell, m, 2n; are the numbers of semi-waves in
axial and circular directions generated in buckling.
At / = 0 equation (3) allows to determine pcr for the
general case of wave generation in buckling. It is realized at
k
k—1
0 <nx <, «i («•, = — 1 for even k and nx
for odd k). In
this case pcr depends on all stiffness rib characteristics. If the
first particular case of wave generation (/ = 1) is realized, ribs
are subjected to extension-compression and bend in a radial
k
plane only. Than w, = 0 or — (if k is an even number). In the
second case of wave generation (/ = 2) ribs are subjected to
torsion and bend in a plane tangent to the middle sheathing
k
surface only, and as in the previous case n, = 0 or — (for even
k). Note that in the first particular case of wave generation the
rib axes are displaced at an antinode of flexure. However, in
the second case they are displaced at a node of flexure. The
calculations carried out show that for the general case of wave
generation pcr is lower than pcr for the first and second

particular cases only for shells with "weak" ribs. For the shells
with "strong" ribs the values of pcr are, as a rule, minimum for
the second particular case of wave generation.
As an example, the results of calculation of a critical stress
parameter for shells with p = pcr at / = 0 are presented. In the
table data for shells with internal (1) and external (2) ribs are
shown, pcr = — , where p0 is the critical stress parameter
Pa
calculated by formulas of the theory of constructively
orthotropic shells.

K

Per

6
12
18
24
36
48
60
72

0.98
0.99
0.97
0.99
0.99
1.00
-

1
m
1
1
1
1
1
1
-

Per

2
2
8
10
10
10
-

0.83
0.74
0.68
0.64
0.60
0.65
0.84
0.99

2
m
10
10
11
10
8
8
10
1

«;
1
1
8
11
17
23
29
12

The data presented in the table indicate that the influence of
the discrete rib distribution on the values of pcr, m and nl is
essential even at sufficiently great k . Moreover, even for the
wave generation form at which a wave length in a circular
direction is not a multiple of a distance between ribs.
SOME RESULTS OF EXPERIMENTAL
INVESTIGATIONS
In the case of buckling in elastic field the experimental
values of critical stresses are close to calculated ones on the
basis of methods taking into account initial geometric
imperfections measured on the shell which after that is used for
stability tests, for example [5]. Hence, today it is not a problem
to determine critical stresses for produced shells.
The difficulties arise in choosing the shells parameters on
the stage of their design. The most extensively used in the
calculation practice way of solution of this problem consists of
the systematization of all available experimental data and
application of the curves enveloping these data from below as
the calculation curves. In work [6] it is shown that this way
possesses by the essential shortcoming: using data obtained for
the shells produced from the various materials on the basis of
various technologies may lead both to considerably
understated, and to considerably excessive values of calculated
critical stresses. Hence, the experimental data should be
available for shells made of materials that are supposed to be
applied for the creation of constructions on the basis of the
chosen technology. Choice of the parameter the most
completely describing the above system as independent
variable is essential for building curves enveloping from below
the experimental data. Two new variants of the independent
variable are suggested:

1) the Batford parameter and its modification concerning
the reinforced shells [6]. For longitudinally reinforced
shells it is the reduced shell thickness instead of the
sheathing thickness. For shells with ring ribs it is a
shell section length between ribs instead of a shell
length. These characteristics, as follows from the
experimental data on shapes of wave generation in
buckling, are the most completely reflecting the
peculiarities of ribbed ribs buckling;
2) "equivalent" shells stiffness [7, 8], The experimental
stiffness characteristic of a system "shell-large joined
mass" allows to take into account all characteristic
feature of a real shell deformation.
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The results of application of new independent variables
for the treatment of experimental data are given in fig. 1
are the numerical coefficients)
and fig. 2. Here, z is the Batford parameter, c is the

t 1 2 ] Zarutsky, V., Approximate Formulas for Stability
Analysis of Ribbed Cylindrical Shells, Int. Appl. Mech., 31,
J
.. ^,.
'
™

equivalent stiffness, <r, are the experimental values of
.. , x
„ . ., .*••.,_
j i
t- * • i ,•
critical stresses, £ is the elasticity modulus of material (in
all experiments a sheathing and ribs are made of the same
material).
In fig. 1 the curves enveloping from below the
experimental data for longitudinally reinforced shells of the
aluminium alloy and the lavsan film (continuous line) and
only for shells of the lavsan film (dotted line) are plotted. In
the figure the minimum and maximum values of ax for 63
shells of the aluminium alloy are designated by "o", and the
analogous data for 4 shells of the lavsan film are designated
by A.
In fig. 2, dependence a(c) for four series of shells
reinforced by the various number of longitudinal and ring
ribs is represented.
Data of fig. 1 and fig. 2 demonstrate the efficiency of
the proposed parameters as independent variables in
building the calculation curves.
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CONSTITUTIVE EQUATIONS IN FINITE VISCOELASTOPLASTICITY
OF POLYMERS
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The distribution of initial end-to-end vectors is independent of the reformation process,

Abstract
Constitutive relations are derived for the nonlinear
viscoelastic and viscopiastic behavior of rubbery polymers and polymeric melts at isothermal loading. The
model is based on a concept, of semi-affine temporary
networks, where breakage and reformation of active
chains reflect the viscoelastic response, whereas sliding of junctions with respect to the bulk medium describes viscopiastic phenomena. Adjustable parameters
in constitutive equations are found by fitting experimental data for stresses and residual strains at uniaxial extension of a bar and simple shear of an infinite layer.

Am{t,r,z)dV0{z) = Eni(t.T)P {ha € dVa(:)}

1)

where P is probability, dV0{z) is an elementary volume
in the space of end-to-end vectors in the vicinity of a
vector z, and E m (i, r) is the number of active chains of
the ?nth kind (per unit mass) arising before time r and
existing at time t. The relative rates of reformation -/,„
and breakage Fmo and F m are calculated as
=

2 m (0,0) dr
1 <9E
^(i,0),
2 m (i,0) a<

(2)

I\ n (*,r)

=

-

(3)

Introduction
Constitutive equations in viscoelasticity and viscoplasticity of polymers attract essential attention because of their applications in polymer engineering. Viscoplasticity of polymers is conventionally explained by
(i) stress-induced nucleation of flaws (dislocations, vacancies, voids), and (ii) mechanically activated diffusion of "mobile units" through energy barriers [1]. The
Eyring theory of thermally activated processes [2] is
widely used for determining rates of plastic flow, where
the activation energy equals the energy necessary to
surmount intermolecular barriers to rotation of chain
segments [3]. Unlike previous studies focused on polymeric glasses, the present work deals with the response
of rubbery polymers. To describe the viscoelastoplastic
behavior, we combine the theory of transient networks
[4 — 6] with a concept of semi-affine deformations [7].

1

7m (r)

dtdry 'Integration of differential equations (3) with the initial
condition (2) results in

2 m (*,0) = H,° n exp|- J r m0 («)d«l ,
s\ . (4)
where ~,°m =

Zm(0,0).

Kinematics of Semi-Affine Networks
Motion of a bulk material induces some pseudomotion of long chains [8]. Let h(t) be the end-to-eiid
vector at time t for a chain created at time r with
an initial end-to-end vector JIQ. The affinity hypothesis claims that the deformation gradient X?(r)h(t) in the
space of long chains coincides with the deformation gradient V(T)f(t) in the bulk material at a point with the
radius vector v(i). To replace this assumption by the
semi-affinity hypothesis, we introduce some unloaded
configuration with the radius vector fu(t,r) (which determines the stress-free state at time t for long chains
created at time r) and suppose that the deformation
gradient V(r)h(t) coincides with the deformation gradient for transition from the unloaded configuration to
the actual configuration

A Model of Temporary Networks
A viscoelastic medium is modeled as a network of
M kinds of long chains connected to junctions. A chain
with ends connected to separate junctions is treated as
an active one. Snapping of a chain's end from a junction
is tantamount to its breakage. When a dangling chain
captures a junction, a new active chain is created. Annihilation and reformation of chains are determined by the
functions Am (m = 1
A/). The function Am(t, r, ho)
equals the number of active chains of the ?nth kind (per
unit mass) that have been created before time r, exist
at time t, and had end-to-end vector ho at the instant
of their formation.

V(r)h(t) =

r)r(t)

f1((f, r)\
(5)

fiO4

of thermal motion .^thermal = K m 9 / 6 ° . where 0 is
the absolute temperature and 0° is its reference value,
we determine the specific entropy of the network (per
unit mass) S. The latter quantity is connected with the
specific free (Helmholtz) energy \t by the formula

Thermo dynamic Potentials
Referring to the model of random walk and neglecting the excluded volume effect [8], we treat an initial
end-to-end vector ho as a sum of end-to-end vectors
for statistically independent, segments and arrive at the
Gaussian distribution
P

dV(l(z)\

=

P0(z)

=

po(:)dVo{z),

The following expression for the free energy is accepted,
which is compatible with Eqs. (9) and (10):

(6)

0(0
QO

where &~' is the mean end-to-end distance. It follows
from Eqs. (5), (6) and the incompressibility condition
that the probability for a chain at the current time t to
have an end-to-end vector h located in the elementary
volume dV(z) is

P{h e dV(z)} = pa ([Wr)Ht))T]-1

• z) dV(z),

M

h
m=l

(7)

where ^° and S° are the specific free energy and the
specific entropy in the natural configuration, and K is the
specific heat capacity. When 0 is close to its reference
value 0 ° , we treat basic thermodynamic parameters as
constants and neglect thermal expansion.

where T stands for transpose. Equations (1) and (7)
imply that the probability for a network of active chains
of the mth kind created within the interval [r, T + dr] to
have an end-to-end vector h located in the unit vicinity
of a point z equals

Constitutive Equations
For an incompressible medium, the first law of thermodynamics reads [9]

Or
dr,

exp

(8)
dt

T

where F(1,T) = [V{r)h{t)] • V(r)/i(*) is the relative
Finger tensor.
The specific entropy dSm(t, r) for active chains that
were created within the interval [r, r •+ dr\ and exist at
time t differs by a constant dSm* from the mean value
of logarithm of the distribution function
dSm(t,r)

= d,Sm

I dpm(t,T,

Here $ is the specific internal energy per unit mass, q is
the heat flux vector, r is the heat supply per unit mass,
p is a constant mass density, s is the deviatoric part of
the Cauchy stress tensor <x, and D(t) = \[L(t) + LT(t)]
is the rate-of-strain tensor, where L{i) = \/{t)v{t) is the
velocity gradient.
The Clausius-Duhem inequality implies that

z)Inpo(z)dV(z),

dQ. _

where kg is Boltzmann's constant. We substitute expressions (6) and (8) into this equality, sum the results
with respect to r, and calcul'ate the integrals over z. Neglecting the entropy of interaction between chains, we
find the specific entropy for adaptive links of the mth
kind

2, - -kB hm[t,o)
—

dS

where Q is the specific rate of the entropy production.
We substitute expression (11) into Eq. (12), exclude the
term V • q from Eqs. (12) and (13), and obtain
d

~dT{i) =

f/i (fb(<)) - 3]

D{t):

Jl(t)

[p~Ht) ~ kB&{t)

x f; (zm(t, 0)Fo(t) + £ ?£L(t,

(f, r)rfr k (F(2, r)) - 3I rfr S> . (9)
(14)

P6(t)

Here /j- stands for the fcth principal invariant of a tensor,
Fn[t) = [V0/).(0]T • Vn/)(/) is the Finger tensor, V o is
the gradient operator in the initial configuration, and
S°, is a material constant. Summing expressions (9) for
various kinds of chains and adding the specific entropy

with
M

Mt) = I
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E

- 3

M

Mi)

= kBe(t) ^2 [sm(<,O)Du(t,O) : dev GQ(t)

I

dr

(t,T)Du(t,T):devG(t,T)dr\ . (15)

Here G(t,r) = V(r)h(t) • [V(r)/j(f)]T and G0(t) =
Voh(t) • [Vah{t)]T are the Cauchy deformation tensors,
Du(t,r) - ±{Lu{t,T)+ Ll(t,T)} is the plastic rate-ofstrain tensor, Lu(t, r) = V,,(/, r)vu(t, r) is the gradient
(in the unloaded configuration) of the velocity vector
vu = dru/dt, and dev denotes the deviatoric component
of a tensor. Jn follows from Eq. (15) that inequality
(14) holds, provided that
(i) the heat flux vector q obeys the Fourier law with
a nonnegative thermal diffusivity A;
(ii) the Cauchy stress tensor <r satisfies the constitutive equation
M

<r(t) =

9.0
Figure 1: The parameters k,, (unfilled circles) and <r MPa
(filled circles) versus k for extension of polystyrene: S-620 at
0 = 130 °C with Co = 0.002s~J. Circles: experimental data
obtained in [10]; solid lines: prediction of the model with
!3 - 0.0008/ and pkBQ"E0 = 0.195 MPa

m=l

Or

(16)

where p is pressure and / is the unit tensor;
(iii) the plastic rate-of-strain tensor Dxt(t,r) obeys
the equality
Du(t, r) — (3 dev G(t, r)

(17)

with a nonnegative definite matrix function /?.
Formula (16) is similar to the Lodge equation [5],
(where the tensor F differs from the conventional Finger
tensor), whereas Eq. (17) appears to be novel. Since it
determines only the symmetrical part of Lu(t,r), we
assume that the skew-symmetrical part of Lu vanishes.
Uniaxial Extension of a Specimen
We analyze uniaxia.1 deformation of a bar
(18)
where {A';} and {.x1,} are Cartesian coordinates in the
initial and actual configurations, and k(t) is the extension ratio. The transition from the initial configuration
to the unloaded configuration is described by Eq. (18)
with an extension ratio ku(t,r). We consider loading
with a constant *&i.c z0 of the Hencky strain e = Ink on
an interval [0,7"]. determine the residual extension ratio ku = ku{T,0) and the longitudinal stress <r = <r(T),
and plot them as functions of the ultimate extension
ratio k = k(T). Figure 1 presents an example of experimental data and predictions of Eqs. (16) and (17)
for a polystyrene melt. Similar results are obtained for
several polystyrene and polyethylene melts at elevated
temperature.

Conclusions
New constitutive relations are derived for the viscoelastoplastic response of rubbery polymers based on
the concept of temporary networks. The model is verified by comparison of numerical results with experimental data. Fair agreement between observations and
results of numerical simulation implies that the constitutive equations may be used for evaluating residual
stresses and strains in polymeric articles.
Acknowledgement. Financial support by the Israeli Ministry of Science (through grant 9641-1-96) is
gratefully acknowledged.
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FEATURE OF ELASTICALLY SUPPORTED SEMIINFINITE CYLINDRICAL SHELL, LOADED
AT THE END FACE
I. Lopatukhin*, A. Ber
Technion - Israel Institute of Technology, Haifa, Israel
""Conference Lecturer
ABSTRACT
A theoretical and experimental studies of the features of
elastically-supported systems such as seminfinite cylindrical
shell, a beam , a plate, and similar elements and systems are
presented. A thorough litrature review was conducted and
presented in the paper. Equations describing the
displacement of the middle surface of a cylindrical shell at
the end face under action of an evenly distributed load with
intensity q , applied along a length / at the face, as well as
at a distance from it-were obtained.
It was shown that the maximum deflection of a
cylindrical shell under a lumped load applied at the face is
reduced when the same load is applied within the same
length at certain judiciously chosen sections shorter than
the deformation wavelength. Results of analysis of obtained
with help of PC solution are presented. The calculations
show that the maximum deflection at the end face is reduced
by 40 to 46 percent when the load is applied at two, three
or fou.
Application of the obtained results in design and
technological calculations is illustrated.
NOMENCLATURE
D=

Eh'

-- rigidity of cylindrical shell under bending
12(l-v2)

De = 2Rfe - diameter of shell external surface
E - modulus of elasticity of shell material
h - thickness of shell wall
L - length of shell
Lj - deformation wavelength
/ - application length of evenly distributed load with
intensity q
/ 0] ,.., IQ .,.., ?on - lengths of loaded sections
kn-t '•••>hni:'••''(«„_, • lengths of intervals between loaded
sections
L\\l 'Joi'hn; e t c - reduced lengths (seeformula (21) )
n - number of loaded sections
R - mean radius of shell
Re - radius of shell external surface
Q - total load
q - evenly distributed load intensity
/3 - slenderness ratio of shell
v . Poisson's ratio of shell material
kcc
t =
K- grip ratio ( k - number of grip arcs; a - length
360°
ofl oaded arc (deg) in cross-section )
co - displacement of elastic line of middle surface at end face
efface - deflection at end face.

607

INTRODUCTION
Contiguous workpieces such as spindle sliding bearings
, machine tool tables, dies, press molds, gripping jaws,
support surfaces of inserts and seats etc. may be calculated
as elastically-supported systems.
Infinite and semiinfinite cylindrical shells, beams and
plates belong to this category of systems, a feature of
which can be used for reduced deflections (deformations) and
stresses.
The relevant feature is that the maximum deflection
(defor- mation) under a lumped load is reduced when that
load is applied within the same interval (of length, diameter
or area) at certain judiciously chosen sections. This
reduction ranges, for various systems, from 30 to 46
percent.
This feature was brought out by I. Lopatukhin in the
course of a study, under the supervision of Professor F. M.
Yaroshevskii of reduction of a drill pipe diameter. This
reduction occurs at a multiply fixed pipe section during
drilling of oil and gas shafts.
The feature described above was utilized for optimization
of the load distribution, for an infinite cylindrical shell and
beam together with D. Sutovskii [1] and for an infinite
plate together with I. Mirkin [2]. It was embolied in an
appropriate patent [3] and applied in the design of a die
system at an automobile plant in Gorky (Nizhny-Novgorod)
and a tractor plant in Lipetsk and elsewhere in Russia. At
the Technion this feature was applied by I. Lopatukhin, A.
Ber and J. Rotberg in the design of supported surfaces of
indexable inserts, seats, tools and milling cutters [4],
In this work the solution and application of this feature
for a semiinfinite shell loaded at the end face is presented.
Since such loading scheme are common in manufacturing
operations, the findings are topical.
DEVELOPMENT OF MODEL
1. In [5] equations describing the displacement of the
elastic line of the middle surface at the end face were derived
- for the following cases:

a)
b)
Figure 1: Schemes of loading : a) even load distribution
over an annular section; b) even load distribution over a
cylindrical shell.

-a cylindrical shell under a force Q, evenly distributed
over an annular section (Fig. la):
at section c<x

g-^cosySx

(6)

£(j8r) = e- pr sin/le

(7)

by analogy for (x-c); c; (cj-x); cj; (l-c); I etc.
2.The action of the deformation wave of the
semiinfinitely cylindrical shell Lj under a force Q evenly
distributed at the annular section (Fig. 2a) is independent of
the force magnitude and equals:

(1)

at section cj>x
where p - is the slenderness ratio of the cylindrical shell
(2)
-a cylindrical shell under an evenly distributed load,
applied along a length /(Fig. lb):

(9)

R2h2
For Poisson's ratio v = 0.3 (steel, nikel, aluminum,
titanium and magnesium alloys)
p = 1.285 / -fk~h (9')
The deflection Oface is determined from equation (10),
obtained from (2), for x=o

(3)

cos/fci =

Into equations the next sumbols were introduced
(4)

3. Under the action of an evenly distributed load with
intensity q , applied at the end face along a length / the
deflection at the end face is determined from equation
(ll),obtained from (3), for c=0

(5)

s/3/-sin/?/)] =

<°face^ —

1

L•1 .
c.
0

The deflection (efface at the end face with the loading
length l<Lj equals <Oface ULj (Pig- 2b, curve 1).
When the loading length is increased, the deflection is
increased as well and reaches maximum with l-Lj (Fig.
2b, curve 2). When / is increased further, i. e. l>Lj ,the
deflection at the end face remains equal to (Oface LJ (Fig.

y

—».
•s:
\

(11)

•/i

IX

2b, curve 3). The reason is that the deformation wave
caused by forces acting at more than Lj from the end face
do not reach it.
4. Determination of the deflection at the end face under
a constant load Q with intensity q at different lengths / . If
the load Q is distributed over a section with length Lj
Q
and load intensity
•, it couses the deformation

l2n-2

Mface Lj •
For analysis of the ratio

Ofacel

with Q~const ,

using equation (11) we can write:

c)

ofacet _l^

d)

faceLt

Figure 2: Deformation diagram of a cylindrical shell,
loaded at the end face: a) a lumped load Q evenly distributed
over an annular section; b,d) evenly distributed load applied
along a length: 1- l<Lj ; 2- l=Lj ; 3- l>Lj ; 4- length /
divided into sections loj and lo2; c) estimated (calculated)
scheme of load applied at distance hn-2 fr°m th e e n d

I

1-e-t* (cos pi-sin pi)

^Lx

1 - e~^ (cOS^tLj -sinjEfc,)

l-

/

(12)
In Fig. 3 the relationship between the ratios

(Qface{
—
—
10

and

facets

— is shown. Analysis of equation (12) and the graph

BOS

(Fig.3) shows, that when an evenly distributed load Q

Oi'face 12n 1
i [COfaceLj

1.0

L
\

0.5
0

0

To-,

r
1
t
i
Figure 4: Reduced deflection at end face <Oface i2n.
as loaded section length /o; = L\ - hn-2 is reduced with

n-1 n

1

\

•

Figure 3: Deflection increase at the end face ttface caused
by reduction of the loaded section length / at the end face,

Q=const.

with Q=const.

*-i

is applied at a section with length l=Lj , the end face
deflectionsatisfies the inequality:
®facel
(O

L\

where fyn-2 -k

(13)

I

(O{

(15)

a>face Li • The same load Q at a section with length /#,<Lj with load intensity qt

=—
, applied at some
°-2nRel0.
distance from the face causes the deflection a>face i2n_2
COface 2

' "-2

-k

•

(17)

n-2

(18)

Consequently, in order to reduce the deflection at the end
face a higher load should be applied at the sections further
removed from it.
Based upon the results treated in points 2+6 and
references [1,2] it can be concluded, that maximum
deflection of a cylindrical shell under a lumped axial
symmetric load Q evenly applied at the end face-is reduced
when the same load is applied over the same length at
certain judiciosly chosen sections with length lot shorter

applied at the face, it causes a deflection

(15). The function of the ratio

^ ®-h

, i. e. with l0 -> 0

with

as per (5) with
where V'(^2n-2) a n ( J
x = l2n-2 and x = l2n-.\ •
6. Determination of the deflection at the end face under
constant load Q with intensity q , over length / at distance
hn-2 fr°m the face. (Fig. 2c). If the load Q is distributed
at a section with length Lj
with load intensity
-

m<

k

The deflection at the end face <Oface caused by forces
applied over length IQ at some distance from the face is
determined from equation (15) obtained by integration of
equation (14) over the interval lm-2 t°hn-l •

-

~h-

that under the load Q=const evenly distributed over a section
with length IQ-<LJ (Fig. 2c) at distance hn-l ^om the
end face the deflection at the end face satisfies the inequality

(14).

"

(16)

and —-• . Analysis of equation (16) and the graph shows

5. The deflection at the end face with the shell loaded in
several sections is the sum of the deflections caused by the
loads at each section, provided its distances from end face is
hn-\ - k (Fig- 2c). Deflection at the face caused by action
of an elementary annular load qdx, applied at distance x
from the face, is determined from equation (14), in turn
obtained from (1) with c=0 and substitution of qdx for Q.

••jT-h>

k

Fig. 4 shows the relationship between ratios

Inequality (13) is intensified with increase of the ratio — .

COface =

=

with Q=const

than the deformation wave-length Lj (Fig. 2d).
7. General solution. The section / < L j
is
subdivided into several sections of different length loi with
unequal intervals Ifa. between them (Fig. 2d). In order to
reduce the deflections and stresses, the lengths of the loaded
sections /#,•, their number «, and the intervals lini were
found through analysis of equations (19) and (20). These
equations determine the deflection at the end face and were
derived on the basis of formulas (11) and (15) and (Fig. 2d)
„

and hn-l-Li is determined from equations (11) (with
l=Lj) and (15).
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Q

u

.-

X
n ,

n-1,

h

Q

In Fig. 5 results of the calculations are presented,
showing the behavior of the maximum deflection as
function of the number of sections with optimal section
lengths hi (opt) and intervals hni(opt)
In Fig. 6 the possible reduced deflections (in percent) are
shown.

(19)

,

(20)
where

i0. = pi0.; /•„. = /?/;„.; /' = j3/etc

(21)

are the reduced lengths, with / < L\ - fiL\«1.6 .
In order to determine the lengths loi (opt) > hnt (opt)
and the number of sections n , providing for the minimum
deflection irrespective of the load intensity q , the
mechanical parameter v and the geometrical parameters R,
h , analysis of the ratio -——

n=2

48'

n=3

42
36
30
24

as per (19) with

18

X'o,.

12
A = 1 , and equation (20) was carried out on a PC

6

0L

(the calculations were carried out with the participation of
and consultation by Ing. R. Talybov).
Initial data for the analysis: n = 2; 3; 4; / = 0.2«-*• 1.6
/J), ./(>,_,

k2from0.lto[l

lin^r.Jinifrom0.Uo[l

0.5 0.6

«=2

- 0.1(2« - 2)] £ 0
1=3

1.4

1.6

From Figs' 5 and 6 it can be concluded that the
maximum reduction is obtained for n = 2. This effect is
enhanced when the reduced length /' is increased to 1.6, for
which the obtained reduction is 45.7% for »=2; 43.84% for
n=3 and 39.87% for n=4.
From Fig. 7 it can be seen that under load applied at the
sections with length I'oi the section with maximum

J

LfromO.ltoll - tki. + lL, -0.2 Is 0
/in] > 0 . 1 .

1.2

1.0

Figure 6: Possible relative reduction (in percent) of
deflections at end face under load over n = 2; 3; 4 sections.

- 0.1(2» - 2)] 2: 0

lin2from0.lto\l - £/ 0 . +"£/;„. -O.l(2«-3)Uo
L

0.8

/ Jft.andlin.- were varied in steps of 0.1

length l'on is farthest from the end face. The lengths of
the other sections under the assumed initial date equal 0.1.
Based upon the above, we can formulate the feature of
an elastically supported system represented by the
semiinfinite shell:
The maximum deflection at the end face under an load
evenly distributed over one section with length / < Lx near
the end face is reduced when the same load is applied over
the same length at several optimally located sections shorter
than the deformation ware.

subject to / < /3Lj = 1.6 .
RESULTS

1.4
1.2
1.0

0.6

n = 2 ; IQ2

(sp.)

0.5

0.8

0.4
0.3

0.6

0.2
0.1

0.4
0.5 0.6
0.8
1.0
1.2
1.4
1.6
Figure 5: Deflection at end face Qface opt under load Q
distributed over n sections («=1; 2; 3 and 4)
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/
/

1.4

1.6

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

n=3; Vm2

0.1
0
0.5 0.6

1.2
1.6
1.4
b)
Figure 7: Lengths of loaded sections l'oi (a) and intervals
0.8

I'ini (k)' f° r

wm

1.0

work-piece can be calculated as a infinite shell (pipe) [6].
The clamping force is applied at a distance h-l=20034= 166mm from the other end face B, i. e. at a distance
more than nlfi = nl 0.0471 = 67mm.
Consequently, the clamped workpiece can be calculated as a
semiinfinite shell [5,6], loaded at the end face along the
normalized length / ' = £ / = 0.0471 • 34 = 1.6.
3. For l > | > 0 . 8 one can adopt the scheme of an
axisymmetrical load evenly distributed over the shell
circumference [6]. For a thin- walled cylindrical workpiece
fixed by gripping jaws, the scheme of an evenly distributed
load action must be adopted [6,8].
4. Data for subdivision into sections are presented in Table
1 and Fig. 9. The lengths of the loaded sections were taken
from Fig. 7a, and lengths of the intervals from Fig. 7b.

Length
of
loading

c h the results in Fig. 6 were obtaied.

EXAMPLE OF APPLICATION IN DESIGN
AND TECHNOLOGICAL CALCULATIONS
Determine the possibility of reducing of the deformation of
a hollow cylindrical workpiece with outside diameter
Z>e=194mm, wall thickness A=8mm, length L=200mm,
fixed at the end face A along the length /=34mm by
gripping jaws with grip ratio §>0.8 (see Fig. 8). Material
of workpiece-steel C1045 (v=0.3).

1.6

n=l

£-ji

~*

•s

Length of the
of intervals
ILiisp.

Value
of the
reduction
of the
deformation
Oface

45.7

43.84

n=2

.1=34

Length of the
loading sections

34

39.87

^

B

Tabla 1: Recommended variants of the loaded length sub
division on the sections.

. . . ii

(S

In this case the subdivision on two sections n=2 is
recommended since it yields maximum reduction of the
deformation with lower labor-intensiveness in terms of
gripping

L=200
Figure 8: Workpiece
gripping scheme.

Figure 9: Subdivision
variants.

Solution
1. The middle radius of the workpiece (see Figs1 la and 2a)
is i?=(De-ft)/2=(194-8)/2=93wm.
The ratio /i/7?=8/93=0.09<l/3. For hlR=1/20+1/3 the
workpiece can be calculated as a cylindrical shell [6].
2. From (9')
/? = 1.285 l4Rh = 1.285/^97-8 = 0.0471/wn " 1
From (21) the normalized length of the workpiece is
L=j3L = 0.047 \mm~l • 200/n/n = 9.42 > 3. /3L>3, the
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CONCLUSIONS
1. Optimization of a feature of an elastically supported
semiinfinite cylindrical shell, loaded at the end face, was
carried out.
2. It was shown that the maximum deflection at the end
face is reduced by 40 to 46 percent when the load is applied
at two, three or four sections.
3. Results of calculations in the form of nomographs
convenient in design and technological calculations' are
presented and illustrated by an example.
4. The obtained results are applicacable for elastically
supported semiinfinite beams and similar systems, structures and elements.
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ELASTICITY BASED APPROACH TO THE BUCKLING OF REINFORCED SOLIDS
G. deBotton
The Pearlstone Center for Aeronautical Engineering Studies
Department of Mechanical Engineering
Ben-Gurion University of the Negev
Beer-Sheva 84105, Israel

ABSTRACT
I consider the problem of surface buckling of reinforced
solids by application of a simple model for composite
materials. The model is based on an analytical solution to
the problem of surface instabilities of orthotropic solids
subjected to uniaxial compression (deBotton and
Schulgasser [1]). A two phase model, in which a single
layer of the reinforcement is bonded on top of a
homogeneous orthotropic substrate whose properties are
identical to the composite properties, is investigated. It is
found that in the dilute limit, when the layers are far apart,
the dominant failure mode is the microbuckling mode. In
this limit the predictions for the buckling load are
substantially lower than the corresponding predictions for
the buckling load of the homogenized medium. As the
volume fraction of the fibers increases, the predictions for
the buckling loads converge to the corresponding
predictions for the homogenized medium, implying that the
predominant failure is the macrobuckling mode.

p

substrate of effective
medium

Fig. 1. A two-phase model
effect of local imperfections, such as waviness and partial
debonding of the reinforcement, to the overall failure was
also realized. Various works that considered these failures
and failures due to plastic kinking were developed (e.g..
Kyriakides et al. [8], Budiansky [9]).
In this work I propose a straightforward model for
predicting the critical surface buckling load of reinforced
composites. I assume that the failure initiates inside a
region whose size is considerably smaller than the size of
the specimen. Accordingly, the specimen can be regarded
as an infinite halfspace whose boundary is aligned with the
direction of the fibers or the layers (see Fig. 1). In addition,
I assume that a uniform far-field uniaxial compressive load
is applied to the composite halfspace and compresses it in
the direction of the fibers. A solution for this boundary
value problem that provides expressions for the stresses
and the deformations in the composite halfspace can be
determined. This solution constitutes a generalization of
corresponding results that were obtained by Shield et al.
[10] for isotropic solids with isotropic coating and
deBotton and Schulgasser [1] for homogeneous orthotropic
solids. Predictions for the critical surface buckling load can
be deduced from the condition for the existence of a
nontrivial solution for the problem.
In some approximated way the two-phase model
enables to take into account the interactions between the
reinforcing fibers or layers. In particular, in the dilute limit
the solution is identical to the corresponding solution of
Shield et al. [10], for the buckling of a single layer on top
of an infinite matrix phase. On the other hand, when the
volume fraction of the reinforcing constituent increases the
estimate is tending towards the macroscopic result of
deBotton and Schulgasser [1].

INTRODUCTION
Buckling of reinforced composites due to compressive
loading is a common failure mechanism, and during the
past thirty years many works have been dedicated to the
study of this subject. Biot [2] conducted an extensive study
dealing, among other topics, with instabilities of precompressed media. Instabilities of incompressible solids
under tensile loads were investigated by Hill and
Hutchinson [3]. Steif [4], following their method, examined
the problem of buckling of fiber composite rods under
compression. A different approach was applied by Rosen
(1965), who made use of the classical beam theory to
determine the critical buckling load of reinforced fiber
composites. He concluded that for dilute concentration of
the fibers, the critical buckling stress is equal to the shear
modulus of the matrix material. Thanks to the simplicity of
his method many consequent approximations were based
on it (see, for example, [6]).
With the growing popularity of composite materials, it
became evident that for heterogeneous solids two types of
instability mechanisms exist, macroscopic and
microscopic. A rigorous study concerning these two
instability mechanisms of heterogeneous solids was carried
out by Geymonat et al. [7]. These investigators obtained,
within the general framework of finite deformations,
solutions for the complete boundary value problem of
elasticity in the long and short wave limits. The important
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ANALYSIS
I consider a plane strain problem involving a half space
of an orthotropic substrate on top of which a layer of the
reinforcing material is bonded. It is assumed that the
orthotropic planes of symmetry of the layer and the
substrate are parallel. I begin the analysis from a reference
configuration where the structure is in a state of a uniform
strain corresponding to a remote compressive load parallel
to the boundary along the JC, axis (see Fig. 1). The upper
surface of the top layer is traction free. In each of the
constituents the only nonvanishing components of the
stress field are the £n and the En components. In the
reinforcing layer £u=-pi-L)
and in the substrate
Eu=— p^ where p^ and p^ are the compressive
stresses compatible with the overall uniform strain eo.
I also assume that in each of the constituents the
instantaneous relation between an infinitesimal stress
increment cr,y and the resulting strain is linear. These
relations may be expressed in the form
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THE TWO-PHASE MODEL
To obtain estimates for the surface buckling load of
reinforced composites I consider a two-phase model
involving a single layer of the reinforcement which is
bonded on top of an infinite homogeneous substrate whose
properties are similar to the overall properties of the
composite (Fig. 1). The characteristic length of the model
is the thickness of the reinforcing layer and without loss of
generality I may assume that its thickness is unity.
Representative results are computed for E-glass
reinforced epoxy. The Young's modulus and the Poisson's
ratio assumed for the E-glass are, respectively.
£ g ] =72MPa and vo, =0.2, and for the epoxy matrix
£ep =3.5MPa and vep =0.35. The effective properties of
the laminated composite were determined by application of
the appropriate expressions given by Walpole [11].
Predictions for the critical buckling strain versus the
reinforcement volume fraction are shown in Fig. 2. The
continuous curve shows the estimate obtained by
application of the two-phase model. The dashed curve
shows an effective medium based prediction corresponding
to the surface buckling strain of a homogeneous material
whose properties are identical to the overall properties of
the composite. This prediction was determined by
straightforward application of the results obtained by
deBotton and Schulgasser [1].
For low volume fractions of the E-glass reinforcement
(cgl < 0.4) the predictions of the buckling strain according
to the two-phase model are much lower than the
corresponding effective medium based result. In particular,
in the low concentration limit the buckling strain according
to the two-phase model is less than one third of the
effective-medium buckling strain. On the other hand, for
large volume fractions of the reinforcement (ccl > 0.5) the

(2)

where p is equal to p in the layer and to p in the
substrate. By making use of the constitutive equations (1)
in equations (2), the entire problem can be rephrased in
terms of the displacement components. In each of the
constituents I use the solution that was introduced by
deBotton and Schulgasser [1]. At the interface between the
layer and the substrate the displacements and tractions
continuity conditions are
=«}« (,- = 1.2),
=<#>, (, = 1.2).

0.2
0.4
0.6
0.8
I
Volume fraction of the E-glass fibers

Fig. 2. Estimates for the critical buckling strain as a function
of the reinforcement volume fraction.

where C,,, Cn, Cl2 and C6(S are the instantaneous elastic
moduli of the constituent (layer or matrix) in the vicinity of
the reference configuration and w, are the components of
an infinitesimal displacement from the reference state.
In terms of the Piola-Kirchhoff stress the two remaining
equilibrium equations in each of the constituents are
al2,i+a22,2-pu2,ll

sO.07

(3)

The boundary conditions for this problem are that at the
free surface 0$ = 0, (/ = 1,2), and far from the boundary
the displacements must be bounded.
The continuity conditions at the interface together with
the boundary conditions provide a set of 8 homogeneous
equations. Therefore, for any possible wavelength X, the
smallest compressive strain e0 for which a non trivial
solution exists (i.e. vanishing determinant) is the critical
surface buckling strain.
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Fig. 3. Estimate for the critical wavelength, normalized by the
thickness of the coating, as a function of the reinforcement
volume fraction.

Fig. 4. Estimates for the critical buckling stress, normalized
by the effective shear modulus of the composite, as a function
of the reinforcement volume fraction.

difference between the two curves becomes negligible. I
emphasize that comparable observations were made by
Geymonat et al. [7] in their study of internal instability
mechanisms of heterogeneous rubber-like composites. Also
note that in the limit cgl = 0 the two-phase model involves
a single layer of the reinforcing material which is bonded
on top of an infinite substrate of the matrix material. This
configuration is identical to the one studied by Shield et al.
[10] and, accordingly, the prediction for the buckling strain
in this limit is identical to the one that would have been
obtained by application of their results.
I recall that the buckling condition resulting from the
requirement for a nontrivial solution is evaluated for all
possible wavelengths. The wavelength that corresponds to
the critical strain is the critical wavelength Xa. The
estimate for the critical wavelength as a function of the
reinforcement volume fraction is shown in Fig. 3. The
critical wavelength for the E-glass reinforced epoxy system
varies between 10 times the thickness of the reinforcing
layer in the dilute end up to 65 times the thickness of the
layer in the limit as the volume fraction of the E-glass tends
to unity. I emphasize, however, that when the volume
fraction of the reinforcement is exactly unity the two-phase
model involves an infinite medium of the reinforcing
constituent only. Therefore, the physical interpretation of
these results in the limit as the volume fraction of the
reinforcement tends to unity is unclear.
Finally, the corresponding estimate for the overall
critical buckling stress as a function of the reinforcement
volume fraction is shown in Fig. 4. The result is
normalized by the effective shear moduli of the composite,
which is equal to the well know estimate of Rosen [5]. Also
shown is the corresponding estimate for the homogenized

composite. It is clear that in the dilute limit, when the
microbuckling failure mode is dominant, the homogenized
prediction severely over estimate the critical load.
However, when the volume fraction of the fibers is in the
common range between 0.35 and 0.45, there is a good
agreement between the three results.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
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ABSTRACT
The work deals with the problem of high-velocity
impacts of waterdrops on targets with thin protective layers
(10 - 30^im). The aim of the work is two fold, to analyze
the pressure field in the collapsing waterdrop and to study
the evolution of the stress field and the damage in the
coating, the substrate and at the interface between them.
The motivation for the first goal emanates from the fact
that the high pressure that develops at the liquid-solid
interface has a crucial effect on the evolution of the stresses
in the target. Preliminary results that were determined by
application of the MSC/DYTRAN finite element model are
presented.
The study of the coated target response is accomplished
by application of a MSC/NASTRAN finite element model.
The transient stress field is analyzed and we distinguish
three state of stresses that can produce damage in the
target. The first is associated with the Rayleigh wave that
propagates on the surface of the coating, the second
corresponds to the shear stresses that develop in the coating
and the substrate beneath the circumference of the liquidsolid interface, and the third corresponds to the tensile
stresses that develop at the coating-substrate interface due
the bending of the coating.
INTRODUCTION
The impact of a drop on a solid surface produces a
region of extremely high pressure in the vicinity of the
collision area (see Fig. 1). This pressure, and the
consequent stresses and deformations that develop in the
target, generate local sites of damage on the surface of the
solid. The magnitude and the duration of the pressure, and
accordingly the amount of the damage, depend on various
parameters such as the impact velocity, the angle of impact,
the size of the drop and the mechanical properties of the
protective layer and the substrate.
Bowden and Field [1], who investigated experimentally
the impact problem, established the contribution of the
Rayleigh surface waves to the development of the
circumferential fractures around the impact site. The
variations of the radii of the circumferential damage on
different targets as functions of the drop diameter and
impact velocities were measured by Hackworth et al. [2].
Recent experimental works deal with the influence of the
geometry of the liquid striker and the target compliance on
the resulting pressure field (see, for example, [3] and [4]).
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solid target
circumferential boundary of the high-pressure region

Fig. 1. Propagation of a compression wave into the waterdrop.
Analytical investigations of the liquid-drop impact
problem may also be found in the literature. Most of these
are concerned with the determination of the pressure
growth at the interface between the impacting drop and the
solid. Bowden and Field [1] concluded that during the
initial stage the pressure rise to the water hammer pressure
PWH = pev ,

(1)

where, p and c are the density and the pressure-wave
velocity of the water and v is the impact velocity. A model
that took into account the compressibility effects in the
liquid was introduced by Heymann [5], who obtained
accurate estimates for the pressure near the expanding edge
of the contact area. Lesser [6] developed a more
comprehensive model that enables to estimate the pressure
evolution at the interface throughout the high-pressure
duration. Numerical investigations of the problem were
carried out by Rosenblatt et al. [7] and Hammitt [8|.
Analytical analysis of the evolution of the stresses that
develop in the target was carried out by Blowers [9]. Adler
[10] modeled the impact of a waterdrop on various solid
targets by application of the DYNA3D finite element code.
deBotton [11] investigated the evolution of the stresses in
targets with thin protective layer during waterdrops impacts
at various velocities.
In the present work we investigate, essentially by
application of the finite element method (FEM), the
evolution of the stresses in solid targets with hard coatings.
We characterize both, the impact process in the liquid
domain in particular during the initial high-pressure stage,
and the impact in the solid target. Numerical estimates for
the stresses due to a 35Om/s impact of a waterdrop on a
diamond coated silicon target are presented.

1500

In the above equation p and p are the pressure and the
density of the water, the zero subscript denotes ambient
properties, and k = 7.15.
The impact of the waterdrop was modeled by
application of the MSC/DYTRAN finite element code with
Eulerian elements. Preliminary results for a 350m/s impact
of a 2mm waterdrop on a rigid target were determined.
Fig. 2 shows the evolution of the pressure as a function of
the distance from the center of the impact site at various
times. During the initial compressible stage of the impact,
the highest pressure is attained at the circumference of the
liquid-solid interface. We note that 0.011 ja.s after the
initiation of the impact the value of the pressure is,
approximately, three times the water-hammer pressure
i^ w =525MPa. This value is in agreement with
corresponding analytical predictions of Heymann [5] and
Lesser [6]. We emphasize, however, that the location
where the peak of the pressure is attained is not consistent
with other results and further study of the problem is
required. During subsequent stages of the impact the
pressure drops and the jetting stage begins with a rapid
outward flow of the compressed liquid.
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Fig. 2. The evolution of the pressure at the liquid-solid interface
as a function of the distance from the center of the impact site at
various times. The time is given in u.s.

THE LIQUID SIDE OF THE IMPACT
We consider an impact of a spherical drop which is
moving perpendicular to the target. Accordingly, the
problem is reduced to an axisymmetric problem and only a
sector of the waterdrop needs to be modeled. Up to impact
velocities of lOOOm/s Tait's equation of state, namely,

THE SOLID SIDE OF THE IMPACT
Thanks to the large contrast between the mechanical
properties of the striker and the target, we can assume that
the pressure field at the liquid-solid interface is equal to the
one that develops during the impact of the waterdrop on a
rigid target. Accordingly various analytical results that
describe the impact of a waterdrop on a rigid target can be
translated into traction boundary conditions and applied to
the solid target. Presently, we are utilizing the simple
uniform pressure model of Bowden and Field [1]. The

k

{P~Po)_\ P
= 1-^1 - 1

(2)

,Po

may be used to approximate the pressure-density relation.

1.60

1.20

(b) ZnSe - 2.0 mm Drop
at 222 m/s

r = 0.1mm
r = 0.2mm
r = 0.3mm
r = 0.4mm
r = 0.5mm

r, mm

o 0.10
0.20
+ 0.30
X 0.40
O 0.50

A

0.80

0.40

arr/Po
c
o
8

S
a.

0.00

-0.4-

-0.40

o
o
•0.80
0.00

0.48

-0.8

0.08 0.16 0.24 0.32
time, (is

Fig. 3. The evolution of the radial stresses 5u.m beneath the surface of a zinc-selenide target during the impact of a 2mm waterdrop at
222m/s.. On the left are the analytical results of Hackworth et al. [2], and on the right are the results of the present FE model.
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Fig. 4. The evolution of the radial stresses 5um beneath the
surface of a diamond coated silicon target during the impact of
a 2mm waterdrop at 350m/s. The time is given in (is.

Fig. 5. The evolution of the radial stresses at the diamond side
of the diamond-silicon interface during the impact of a 2mm
waterdrop at 350m/s. The time is given in us.

results of the waterdrop impact modeling will be utilized in
a similar manner in subsequent works.
A detailed discussion regarding the finite element
model can be found in [11]. Nonetheless, the accuracy of
the results is demonstrated by a comparison between the
results of Hackworth et al. [2], who determined by
application of the analytical scheme of Blowers [9] the
radial stresses 5jLim beneath the surface and the
corresponding results obtained by application of our FE
model. Fig. 3 shows the evolution of the radial stresses as
functions of time at various distances from the center of the
impact site. We note the good agreement between the two
sets of the results, in particular in the vicinity of the peak of
the stresses which is associated with the Rayleigh surface
wave. We emphasize that according the to analytical
solution the stresses at the surface tends to infinity, and
thus, the numerical solution is accurate already 5jim away
from the singularity.
We consider a 350m/s impact of a 2mm waterdrop on a
30(J,m diamond coated silicon target. The evolution of the
radial stresses 5urn beneath the surface as functions of the
distance from the center of the impact site at various times
are shown in Fig. 4. We observe that beneath the expanding
high-pressure region (see Fig. 1) the stresses are
compressive. We also observe the peak of the radial tensile
stresses that corresponds to the outward propagating
Rayleigh wave. In consideration of the crack growth
mechanism, which is the predominant failure mechanism in
the diamond, we anticipate that these stresses will
contribute to the damage more than the compressive
stresses. The distributions of the stresses at the diamond
side of the diamond-silicon interface are shown in Fig. 5.
Beneath the high-pressure domain the stresses are tensile.

These tensile stresses develop due to the bending of the
coating. We note that the stresses due to the bending are
lower that those associated with the Rayleigh wave.
However, it is possible that the bending stresses will be
higher in cases where the substrate is made out of a more
compliant material or if the coating will be thicker. The
results of the present analysis were compared with
experimental measurements of the radii of ihc
circumferential damage and fair agreement with the
location of the maximal peak of the stresses was found.
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LATERAL X-TENSION SELF-INDUCED UNDER UNIAXIAL
COMPRESSION IN BRITTLE SOLIDS: THE MODEL
I. BLECHMAN
Faculty of Civil Engineering, Technion, Israel Institute of Technology
It is clear now that the description of the limiting states of brittle heterogeneous solids - (heterogens) under compression in terms of shear stresses,
developed by O.More in the previous century for soft
metals, does not work. The central question in the
problem remains open: what is the reason for degradation and failure of a heterogen under increasing
compression? And consequently, what its limiting
states are and what equations describe them?
A number of experimentally observed phenomena are the fundamentals of the new approach to
the problem: The non-linear part of the ascending branch of the stress-strain curve (SSc) is due to
formation and accumulation of stable microcracks,
[1],[2]. The intrinsic elastic modulus of a heterogen
remains constant up to the peak point of the SSc,
[3]. Concrete, rock and ceramics under compression
fail in splitting(i), [4]. The pattern of the SSc is
the same for all types of concrete and rock under all
types of stress-states, [5].
The new approach, Blechman [6], is built from
a new point of view, when the gradients in the elastic moduli and in Poisson ratio of material components are found to be the origins of transverse gradient strains in heterogen. The gradients induce local
spots of tension and also dispersed lateral tension.
This combination, being a new kind of stress state,
is called X-tension, and is distinct from plain tension in its origins and its action. When the gradient
strains exceed the local resistance of the heterogen's
components and their interfaces to tension, the microcracks appear.
In concrete these microcracks are thin discs on
the meso-scale: their radius does not exceed the diameter - d of the heterogen grains and their width is
of the order of d-10~3. Since the gradient strains are
very localized, appearance of a microcrack relieves
the stressed spot and the new microcrack remains
stable, [7]. Then, in turn, another gradient-stressed
microspots are cracked and so on. Accumulation of
microcracks degenerates the heterogen internally.
Heterogens built from a matrix and particles
floating in it are matrogens as concrete, for example. Most of rock materials are crystalons - heterogens built from randomly oriented crystals. In
crystalon under compression a population of laterally tensioned crystals ("acrons") is created due to
difference in Poisson's ratio in single crystal along
its main axes.
Under compression the X-tension only is the

origin of the heterogen's atrophy. Our analysis
shows that in concrete the part of gradient tension in
X-tension is approximately 60% and the remaining
40% are of dispersed lateral tension.
The gradient models explain the appearance
of microcracks, their stochasticity and stability, in
good accordance with experiments. The mechanisms
of X-tension are universal, affecting any brittle material: concrete, rock, ceramics. They do not need
initial microcracks to initiate the process of heterogen's cracking and its atrophy and suffice to exhaust
the bearing capacity of the material under compression without recourse to shear stresses. X-tension
model is descriptive and based on measurable parameters. The very important and surprising phenomenon in the presented theory resides in fact that
neither maximum stresses not maximum strains are
responsible for the strength of brittle solids, under
any state of loading, but the limiting atrophy only.
As a consequence, only the totality of tension modes: plain-tension, X-tension and tension in
mixed states - is responsible for the failure of brittle solids under any state of loading. This crucial
fact leads to a unified description of behavior and
strength of Brittle Solids for all types of stress states.
The existence of X-tension has been visible for a long
time, but were "suppressed" by shear ideology.
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space-time spectral element method for the analysis of
static and dynamic behavior of thick elastic plates. Linear
and angular displacements are used as primary degrees of
freedom, and strains and stresses are then estimated.
Various types of boundary and initial conditions and
dynamical loading are examined. Convergence to the
exact solution is achieved by increasing the degree of the
polynomial expansions, while keeping the number of
elements fixed. Stability of the numerical solution for the
evolution with time is analyzed for different ratios
between the lengths of the space and time finite elements.

ABSTRACT
The Finite Element model for the plate is presented.
The analysis includes the effect of rotatory inertia and
transverse shear deformation (the Reissner-Mindlin plate).
The FEM formulation is based upon the Galerkin
variational approach with spectral finite elements. Space
spectral elements are applied for the static problems, and
time-space spectral elements - for the dynamic problems.
Different types of the initial and boundary conditions are
considered. The natural frequencies and eigenmodes of
the plate lateral vibrations are evaluated. Convergence of
the static and dynamic problems to the analytic solutions
and stability of dynamic solutions are analyzed. Various
numerical examples are presented.

ANALYTICAL FORMULATION
Space-time spectral finite elements, with high order
Lagrangian polynomials as shape functions, are used to
approximate displacements. Convergence of the finite
element solution is improved with increase of the spectral
element order much better than with increase of the total
element number. The Gauss-Lobatto integration scheme
is applied in the finite element analysis. For convenience,
nodes inside of each element are located at Lobatto points.
At the first time step of the computational scheme, the
terms containing the specified initial displacements and
velocities are rearranged to the right parts of the timespace equation set.
The equations containing the
velocities at the last time node (final velocities) are
crossed out. The final velocities can be evaluated from the
crossed out equations. The velocities at the internal time
nodes may be obtained differentiating the approximation
polynomials for the displacements.
The next time spectral element is moved one time node
only ahead relatively to the previous element. The initial
node of the next time element coincides with the second
node of the previous element. This provides also the
coincidence of the last-but-one node of the next element
with the last node of the previous element. Since the finite
element grid is related to the Lobatto points, other nodes
of two successive time spectral elements do not coincide.
Using the interpolation technique, the displacements and
velocities at all nodes of the next element (except the last
node) are evaluated. Now, only the displacements and
velocities at the last time node are unknown. The terms,
containing the displacements at the non-final time nodes,
are rearranged to the right parts. The equation set
obtained is over-defined and, generally, different sub-sets
of equations can be used. Again, the equations containing
the final velocities are crossed out.
The final
displacements are evaluated from the last equations of the
set obtained.

INTRODUCTION
The Reissner-Mindlin plate theory which includes the
out-of-plane shear strains, enables a developed model for
thick plates upon the Kirchhoff theory. Finite element
implementation of the Reissner-Mindlin theory takes the
displacements and rotations of the mid-surface as
independent variables and therefore only C continuity
between adjacent nodes is needed. A detailed discussion
on this approach can be found in many textbooks [1].
The spectral element method is a high order weightedresidual method which explodes the rapid convergence
rates of spectral methods while retaining the geometric
flexibility of low order isoparametric finite elements.
Plate bending spectral elements based upon the ReissnerMiitdlin theory has been developed by Zrahia and BarYoseph [2]. Finite element procedure for time dependent
problems involve two stages. First, the continuum is
discretized into finite elements. This leads in the case of
linear hyperbolic equation to the following matrix
differential equation: MU + CU + K U = F , where M, C
and K are respectively the mass, stiffness and damping
matrices. Second, this semi-discrete equation is integrated
numerically by classical schemes.
Semi-discrete spectral element algorithms have been
developed for the analysis of composite cylinders
subjected to lateral impact [3].
This semi-discrete
approach is of high order accuracy in space but only of
low order accuracy in time, and, therefore, the error of the
fully descretized method is dominated by the temporal
error. The concept of applying time and space-time finite
element approximation was pioneered in the late sixties
and since then has been expanded and further developed
through discontinuous spatial and temporal discretization
([4] and references therein).
In the present work, based on the Mindlin plate
response theory, the effect of rotatory inertia is also taken
into account. The main goal of this study is to present a

RESULTS
Different tests were executed to analyze accuracy,
convergence and stability of the finite element solutions
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for the dynamic problems. In all tests, the following
material properties were accepted: the Young modulus 210
GPa, Poisson ratio 0.3 and density 7800 kg/m'. The
simply-supported plate was analyzed in these tests.
Generally, to obtain a stable numerical solution, the
time step value should be limited.
However,
unconditionally stable numerical schemes also developed.
For example, Reddy [5] exploits unconditionally stable
semi-discrete scheme. Stability of solution for the thick
plate by the finite difference method (explicit scheme) was
studied in Ref. [6], and the following stability criterion
was derived analytically: R = ^JD/(ph) At/Ax2 < 1/4,
where p is density; D is the flexural rigidity of the plate; h
is the plate thickness; At is the time interval and Ax is the
space interval. In the present work, stability of the finite
element scheme solution was investigated numerically and
the following approximate result was obtained for the
space-time grid of order five: /? < 0.06. Though the full
discrete finite element algorithm developed in this study
requires relatively small time step, this was not a severe
limitation as the problems considered dealt with rapidly
running dynamic processes, e.g., response on suddenly
applied or impact loading. As an example, an isotropic
simply supported rectangular thick plate was examined
under a suddenly applied uniformly distributed load on a
square area at the center. The geometry and finite element
mesh are presented in Fig. la. Comparison of the finite
element solutions (central node deflection) for the spacetime grid of order 3 and 4 is presented in Fig. lb.
The critical value of dimensionless stability parameter
R was explored by the example of free vibration of the
thin square plate of size 1 m and thickness 0.1 m. The
initial displacements corresponded to the first mode of the
Kirchhoff plate and the initial velocities were zero.
Space-time spectral elements of order four and five were
applied. In the range of stable solutions, the absolute
mean-square error of the displacements (Fig. 2a) and
velocities (Fig. 2b) was evaluated.
Next, the thick square Mindlin plate of size 10 m and
thickness 1 m was considered. The numeric solution for
the first mode of the lateral vibration was used as thei
initial condition. The absolute errors of displacement and
velocity at the plate central node were calculated (Fig. 2c)

to illustrate the convergence of the finite element solution
to the analytical one.
The goal of the last set of tests was tofindthe
relationship between the order of the space-time grid and
the critical value of the time step (Fig. 2d). The plate
dimensions were 0.1x0.1x0.02 ,m. The first eigenmode
of the Mindlin plate was used as the initial condition.
CLOSING REMARKS
The space-time finite element method is an attractive
alternative to the "FEM in space and finite difference in
time" and also to the Finite Difference Method in space
and time. The technique developed makes it possible to
estimate the static and dynamic response of a plate to any
load. The static load may be concentrated or distributed in
space. The dynamic load may be arbitrarily timedependent, including impact. The approach proposed may
be also applied to evaluate the natural frequencies and
eigenmodes. Spectral space-time finite element approach
provides high accuracy, fast convergence and conditional
stability of solutions for both thick and thin plates.
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ABSTRACT
The present paper discusses the results of some
investigatioas which had in view the establishment the
variation mode of the breaking resistance, during shearing
of the joints made with epoxide adhesives. The tests
employed joints of single lap, as recommended by ISO
4588-89. The influence of the superposition length I, and
elastic properties of the supports' material ( Young's
modulus E ) on the breaking resistance T, has been
established.
By means of original programs, processing of the
obtained results permitted to plot the variation surfaces of
the breaking resistance during shearing and also to
establish certain relations of dependence x - f G s , E).
The thus obtained relations permit:
- putting into evidence the influence of an initially
selected parameter upon the mechanical characteristics of
the adhesive joints and consequently, optimization of its
resistance;
- real dimension of the adhesive joint by the possible
variation of one or several parameters of joining;
- establishment - through the introduction of certain
designing data - of the maximum load the adhesive joint
may carry, on condition that these are free of any defect.

For the tests a lot of 120 samples has been used, 10 for
each point indicated in the diagram. The supports made of
steel ( E, = EOI. = 2.110 s MPa ), copper ( E, = E ^ =
1.310s MPa) and aluminium ( E3 = EAL = 0.7-io5 MPa ),
had a thickness t, of 2 mm.
For all joints, the superposition lengths have been
selected between 10 ^40 mm. The supports' surfaces have
been prepared prior to fixing, according to ISO 4588-89.
All tests have been developed at a temperature of 22° C,
seven days after the adhesive' s strengthening.
Variation of the shear strength as a function of the
superposition length, for the three values of the modulus of
longitudinal elasticity is presented in Figure 1.
The established laws of polynomial variation are:
- for joints with steel supports:
r2
/•> A A 1 . n o o
r = 0.0325 •//
- 2.44
•/ + 72.8

(\}

- for joints with copper supports:

(2)

T =0.025 •// - 2.03 •/ +56
- for joints with aluminium supports :
T

INTRODUCTION
The results of the shearing tests to which the adhesive
joints with metallic supports, joints obtained by single lap,
do not represent an intrinsic characteristic of the adhesive.
They depend on the adhesive's nature and application mode,
on the film's thickness and polymerization cycle, as well as
on the support's material, mode of surfaces' preparation,
thickness, mechanical characteristics and length of the
supports' superposing [1], [2], [3],
Part of these influences have been studied, the results
obtained being presented in some already published papers.
The present paper discusses the results of some
investigations which had in view the establishment the
variation mode of the breaking resistance as a function of
the supports' material, for various superposition lengths.

= 0.017 •//

(3)

1.65 •/,+ 46.8

E1:tens=0.0325l5-2.44ls*72.8:abal=1.05
E2: lens=0.0250ls -2.03ls*66.0; abat=0.60

I

E3:1ens=0.0175ls-1.65ts*46.8;abat=0.15
\

B
0.00 - —
000

EXPERIMENTAL RESULTS
The tests employed joints of single lap, as recommended
by ISO 4588-89. The joints being realized with a Romanian
epoxide adhesive produced at the "P. Poni" Institute of
macromelecular chemistry of Iasi.
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Figure 1. Influence of the elastic properties of the supports'
material and of the superposition length
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The above second order polynomials may be written in
a general form as:

ESTABLISHMENT OF RELATION t = f ( l s , E )
Further on, the functional dependence t = f ( ls , E )
was established. The procedure applied was the following:
- establishment of the variation of coefficient a from
Equation (4) as a function of the elastic characteristic of the
support's material: a = 1.15 10 7 E + 0.00965 (Fig. 2);
- establishment of the variation of coefficient b from
Equation (4), as a function of Young's modulus:
b = -6.07 10- 6 E- 1.23 (Fig. 3);
- establishment of the variation of free term c as a
function of the same variable: c = 2.01 10" E + 31.7
( Fig- 4 ).

c(E)=2.01e-4'E+31,7; abat=1.86

40.00 —f
40000.00

1

1

-,

80000.00

p120000.00

160000.00

200000.00

240000.00

E [MPal

Figure 4. Variation c = f (E)
By means of the program to be presented in the
following, the three variation laws resulted for the three
coefficients in Equation (4) have been introduced and thus
the surface representing the variation of shear strength was
obtained as a function of the superposition length and of
Young's modulus ( Fig. 5 ), [4].
;
;
;
;

Transform to generate XYZ data for Mesh Graph
This transform takes an X range and a Y range
and generates the xy grid intersections and
the z values for a user defined function.

a(E)=1.15&-7*E+0.0095; abat=3.84E-4

40000.00

60000.00

120000.00 16OOD3.00
E [MPal

200000.00

;Enter your function here:
zl=(U5e-7*yo+.00965)*r2
z2=(-6.07e-6*yo-l.23)* 1
z3=2.01e-4*yo+31.7
Z=zl+z2+z3

240000.00

Figure 2. Variation a = f( E )

;Enter your L range:
l_min=0
ljnax=50
ljncrement=5
;Enter your YO range:
yo_min-.5e5
yo_max=2.5e5
yo_increment=.le5
; = ~ = = = =Mesh Generation = = = = = = =
L=data(l_min,l_max,l_increment)
YO=data(yaj}iin,yo_max,yoJncrement)
szL-size(L)
szYO=size(YO)
l=bokup(data(l,szYO*szL)/szYO,data(l,szL),L)
yo=lookup(mod(data(0,szL*szYO-l),szYO) +1,
data(l,szYO),YO)

b(E)=-6.07e-6*E-1.23; abat=0.0102
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Figure 3. Variation b = f (E)
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and those established as a result of tests, which confirms
the relation's precision.
The smallest difference is of 0.22% for 1, = 20 mm and
E = 2. 1 -10s MPa, while the highest value is of 6.7% for
ls = 40 mm and E = 7 • 104 MPa.
The surface presented in Figure 5 have been plotted
with the PLOT 50 program. The other graphs and the
empirical relations occurring in the paper have been
established with the GRAF 4 WIN program.

. = = = = ==Results placed in Worksheet- = = = = =
col(])=l
;X grid data in column 1
col(2)=yo
;y grid data in column 2
col(3) =z
generated Z grid data in
;column 3
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Figure 5. Variation T = f ( l s , E )
Such variation is given by the following relation:

(6.0740 6£+1.23)/s.+2.01-10^31.7

For superposition lengths ranging between 10-50 mm
and for supports' materials with the value of E between
2.110 5 MPa and 0.7 10s MPa, Equation (5) may be easily
applied for the realization of some adhesive joints.
The values listed in Table 1 indicate very small
differences between the values calculated with Equation (5)
Table 1
1.
[mm]
10
20
30
40
exp. =

E, = 2-10'
[MPa]

E2 = 13-10*
[MPa]

E3 = 710*
[MPa]

m

exp. calc. exp. calc. exp.
52.3 51.02 38.4 39.49 31.8
36.2 36.28 26.3 26.59 21.2
30.4 29.66 17.5 18.54 13.4
27.1 26.48 15.2 16.23
9
experimental, calc. = calculus

calc.
30.79
20.95
12.46

7.9
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CONCLUSIONS
1. A considerable influence on the strength of joints
realized with adhesives is exercised by the elastic properties
of the support's material.
2. With the increase of the modulus of elasticity E, the
elongations transmitted to the adhesive film become lower,
and the joint's resistance is improved.
3. For low superposition lengths (ls = 10 mm), for a
three trines decrease of the modulus of elasticity, a decrease
of the breaking strength with 38.46%, occurs while, at
higher superposition lengths ( l s = 40 mm ), again for an
Ej/ E3 ratio of 1:3, a 66.66% decrease of the breaking
strength is recorded.
4. The relations thus established are especially useful, as
permitting:
- evidencing of the influence of an initially selected
parameter on the mechanical characteristics of the adhesive
joint, which means optimization of its strength;
- introduction of certain starting data (superposition
length, nature of the supports) which permits to establish
which is the maximum load that may be supported by the
adhesive joint:
- a very precise and rapid establishment of the behaviour
of the adhesive joint which eliminates any other necessary
tests.
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ABSTRACT

EXPERIMENTAL PROCEDURE

The paper analyses the possibilities of Niobium,
Vanadium and Titanium using as microalloying elements at
sintering of carbon steels. There are established, on the
basis of phase diagrams/thermodynamics lows, both their
precipitation conditions from the austenite/ferrite solutions
and thermodynamic possibilities of their carbides/nitride
formation in the usual sintering conditions.

The most effective elements for microalloying of steelsNiobium, Vanadium and Titanium [5],[6] have been
considered in the present study. Their relation with Iron the basic component of steels - has been investigated by
analysis of the corresponding binary phase diagrams [7],
For the obtaining of sintering steels, an Iron-Graphite
mixture of powders is commonly used [2]. The sintering
process is usually performed in an exo or endo-thermic gas,
containing Hydrogen, Nitrogen, Carbon mono and dioxide,
water vapors [2]. Therefore, the thermodynamic
possibilities of synthesis of carbides, nitrides and oxides of
microalloying elements in respect to those of Iron should
also be investigated. For this purpose, the Standard Gibbs
Free Energy of Formation AG° of the most stable carbides,
nitrides and oxides of both these elements and Iron have
been calculated and plotted as a function of temperature, up
to their melting points. The well known formula [8j:

INTRODUCTION
The technical and economical advantages of Powder
Metallurgy (PM) as well as its technological development
during the last few years have determined an impressive
increasing of its application for the obtaining of structural
parts, made especially in sintered steels f 1]. However, their
application is still limited by the mechanical property
deficits caused especially by the residual porosity, inherent
for the common PM routes [1],[2], Although there were
established numerous methods able to surmount this
limitation by realizing compacts of a quite full density, like
cold/hot isostatic pressing, pseudo-isostatic pressing, hotforging etc., their application did not achieve yet the
expected progress owing to the high cost of equipment and
complexity of technology [2]. The recently proposed
"warm compaction" appears to be more advantageous from
these points of view [3]; however, it seems to have a less
productivity. Finally, another new method, "dense
sintering", realized at higher sintering temperatures than
common ones, although assures a quite complete
elimination of porosity, leads, in the same time, to a notable
grain growth [4]; so, the expected increasing in mechanical
properties is limited by the resulted coarser microstructure.
Microalloying with appropriate elements like Nb, V, Ti,
capable to form carbides, nitrides/carbonitrides, seems to
be able to surmount this last limitation without to involve a
sophisticated technology. It was successfully applied for a
few years to the refining of wrought steels by forming of
fine dispersed carbides/carbonitrides at the limits of the
quite small austenite grains obtained by hot-working
(rolling/forging), compounds able both to limit their
subsequent growth [5] and act as reinforcing components.
The application of microalloying to the obtaining of
similar effects in the sintered steels is still at the beginning;
there are only a few publications on this matter, although
microalloying can be realized by common PM routes and
its advantages are very promising [1],[6].
The present paper lias as purpose a preliminary study of
the basic principles of microalloying from the PM
technology point of view, in order to establish the
theoretical conditions of its application to the enhancing of
mechanical properties of sintered steels.

8T ACp*dT

AG°T =
T

fm

-

T*

(1)

* dT)

the published thermodynamic data related to direct
synthesis of these compounds from elemental components
(Table 1) [8], as well as proper computation programs have
been used for calculation and graphic representation.
RESULTS AND DISCUSSION
From the Fe-Nb equilibrium diagram (Fig. 1) results that
(yFe) dissolves Niobium up to 1.5 [w/o] at 1210 °C. Its
solubility decreases to 0.7 [w/o] at 961 °C, when y => a
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Fig. 1. Fe-Nb equilibrium diagram |7j
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transformation of Fe begins. This transformation occurs
between 961 and 912 °C - depending upon the Nb content
of alloy. The new formed phase, (aFe), dissolves a
maximum of 1.2 Nb at 961 °C and its solubility decreases
to zero at ambient temperature. As a consequence, a
precipitation of Nb occurs during cooling both at the limits
of (yFe) and (aFe) crystalline grains. If system contains
Carbon or/and Nitrogen, it may react with them forming
carbides, nitrides or caronitrides respectively. It may also
react with Fe forming Fe2Nb (s phase, Fig. 1).
Vanadium has a strong effect of the (yFe) domain
reducing (Fig. 2). As a consequence, the formation of (yFe)
is restricted at V contents up to 1.2 [w/o] and temperatures
between 1394-^912 °C, while (aFe-V) solid solution forms

transformation of Fe, V precipitates from (aFe-V) solid
solution and may form carbides/nitrides.
A similar behavior of (yFe) domain reducing has Ti
(Fig. 3). The formation of (yFe) is restricted at Ti contents
up to 0.5 [w/o] and temperatures between 1394+912 °C,
while (aFe) forms directly from Fe-Ti liquid solution.
The solubility of Ti in (aFe) decreases from a maximum
of 8.7 [w/o] at 1289 °C to zero. So, Ti precipitates from
Atomic Percent Iron

atomic Percent Vanadium
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Fig. 3. Fe-Ti equilibrium diagram [7]
(aFe-Ti) solid solution staring from this temperature at
cooling. So, the formation of the previously mentioned
carbides/nitrides is possible directly at the limits of (aFe)
grains, in higher proportions and starting even from tliis
temperature. Only if V content of alloy is up to 0.5 [w/o], a
supplementary a => y => a transformation occurs.
In the following section of this paper, the results of the
above mentioned thermodynamic study will be analyzed.

Fig. 2. Fe-V equilibrium diagram [7]
directly from liquid phase at crystallization. Since V is
dissolved by (yFe) only up to 1.2 [w/o], at a => y => a
Element

Nb

V

Formed
Compounds

V : O,
TiC
TiN
TiO2
TiFe^
Fe3C
Fe.Ch
Fe,N

2000
2673
1785
1300
2000
2619
2000
2340
3290
3223
2000
1803
1500
1700
953

CO.

-

Nb2C
Nb2N
Nb2O5
NbFe.

v:c
VN
VNo.,65

Ti

Fe
C

Melting
Temperature
[K]

-AH° 298
[kJ/mol]
195.0
253.1
1899.5
46.401
101.9
218.0
132.2
1218.8
184.5
338.1
944.0
87.446
-25.1
823.4
11.1

CpT = A + BT + CT 2 + DT2

c°
O 298

[J/deg.mol]
64.39
79.5
137.3
100.002
25.1
37.3
26.7
92.9
24.7
30.3
50.6
74.4
103.6
87.4
155.6

393.5

213.7

[J/deg.mol]
A
63.39
62.38
162.17
46.694
33.36
45.77
31.526
112.97
48.43
49.83
73.35
80.96
82.01
98.28
110.79
44.14

B
13.56
17.11
14.81
26.09
13.31
8.79
11.397
19.29
3.16
3.93
3.05
13.807
83.68
77.82
34.14
9.04

C

D

-3.47
- 30.63
- 0.074
-7.11
-9.25
- 5.402
- 14.98
- 1.36
- 12.38
- 17.03
-13.18
- 14.85
-8.54

0.122

1.23

;
-

Table 1. Thermodynamic data of the most stable compounds which can form at sintering of Fe-C-Microalloying element [8]
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Figure 4 presents the variation with temperature of the

high affinity against Oxygen can be observed, which
imposes a very low dew point of the sintering atmosphere.
Finally, if Titanium is used as a microalloying element
(Fig. 6), at the temperature of the beginning of Ti
precipitation (1289 °C ~ 1562 K), the probability of
synthesis of TiN and TiC are sensible equals. So, both of
these compounds can simultaneously form. As temperature
decreases, the nitride formation becomes more probable.
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Again there is a very high probability of Ti oxidation.
In all cases, the probability of the microalloying
elements reaction with the base component - Iron - is very
small. Also, the formation of Fe3C is of a much less
probability than of the carbides of microalloying elements.
CONCLUSIONS
In the case of all the considered microalloying elements,
a precipitation phenomenon occurs at cooling, related to
the y => a / a => y transformation. At sintering, the most
probable is the formation of nitrides or carbonitrides, rather
than of carbides. If sintering is carried out in Hydrogen,
appropriate proportions of Nitrogen should be added. In all
cases, a very low dew point of the sintering atmosphere is
necessary to prevent oxidation of the microalloying
element. From this point of view, the above mentioned high
temperature sintering is very favorable.
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calculated Standard Gibbs Free Energy of Formation in the
case of Niobium using as a microalloying element. As can
be seen, at the above specified temperatures of Nb
precipitation (below 1210 °C ~ 1483 K) the most probable
is the formation of Nb2N (rather than of Nb2C). However, if
both elements are present in the sintering system, it is
possible the formation of a complex carbonitride (of which
AG°f was not calculated from the lack of thermodynamic
data). There is a quite high difference between AG°f of
nitrides and carbides. Consequently, if the sintering
operation is performed in Hydrogen, it is favorable the
addition of a small proportion of Nitrogen. This conclusion
is in a good agreement with some published results [6],
From Figure 4 also results that the oxidation of Nb to
Nb2O5 has the highest probability among all reactions. So, a
low dew point of the sintering atmosphere is necessary.
In the case of Vanadium using as a microalloying
element (Fig. 5), again the formation of nitrides (NbNo.465
and NbN) has a higher probability than of carbides.
Although several types of Vanadium carbides can form,
they have quite the same Energy of Formation. Also, a very
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ABSTRACT
A continuum approach based on qualitative microstructural physics and thermodynamic arguments has been
elaborated for modeling of such interactive phenomena as
yelding, thixotropy, nonlinear viscoelasticity, frozen memory,
and stress localization. This type of modeling has been
successfully applied to various media, such as coagulating
suspension, highly filled polymers, concentrated solutions of
surfactants, and elasto-viscoplasticity in metals. The mutual
feature in the above systems is the presence at rest of a
specific "structure" which can be destroyed at higher stresses
and restored again after any type of unloading. Examples of
this type modeling are presented in this lecture and compared
with experimental data.
INTRODUCTION
Many two-phase systems with small attractive colloidal
panicles display a peculiar rheological behavior when the
particle concentration is above a certain "gelation"" (or a
percolation) threshold.
A simplest class of such systems is dispersions where
solid colloidal particles are dispersed in a low molecular
weight fluid. Many of them, such as lubricating greases, inks,
pastes, foodstuffs, coal-water, and clay-water systems are of
considerable industrial significance. Because of the interparticle attractive interactions, dispersions can create a
paniculate network which is usually ruptured in flow with
formation of "floes", and restored again at rest. The general
approach presented below, was successfully applied to
dispersed systems in [1].
The filled polymers represent another example of such a
system. They include a broad variety of cured and uncured
rubber compounds employed in rubber and tire industries.
Here, depending on the type of polymer and filler, a dominant
physical bonding can happen either between small particles
of filler or between filler and polymer matrix. Again, this
secondary network existing at rest, can be destroyed by
stresses, with a long restoration after unloading. Examples of
our modeling of uncured systems are given in [2,3].
The third class of the phenomena to which the general
approach has been applied is the elasto-viscoplasticity in
metals [4]. Here, beyond a critical (yielding) level of stresses,
a sharp and time dependent transition from elastic behavior
to plastic flow occurs in active loading, caused by the sliding
of metallic "grains" along multiple dislocation lines. Also, a
long time stress-strain relaxation with restoration of
structure, hardening and stress localization, and frozen
memory effects happen in metals.
Finally, the same approach with few modifications can
also be employed to describe the rheological behavior of the
629

concentrated solutions of worm-like micelles. Here, the
structure is presented by the long chains of micelles with
relatively strong but still secondary forces between them. At
low stresses, the system behaves as a polymer-like
viscoelastic liquid, but at higher stresses, the chains of
micelles are destroyed. They are restored again in any type
of unloading (e.g. see [5]). No yielding exists in this system.
In the following, we demonstrate the basic principles of
the approach and its applications to the rheology of the
above systems. For the sake of simplicity and demonstration
purposes only the case of simple shear with small
viscoelastic deformations is considered. The general 3D
approach with a complete geometric nonlinearity will be also
briefly presented in the lecture, and comparison will be made
between calculations and data.
BASIC PRINCIPLES AND FORMULATION
The basic principles of the approach is easy to illustrate
on the example of colloidal suspension in viscous or
viscoelastic liquid with dominant interparticle attractive
interactions. Two major types of interaction occurs in these
systems.
(i) Straightforward attractive interactions which create the
paniculate network and floes. This interaction being elastic
before yield and viscoelastic beyond it, results in occurrence
of a specific macroscopic viscoelastic shear sub-stress
ap - Gpyp • Here Gp and y pare the elastic modulus and
small (visco-) elastic strain. Two relaxation times: 6p, a
lifetime of floes, and 90 (60 >6p),

restructuring time

during unloading, are also important here,
(ii) Hydrodynamic interaction between the floes, as in a
suspension of inactive particles, produces another type of
sub-stress, am, which depends on the rheological properties
of matrix and particle concentration <p and size d. If the
suspending matrix is a low molecular viscous liquid,
<jm = t]my , where r/m (<p, d) is the viscosity. This dependence
is approximately known from the rheology of suspension of
inactive particles (see discussion in [2]). If the suspending
matrix is a polymer liquid, the sub-stress am is of
viscoelastic nature (see details in [2.3]).
The. total macroscopic shear stress a is the sum of
ap and om . These are viewed as the contributions in the
stress arising from specific matrix or paniculate submedia,
or "modes" [2]. For very concentrated colloidal suspensions
in low molecular matrices, the contribution am in the total
stress can be negligible. This is also the case for the elasto-

viscoplasticity [4] and the concentrated solutions of wormlike micelles [5J.
Additionally, the normalized debonding factor £
(0 < C< 1) .should also be introduced to characterize the
process of rapture/restoration of floes.
The formulation of the constitutive equations is then as
follows 11,2]:
(1.2)
(3)

Here y is the shear rate in the continuum. Eq.(2)
describes the evolution of elastic strain y
and kinetic
equation (3) describes the evolution of the debonding factor
c . The mobility function / ( £ ) in eq.(2) describes the effect
of the floe rupture/restoration on the rheological properties of
particle mode. The behavior of/(<£) is assumed as follows:

Ac). / ' (a > 0: ./' -> ./;,. c -» 0; / -> /, (< oc).

1.

(4)

If f = 0. the behavior of / ( £ ) near £ = 0 is assumed as:

of such a sharp transition with yelding, the assumption (4a) I
made about the behavior of /(<?) in the vicinity £ = 0.
2. The phenomenological equation (3) is proposed here to
capture the essence of the process of floes rupturing and
restoration. Here/, is the critical value of yp-&\ which the
intensive debonding process starts. When eq.(4a) is
applicable, it is associated with the elastic deformation at
yielding point. It is easy to prove that eq.(3) preserves the
constraint 0<£(O < 1 .
In thermodynamic interpretation [2] of floe debonding/
rebonding], the factor £, is proportional to the free energy
stored in floes, £, 10o is proportional to the rate of dissipation
due to debonding and the right-hand side of eq.(3) is
proportional to the average rate of work done by fluctuating
micro-stresses on critical deformation/* [1,2].
3. For filled polymers, the matrix mode is viscoelastic and
contribute a lot in the stress. Two cases are important here.
A) In the simplest case, where the filler/filler interactions
predominate, one can use along with equations (l)-(4), the
multi-mode viscoelastic CEs for viscoelastic matrix. In our
simplified case, these are the sum of linear Maxwell type
modes with the relaxation spectrum {6k. Gk}. Since the
matrix mode is treated as a suspension of inactive particles
in polymer melt (or elastomer), the scaling relation.

(4a)
(6)
An example of flexible specification which captures the
properties (4) and (4a) for/(£), can be proposed as:

f(Z) = (/„ +k%) cxp(/?f)

> 0) .

(5)

In application of eq.(5), two asymptotic cases are considered
below: (i) fo » 1, k = 0 and (ii) fo = 0, k = 1.
The physical sense of eqs.(l-5) is easy to illustrate in the
simple case when contribution of the matrix mode in the
stress is negligible, i.e. a ~ Gpy v. This case can also explain
the effects of elasto-viscoplasticity in metals and rheology of
worm-like micelles.
I. The particle mode in eqs. (1,2) has viscoelastic character,
since it has elastic properties due to attractive particle
interaction, and quasi-viscous properties, due to floe rupturing
under stress. The effective relaxation time in (2),
0* = 01 f{£) , decreases with the increase in debonding factor

between the matrix viscoelastic spectrum and that for the
pure polymer. {6k,Gk}. is valid |2]. The SBR elastomer
filled with silica particles is an example of such a system.
B) When the particle/polymer interactions predominate,
more complicated particle/polymer secondary network and
related floes arise in the compound. At any instant, the
polymer chains are classified here as either free or trapped to
the particles; the total stress in the compound being the sum
of the stresses in the two types of chains. During flow it is
assumed that there is a dynamic balance between two
competing structural processes - the debonding trapped
chains from the particles, and the entrapment of free chains
to the filler particles. The hydrodynamic effects of flow
around the particles are lumped as in the case (i), in the
response of the free chains. The well-known examples of
such compounds are the carbon black filled elastomers. The
formulation of CEs for one relaxation mode is [3]:

c. i.e. with the floe rupture. Thus f(£) should be an
increasing function of£ . In accordance with eq.(4), parameter
0 If has the sense of the ultimate viscoelastic relaxation time
in the mode, when the floes are completely ruptured. The
parameter f0 in eq.(4) reflects the importance of fluctuations
in the floe network at rest. If fo~ 1. the system at rest has a
viscoelastic character with initial relaxation time 0 (> 01 / , ) .
This can describe the rheology of worm-like micelles. On the
contrary, if fn«l.
the value of / „ can be neglected and the
Hoc network can be considered as "rigid". This is the case of
dispersed systems in low molecular matrices, filled polymers
and clasto-viscoplasticity. with yielding and sharp transition
from solid-like behavior to flow. To guarantee the occurrence

; a, = Gy ,(]-£)I(1

+a ) ;

(7)
(8)

Here af {a,) and y f (y,) are stresses and elastic strains for
free (trapped) chains. Also, kinetic eq.(3) with 0o = 0 , was
assumed to be valid for every relaxation mode, with
parameter r* being mode independent. The total stress is
then represented as the sum of stresses over all the
relaxation modes. Comparisons between calculations based
on a completely nonlinear formulation and some data for
uncured rubber compounds will be presented in the lecture.
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QUALITATIVE PREDICTIONS
We now illustrate the basic predictions of the approach on
the simple example of the set (1-3) with the use of (5), when
the matrix sub-stress is negligible, i.e. when a » Gpyp .

r = 0, y=yp=ao/Gp,

: =- .

from eq.(2)

a s / = <Jaelk £ I {G p6)

and substituted into

eq.(3). Then the problem is reduced to the initial problem for
the kinetic equation (3) rewritten in the form:

(9)
= l - e - ' ° . (12)

Here 6- a I (Gpy*). Eq.(9) displays a non-dimensional flow

Here r = 6l8o<\.
a = ar, IY, and Y = Gpy* is the yield
stress. Analysis of this problem reveals that depending on
the value of parameter 5 = e^ a, the following behavior of
4(t) happens at f -> <» : (i) if 5 < 1, £(r) -> 0 , and (ii) if
S > 1, the solution goes at to a steady solution shown by eq.
(9). The case (i) is related to solid like behavior, and the case
(ii), to the flow, the transition between these being of a
bifurcational type. In the realistic case r « 1. S « a . It
means that thebifurcation happens when the stress in creep
is closed to the yield value, i.e. ao « Y.

curve cf(z). Its non-Newtonian character is due to the floe
rupture. Consider now two cases indicated above, after eq.(5).
(i) When / „ = 1. k = 0, the asymptotic behavior of the
flow curve at both the small and large shear rates is
Newtonian. The maximum viscosity, rjo = Gp6, is reached
a t v - > 0 , and minimum, TJX. - r\oe~fi, at ^ - » o o . If the
numerical parameter /? is large enough (/?>2), the flow
curve is non-monotonous, which predicts the occurrence of
the stress localization. This behavior is similar to that known
for worm-like micelles [5],
(ii) When / „ = 0 , k = 1. the asymptotic behavior of the
2

How curve at y -> 0 is viscop/astic: a = 1 + (1 - p)z + O(z ),
with the yield value. Y = Gpy*, and the Bingham plastic
viscosity. r;p = (\-p)Gp9.

W h e n f - » oo, the asymptotic

behavior of flow curve is Newtonian with the limit viscosity,
>], =Gpde'fi.

(11)

which correspond to the solid-like behavior. Another
solution may also exist. To find it, / is expressed at t >()

i. Steady shearing. Here y = const and the solution of
eqs.(2.3.5) can be found as follows:

1+ z '

£(/) = 0

When / ? > 1 , this model also predicts the

occurrence of the stress localization near the yield stress. This
behavior is similar to that known for dispersed systems [1],
This analysis shows that the model predicts the occurrence
of yield value without any yield criteria. The mechanism for
this has been demonstrated in [1,2,4] and will be discussed in
detail in Subsection 4 below.
2. Start up shearing from the rest state. The shear rate?- is
constant here at / > 0. An awkward transient solution for
(7(0 displays the well-known stress overshoot whose
intensity increases and time location decreases with
increasing y . This demonstrates the effect of thixotropy.
3. Stress relaxation. We assume that an active loading was
applied at / < 0 and at the instant r = 0 the stress and
debonding factor reached the values ao and £„ . For the more
interesting case (ii), the model prediction of relaxation is:

Eq.(Id) demonstrates the effect of incomplete relaxation (or
"frozen memory") at / —>• oo. It is seen that the residual stress
a., decreases with the increase in £o . It happens since the
rate of relaxation is higher when the floes are more ruptured.
4. Creep. We consider here only interesting case (ii).
when a constant stress ao is applied at t > 0 to the medium
initially at rest. Eqs.(2,3.5ii) have the static solution:

CONCLUSION
The approach presented in this lecture, demonstrates
many mutual features peculiar for such different systems as
colloidal dispersions, filled polymers, worm-like micelless
and metals. It was shown that common rheological effects in
these systems, such as yielding, thixotropy, viscoelasticity,
frozen memory, and stress localization, can be captured by a
simple and flexible kinetic scheme. The key element in this
scheme is the coupling between a specific kinetic equation
which describes the rupture/restoration of a "structure", and
the equation of viscoelastic type for stress evolution.
The remarkable feature of this approach is that it
describes yielding as a bifurcation in the transition from
solid-like behavior to flow. This gives this approach a
computational advantage over those which employ an
algebraic yield criterion, especially when solving
complicated 3D problems.
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Abstract

to produce two sets of counterrotating Taylor vortices;
one set for each phase. The existence of this flow has
The Taylor-Couette instability of a single liquid phase been anticipated in the literature [6, 7], but not previously
can be used to enhance mass tranfer processes such as observed. In this flow, the two phases remain stratified,
filtration and membrane separations. We consider here retaining their individual integrity and contacting each
the possibility of using this instability to enhance inter- other only at a single, well-defined interface. The vorphase transport in a two-fluid systems, with a view toward tex motion would dramatically improve interphase mass
improved liquid-liquid extractions for biotechnology ap- transport without the adverse effects of emulsification.
plications. We investigate the centrifugal instability of a Furthermore, countercurrent contacting is accomplished
pair of radially stratified immiscible liquids in the annular very simply. A schematic of a two-fluid Taylor-Couette
gap between concentric, corotating cylinders: two-fluid extractor is depicted in Figure 1. The present investiTaylor-Couette flow. Experiments show that a two-layer gation is the first step in understanding the transport
flow with a well-defined interface and Taylor vortices in phenomena underlying a device based on these ideas.
each phase can be obtained. The experimental results are
in good agreement with predictions of inviscid arguments
based on a two-phase extension of Rayleigh's criterion,
as well as with detailed linear stability calculations. For a
given geometry, the most stable configuration occurs for
fluids of roughly (exactly in the inviscid limit) equal dynamic viscosities. A number of preliminary mass transfer
experiments have also been performed, in the presence of
axial counterflow. The onset of Taylor vortices coincides
with a clear decrease in the extent of axial dispersion and
Inner Cylini
Oulcr Cylinclci
an increase in the rate of interphase transport, thus suggesting that this flow geometry may provide an effective Figure 1. Schematic of a two-fluid Taylor-Couette device
with axial counterflow.
means for countercurrent chromatographic separations.
Introduction
Taylor-Couette flow of a single liquid phase has found
applications that utilize the vortex motion to increase the
performance of mass transfer operations [1, 2, 3]. In some
instances, a several-fold increase in filtration and reactor
performance has been demonstrated. Furthermore, the
closely related Dean instability of pressure-driven flow
in a curved channel has also been exploited for membrane bioseparations [4, 5]. These successes of singlefluid Taylor-Couette (and Dean) flows in improving mass
transfer suggest that two-fluid Taylor-Couette flow might
find similar applications. Liquid extraction of biological
products could be one such application. Nevertheless,
the extension to flow of two liquid phases in the Couette
geometry has received relatively little attention. The hypothesis investigated in this paper is that two-fluid TaylorCouette flow can be achieved by centrifugally stratifying
two immisicible fluids between coaxial corotating cylinders and then increasing the inner cylinder rotation rate
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Formulation and experimental apparatus
The present work considers the flow of two liquid
phases in the annular region between two concentric corotating cylinders. The cylinder rotation rates will always be
large enough that the fluids are radially stratified, with the
less dense fluid in uniform contact with the inner cylinder.
This cylinder has radius R\ and rotates with angular velocity Oi. The fluid in contact with this cylinder will be
referred to as fluid 1 or as the inner fluid, and has density
pi and dynamic viscosity \J,\. The quantities R<2.,SliiPi
and Hi are the corresponding values for the outer cylinder and fluid. The interface between the fluids (in steady
Couette flow) is at radial position /?,,;.
The inner cylinder of the experimental device is made
of polished aluminum, with diameter 8.349 ± 0.003 cm.
The cast Plexiglas outer cylinder has diameter 10.098 ±
0.008 cm. The axial length of the flow cell is L = 28
cm, with spacers at each end designed to minimize end effects. For the axial counterflow experiments, the spacers

are replaced by a configuration of weirs that allow introduction and removal of fluid while the cylinders are spinning. The cylinders are mounted on independent pairs
of bearings and by Computermotor OEM-57-83 stepper
motors, which are controlled through two Compumotor
OEM650X-M2-RC drivers through a personal computer.
The ends of the apparatus are not sealed; the cell is filled
and emptied while the cylinders rotate at a speed sufficient
for centrifugal stratification. For most of the experiments,
the fluid pairs consisted of an aqueous solution of water
and glycerine and an organic solution of kerosene and
white mineral oil. The compositions of these solutions
are easily tailored to provide a broad range of viscosities.
Two techniques were used for flow visualization. For
observation of vortices, small anisotropic flakes were
used. Kalliroscope particles preferentially disperse in the
aqueous phase, while aluminum flakes treated with stearic
acid prefer the organic. The points of instability were determined visually, using one type of particle or the other,
depending on whether the stronger vortex flow was expected in the aqueous or organic phase. This method provided results for the critical rotation rate for instability that
were typically reproducible to within 2 %. For interface
visualization, we used a laser induced fluorescence (LIF)
technique. Excimer Oxazine 720 Chloride is a suitable
LIF dye for HeNe lasers and partitions strongly into aqueous phases relative to organic ones. We directed a sheet of
HeNe laser light into the apparatus; since only the aqueous phase fluoresced, the interface could be easily visualized.
Two types of mass transfer experiments were performed. In the first, an impulse input of tracer soluble
in only one phase was introduced, and its concentration in
the effluent stream measured by a spectrophotometer as a
function of time. This technique allows the measurement
of axial dispersion within one phase. In the second, the
aqueous phase was made acidic with acetic acid. In the
experiment, an impulse of methyl red, a pH indicator, was
injected into the organic phase; by measuring its concentration in the aqueous phase (via the color intensity), it is
possible to determine the degree of extraction of the dye
from one phase into the other.
Inviscid analysis: Rayleigh's criterion in two phases
For a purely azimuthal inviscid flow of a single
phase, with angular velocity distribution fi(r) = vg(r)/r,
Rayleigh argued on physical grounds and Synge showed
rigorously that the flow would be unstable if
(1)

somewhere in the flow domain (see [8, 9]). In words, a
radial stratification of angular momentum is unstable if,

Figure 2. Predictions from inviscid analysis (curves), linear stability theory, open squares, and experiments (numbered diamonds) for a number of fluid pairs.
in some region the angular momentum decreases with increasing r. Furthermore, for axisymmetric perturbations,
this criterion also provides necessary conditions for instability. The analysis, applied to the velocity profile of circular two-layer Couette flow, predicts that for instability
to occur in the inner layer (layer 1):
<

R212

where ft21 = a2/n1,Ru

m - I)R2H
= Rl/Ri,R12

(2)

= R1/R2 and

A*2i = ^2/'A*I- Performing similar manipulations, we find
for the outer layer that instability occurs when
<

+R2u(l-fi2i)'

(3)

As /U21 ->• 00, fluid 2 is stable and fluid 1 obeys a single
fluid criterion based on Ru. As /2.21 -> 0, fluid 1 is stable and fluid 2 obeys the criterion based on Rt2. When
fi2i = 1, both expressions reduce to the expression for
a single fluid. This is the only point at which the SI21
vs. fi2i curves cross; thus a necessary but not sufficient
criterion for both phases to be "Rayleigh unstable" is
for the single fluid problem in the same geometry to be
Rayleigh unstable. Figure 2 shows these curves as a function of /x2i for iii2 = 0.826, RH = 0.905. For these
parameters, the curves cross at i\/Q,i = R%2 = 0.682.
The region beneath both curves is where instability is predicted in both phases. Clearly the Rayleigh criterion is
not strictly valid for viscous fluids, but it shows where we
might expect instability to lead to significant vortex motion in both phases. Outside this region (i.e. below one
curve but not the other), we might expect instability, but
essentially localized to one phase, with the other phase undergoing weak motion driven by the unstable phase. This
expectation is confirmed by a detailed linear stability analysis of the viscous problem, which is presented elsewhere

63.3

[10]. Changing the position Ri of the interface can have crease in peak height coincides with the onset of vortices.
important effects on the inviscid predictions. The curves
still cross at fj.21 = 1> but the region where both fluids are
Rayleigh unstable shifts and expands.
Experimental results
The onset of two-fluid Taylor-Couette flow for a number of different fluid pairs, of varying viscosity ratio, is
shown in Figure 2 for fl2 fixed at 147T s" 1 (7 rps) and the
interface in middle of the gap, Ri = 4.6 cm. For comparison, the Rayleigh prediction as well as the linear stability
prediction (for wavenumber fixed at 5.36) are also shown,
illustrating the good agreement between theory and experiment. In all of these experiments, the initial transition
resulted in axisymmetric, steady flow. No evidence of a
shear-driven interfacial instability (which would be nonaxisymmetric and time-dependent) was observed, probably because the density difference and interfacial tension
between the fluids was sufficiently large in each case to
suppress these instabilities. Near onset, the fluid interface is virtually flat, in agreement with the viscous theory. As the inner cylinder velocity increases, the interface
deformation increases. Upon further increase in fli, the
flow eventually becomes time-dependent, although the interface remains coherent. At very high rotation rates an
emulsion begins to form near the ends of the flow cell.
The leftmost experimental point on Figure 2 is clearly
significantly above the inviscid instability prediction. This
point is actually indicative of a separate instability phenomenon that we observed with fluids of low (waterlike) viscosities. This instability displayed large interface
deformations and wavelengths similar to cylinder radii
rather than the gap. This phenomenon is due to the increased importance of gravity for low-viscosity fluids; the
effect is interesting, but is described in more detail elsewhere [10].
In addition to the stability experiments just described,
we have performed a number of mass transfer experiments with axial countercurrentflow introduced, using the
techniques described in the experimental section. From
these preliminary studies, a number of interesting and
promising results have arisen. We focus on fluid pairs
with matched viscosities and equal layer depths. The
first result is that the presence of Taylor vortices significantly decreases the amount of axial dispersion within
each phase. We attribute this effect to the fact that the
vortices move fluid elements away from the solid wall
and the interface, thereby lessening the convective dispersion. In extraction experiments, we also clearly see
that the Taylor vortice significantly increase the interphase mass transfer rate. Figure 3 shows maximum peak
height (maximum dye concentration) vs. outer cylinder
rotation rate (inner cylinder rate is fixed). The sharp in-

Max.
Peak
0.4
Height

(rps)

Figure 3. Extraction results: maximum peak height vs.
outer cylinder rotation rate. The inner cylinder is rotating
atfii = 12.5 rps. Vortices are present when f^s ?S 8.5 rps.
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Abstract
Many refer to Richard Feynman as founder of the
science and technology of micro, nano and even pico
systems, experienced today worldwide. Many of his
early ideas have become reality, while others are still
waiting for the suitable technology to be available. The
paper refers to the concept micro-engineering: i.e.
Micro-systems, Design, Fabrication and a glimpse into
Manufacturing. The difference between fabrication and
manufacturing of micro-devices is explained. The
important question of the criterion to decide whether a
product can be considered as candidate for MEMS is
addressed. Implementation problems, based on
experience, are mentioned. A vibrating inertial sensor
currently under development, is referred to. The above
points are discussed, in view of micro-machining, in a
future manufacturing environments.

photolithography and evaporation processes. In 1960
he suggested to "swallow the surgeon", which will hack
away from the inside the plaque from the blood vessels.
He suggested to make precise things from imprecise
tools by his concept of: "refinement of precision".
Accuracy will become perfect as sizes are reduced to
the typical size of an atom. Today the major problems
are basically the fact that mankind is not suitable to
handle micro sizes and definitely not with micro-forces
involved in micro mechanisms. Available handling
set-ups built for conventional microelectronics are
constructed too crude to handle micro-vibrating sensors
- for example. Regarding tactile inspections, the gap
between capabilities and demands may reach up to
several orders of magnitude. However, there is still no
reason to think differently from Feynman, who said that
there is no more in it than the technological gap.

Introduction
MEMOS, Micro Electro Mechanical & Optical
Systems, are an offshoot of the Integrated Circuits on
Silicon Chips technology. MEMOS combine electrical,
mechanical, and optical properties, to create elaborate
tiny systems. Such micro-systems are capable of
sensing, process data and perform actuation. A decade
ago, a massive world wide MEMS market growth was
predicted. This however, did not yet come true as
thought of [1]. MEMS can not be discussed without
mentioning Richard Feynman - awarded the Nobel Prize
for theoretical physics in 1965. Feynman - a very
special character and an outstanding scientists can be
considered as the founder of micromechanics, MEMS
and micromachining
technology.
He addressed
miniaturization in two talks: in 1959, "There's plenty
of room at the bottom" and in 1983, "Infinitesimal
Machinery". S. D. Senturia in "Feynman Revisited" [2]
summarized his main ideas: the laws of physics provide
a lot of room for miniaturization. The limits are pure
technological and do not depend on the physics.
Feynman addressed: information storage, computers,
manipulation of atoms and micro machinery. In those
days, one should remember, ICs were not quite
completely invented yet, transistors were made of
Germanium, and computers with 4K of memory storage
filled entire rooms. In those days his visions were ideas
like surface micromachining with sacrificial layers.
Other ideas, like low power computation with registers
made of atoms have not yet been realized. Today
commonly implemented ideas are: electrostatic
actuation, the role of friction, the use of

Applications Suitable for MEMS
Feynman, as many others, referred to the suitable
applications for the " miniature machinery", as he called
it. This question still bothers MEMS working groups
worldwide. Currently their trend is to carry on the
technological and scientific activity in order to preserve
their status as leading teams in this area - though the
specific applications have not yet been defined. The
authors opinion based on their experience is that the
technological gap is very large and being broadened
continuously. Participation in MEMS activity should be
undertaken as soon as possible with all the resources
that can be allocated!
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As for suitable applications for MEMS, a following
criteria is proposed: a "SSS" concept, redundancy &
replaceability, are some of the most important features
which can rank MEMS above any of the known
conventional products. SSS stands for: Small, Smart
and Sold Cheaply, which further allows for a high
degree of redundancy and replaceability. Small,
comprises low on materials, superior under extreme
acceleration fields, fits in the human body and requires
less energy per working cycle. Thus such a tiny product
is a prime desire among military and defense
organizations. Miniaturisation is very well connected
with mass production, similarly as for the well
developed IC's industry. It also exhibits a cheap and
smart product combining, sensing actuation and data
processing power, inherent to the microelectronics
technology. This combination of capabilities has the
power to replace "many existing products and create a

revolution in engineering, consuming market, defense
and security markets, health and welfare.
Design - Under New Limitations
Miniature micro mechanisms are far from what can
be imagined as: small versions of regular things.
Several laws of physics when adopted to micro devices,
develop into rules of design, that are new in
conventional engineering. This is due to the fact that
the dominant variables lie in different terms, in both
cases. For example, the rapid reduction in volume
which results from size miniaturization, reduces
dramatically the body forces, the heat capacity, the
mass and weight. Similarly, the viscous forces of fluids,
the effects of capillary forces and the surface tension,
may all become more dominant by several orders of
magnitude. Moreover, the micromachined errors in
dimensions tend to accumulate to a domain of 5
microns, which may seem not too bad. However, in
case of a nominal size of 100 microns, this is in fact a
very poor record, since large relative errors or
tolerances, can severely influence the functionality of
devices. One such example is the journal bearing which
requires a typical functional clearance of 1/1000 of the
diameter for a regular oil lubricated case. Present
microbearings are not even close to such quality. This
is also valid in gear transmissions which have to
maintain a high degree of tooth surface accuracy to
enable the conjugate motion. As shown above, sliding
motions is still premature for utilization in actual
micro-products. An interesting analogy to think of is
that the present state of microengineering resembles the
conventional engineering abilities several thousands of
years ago. Then designers had to develop acceptable
mechanical solutions based on their available
technology, and things worked! During the years as the
technology developed, designing methods changed and
the old methods have become obsolete and forgotten.
At present, since micro technology is still very much
underdeveloped compared to requirements, many of the
old methods for constructing accurate objects using
inaccurate tools and methods - can be, and have to be
used again. See Figure 1.

Therefor, most of the published MEMS activities
during the last years were oriented towards elastic
mechanisms such as: beam suspended masses, console
leaf springs and membranes. These elements lead to a
verity of implementations: microphones, pressure
sensors, inertial sensors etc.
The latter
sensors
currently under study are of the vibrating type[3],
A forced vibrating motion is applied to a suspended
proof mass. The dynamical response of the sensor to an
inertial input (acceleration, angular motion) results in a
vibrating output mode that can be used as a measure for
the inertial dependent variable.
The dynamical
performances of sensors of this type are highly
determined by the dynamical properties of the device
dictated by the geometry, mass distribution and elastic
stiffness of its parts.
Important factors such as:
threshold, resolution of measurements and band-width
are highly coupled and are sensitive to both: the
dynamical properties of the device and the working
point. As an example, a simple device consisting of a
mass suspended by elastic beams is considered. Such a
device can be used as a spring-mass system, sensitive to
acceleration, or when vibrated can response to angular
motion inputs due to Coriolis forces developed on the
proof mass. In the latter case two main modes are
dominant: the excitation and the output motion (see
Figure 2) each presenting its own natural frequency.
Output Periodic
Linear Motion

Input
Rotational
Motion

Excitation
Vibration

Figure2: A Concept for A MicroElectroMechanical
Vibrating Rate Sensor.

A proper damping mechanism should be considered
when the interaction between the moving mass and the
surrounding fluid can not be neglected. The threshold
and resolution are determined by the ability to sense the
output mechanical motion. Thus, choosing the proper
sensing technique highly determines the performance of
the sensor. For the particular sensor described in Fig. 1,
using basic first ordered model for the equations of
motion of the proof mass, the following expression for
the Minimum Detectable Rate (MDR) can be obtained:

Figure 1: Old concepts Tofelastic slides and for
locating components one on the other.

MDR=Xmin/a°'5[(a 2 /b 2 )-r 2
Where:
(S36

...(1)

Xmin is the minimum detectable mechanical motion.
/
stands for constant variables depending
on the actuation technique,
a and b are the elastic suspensions width and
thickness respectively.
F is the ratio between the excitation and output
natural frequencies.
It can be seen that the threshold dependents on all
the parameters: geometry tolerances - influencing
natural frequencies, damping mechanism and actuation
technique - influencing actuation amplitude, and sensing
method - determining Xmin, [4].
MEMS, are rather complex systems incorporating
several disciplines:
Physics, Electronics, Optics,
Mechanics, Control, Chemistry, Materials, Signal
analysis,
Data
processing
and
Microsystems
engineering.
Contrary to conventional systems,
(including mecbatronics)
were the final product
combines separate entities, normally based each on a
single technology, the ideal MEMS product is the result
of fabrication of all the entities at the same time and in
the same process. This approach (which seems close to
the way nature works) is known by the name
"Monolithic
Technology".
It
uses
surface
Micromachining producing electrical and mechanical
features at the same time. This is clearly an enormous
advantage, in having the potential to fabricate very
complex SSS autonomic MEMS, at costs and quantities
which resembles the IC chips industry today. The
problems encountered in this remarkable direction lie
all in the level of the technology which is still too
primitive to coupe with this complex task. Various
compromises are therefore adopted. The method of
combining mechanical and electrical chip subassemblies
to create a hybrid device was used by the authors. The
hybrid may consist of two to three components. It is
designed to separate features subjected to high failure
risks with low fabrication yield, from features which are
expansive, of high quality and high yield. Components
of low yield, new tests etc. are self fabricated in large
quantities and variations, by the simplest, most yield
and cost effective fabrication process.
Fabrication or Manufacturing of MEMS
Design methods depend strongly on the
manufactoring processes. Different bonding processes
lead to totally different designs of devices accordingly.
Flip-chip bonding is a well known technology for
hybrid bonding.
It is based on bonding of two
components into a single device, at a predestined x,y,z
orientation of one relatively to the other. This is a high
labor and time consuming activity. It suits only
expensive devices in limited quantities, or for the "proof
of concept" development phase. This method is one in a
group of technologies, generally termed " fabrication".

Substrate bonding is a necessary advanced stage in
MEMS development to enable the presentation of
manufacturable prototypes. The method is based on
bonding together complete wafers under controlled
ambient conditions: surrounding gas type, pressure and
temperature. It results in a simultaneously encapsulated
wafer-full of identical devices. This method allows to
develop a series of prototypes and to evaluate their
performance on a statistical basis[5]. Since substrate
bonding is considered a manufacturing stage, the
described methods can be regarded as "design for
manufacturing" which must be in the designer's mind
from the very beginning.
Conclusion
The field of microsystems is predicted to expand
dramatically and gradually approaching its "critical
mass". Experts and technical staff in this emerging
field will be required to shift their technical activity
from the [mm] scale into the [um] scale, where human
limitations will dictate the massive need for
instrumentation assistance. Because working under
these conditions, requires intensive education and
guidance, as well as appropriate skills labor costs may
become extremely high. This will drive manufacturers
to seek for other solutions such as the microrobot. Being
cost effective replacement to human labor they will
become a most looked for equipment in MEMS
manufacturing establishments and therefore a good goal
for ME students today.
In view of the dramatic changes expected within
three to five years in microengineering,, education
programs should be modified immediately. A basis
should be built for understanding the emerging new
world in which autonomic micromachines will operate
at all levels of our life and even within our own body.
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Abstract
The modern ideal of scientific and technological
importance of method and the interpersonal replication
progress is historically examined. We trace its origins
of results, b) Its scope pertains, in principle, to any
back to a variety of much earlier ideals of knowledge.
property of the material world, c) It claims to be
As a case study of cultural evolution, we address the
relevant, in principle, to all domains of human life and
changing historical circumstances in which these earlier
conduct. While these three characteristics do not
ideals were reappraised and adapted to new cultural
comprise a full definition of modern science, they
needs and expectations. We then show how some
nevertheless represent a characteristic pattern of its
characteristics of these ideals were selected while others
growth: scientific innovations often increase the scope
were discarded, and how the synthesis of a new ideal of precise measurement and rigorous analysis, they
the modern ideal in its rudimentary form - could
enable scientists to understand more properties of the
emerge.
material world, and they continuously demonstrate their
practical relevance by suggesting new possibilities for
Introduction
technological innovation. We will now turn to consider
The current state of affairs in which science and
the possible origins of the modern ideal of scientific
technology expand in tandem is of recent origins. By
growth.
contrast, the ideal of bringing into union truth and wellbeing is ancient. It appears time and again throughout
Three Ancient Ideals
the history of Western civilization at least since ancient
A convenient point of departure for our historical
Greek sages propagated the myth of Prometheus who
examination would be the late Middle Ages - the period
stole the precious gift of fire from the gods and
roughly between the 11th and the 14th century. This
bestowed it upon humanity.
period was definitely "pre-modern" by common
It is tempting to consider the discrepancy between
historiographic standards, and it marked out the era in
the ancient ideal and its recent fulfilment as a clear-cut
which the major institutions of medieval Western
demonstration of the superiority of "modern" science
civilization, notably the feudal system and the Christian
over "ancient" lore. The claim to intellectual superiority
Church, structured the lives of the majority of human
underlay Auguste Comte's philosophy of "positivism"
beings in Europe.
which portrayed human knowledge as slowly evolving
Late medieval culture incorporated three notable
from its magical and religious origins, through the stage
ideals of more ancient origins. Their specialized pursuit
of the quest for metaphysical truth, into modern science
slowly created different cultural niches; yet, their coand technology [1]. Unfortunately, the assumption that
existence within the medieval world of learning was
the same ideal was always pursued by intellectuals
often accompanied by debates about their respective
throughout history, but was finally achieved only by the
legitimacy, value, and real or putative claims for
"moderns", still informs public opinion. This
cultural hegemony. In what follows, however, we
assumption is misleading for the following reason: the
confine ourselves to the presentation of their distinctive
ideal which the myth of Prometheus expressed has been
characteristics.
continuously redefined by intellectuals, and was
The Philosophical Ideal
accordingly pursued in different ways. Hence, it is not
The ideal of philosophy as a vocation was perhaps
the case that everything "they" did, "we" do better;
the most important legacy of ancient Greece. It
rather, "we" do it in a different way, partly because the
anticipated the modern ideal in encouraging the use of
ideal now means to "us" something else than it did for
rigorous method of analysis and demonstration in all
other people in other eras, places, and cultures. My aim,
domains of learning, as well as in guiding the study of,
in what follows, is to show how the ideal acquired
in principle, all natural phenomena. Unlike the modern
different meanings in different historical contexts, and
ideal, however, it considered the virtue of rational
how it evolved into something which modern Western
contemplation as the highest expression of human
civilization chose to endorse.
nature, and accordingly deflated the intellectual value
of practical reasoning and practical experience. These
ideal characteristics were often associated with the
The Modern Ideal
philosophical
work of Aristotle, which was probably
For this purpose, the following analysis considers
the
most
read
arid commentated upon in the medieval
three dominant characteristics of the modern
university
throughout
Europe [2].
conception of the Promethean ideal: a) It stresses the
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The Ideal Of The Christian Faith
Unlike the philosophical ideal, the ideal of the
Christian faith recognized, and often even highlighted,
the limits of abstract reasoning. Truth was revealed by
God to the believer in miracles, the sacramental signs,
and the Scriptures, and could not be ascertained merely
by natural reason. Moreover, faith, unlike the
speculations of philosophers, expressed divine rule
which was, in principle, practical and applicable to all
aspects of human existence. Thus, faith ideally formed
itself into coherent and useful doctrines which
predominantly pertained, however, to the daily conduct
of believers rather than specifically to the study of
natural phenomena. In this context Christian theology
evolved as a special vocation, whose aim was to
elaborate and examine the content of the faith [3].
The Ideal Of Utilitarian Arts
Alongside church and university, late medieval
culture incorporated traditions of mechanical arts and
applied mathematics, as well as more secretive arts of
healing, fortune-telling, and fortune-making. The latter
included alchemy which, in common with the
therapeutic arts, claimed to master the principles of
decomposition and regeneration in the material world.
In common with natural philosophy, these arts sought
to uncover the natural order; yet their ideal practice was
skilful operation rather than rational contemplation. In
common with the Christian faith, these arts purported to
save humanity from chronic want; yet the practical
wisdom they conveyed was not considered a communal
property and was often not displayed in public [2].

needs and aspirations of the secular elite of civil society
[5]. Concomitantly, scholars such as Galileo and
Descartes sought to promote the mechanical arts and
mathematics as prominent research tools in natural
philosophy [6]. Other scholars, such as Paracelsus and
van Helmont, set out to explore the philosophical
foundations of alchemy and the therapeutic arts [7].
The Engineers of Divine Providence
It is crucial, however, to note the difference between
blurring the boundaries separating prevailing ideals On
the one hand, and the creation of a new coherent ideal
on the other. The humanist-inspired reformers
mentioned above by no means renounced the principal
characteristics of aged old ideals. Indeed, they often
presented their works as providing better means for
their pursuit.
Early modern humanistic learning was definitely the
seedbed of the modern ideal, yet the latter could only
emerge, we suggest, by a deliberate initiative to select
some characteristics of the ancient ideals, to discard
others, and thus to create a synthesis of a new coherent
ideal.
We find a full-fledged attempt at a new synthesis in
the scientific works of Robert Boyle and, at least in this
respect, in the works of probably his most important
follower, Newton. Their work presents a new synthesis
which includes, albeit in a rudimentary form, the
modern ideal as defined above. Their most celebrated
writings were composed and published in a period of
social renovation: the second half of the 17th century the era of the English Restoration - when a wideranging reorganization of the commonwealth was
initiated in the aftermath of the Civil War.
The new synthesis began with a new understanding
of the old Christian notion of divine providence: God
ruled the universe by his omnipotent presence in the
universe. This was always acknowledged by Christians,
but the idea of divine providence was often construed in
relation to the moral conduct of believers, the problem
of sin, punishment, forgiveness, and, ultimately,
salvation. Now Boyle and Newton claimed that divine
providence created and continuously maintained the
natural order by configuring the properties of matter in
various ways. These relatively constant divine
configurations prevented inert material bodies from
collapsing into a state of complete decay and chaos [8].
Moreover, although they acknowledged that no one
could understand how God actually supervised the
material world, Boyle and Newton nevertheless
professed that the believer in God's providence could
grasp specific configurations by observing their
empirical effects. They also stressed the crucial
importance of experimental research for gaining
practical experience about the workings of the divine
system.
In their attempt to make sense of the empirical effects
of the providential order, Boyle and Newton realized
the importance of philosophical methods of reasoning.
However, time and again they attacked philosophers -

The Impact of Renaissance Humanism
The philosophical and literary movement of
humanism refashioned the ways in which educated
people responded to the three aforementioned ideals.
Humanism originated in Italy in the second half of the
14th century and diffused into other countries of
Europe, always emphasizing civic values, roles, and
practices as its main frame of reference. The humanists
sought to elevate the status of the liberal arts in their
endeavours to justify the human capacity for initiative
in shaping communal life.
Humanist scholars sought to adapt the ancient ideals
to the changing political, social, economic, and cultural
needs and aspirations of the urban population whose
dominance slowly increased. They expanded their work
in new directions which often blurred, and even, in
some cases, explicitly challenged, the boundaries
separating different areas of learning which earlier
evolved around one or another of the three ideals.
Notable expressions of such changes appeared during
the first half of the 17th century. For example,
Protestant and Catholic theologians came to recognize
more fully the civil responsibilities of the Christian, and
secular learning was more widely appreciated as an
integral aspect of faithful conduct [4]. There were also
programmatic attempts, such as those proposed by the
English statesman Francis Bacon, to reform
philosophical learning in accordance with the changing
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and, indirectly, the ideal which the philosopher had
always endeavoured to pursue - for stipulating the
allegedly immutable properties of the universe.
Philosophical theory seemed rational, but, in fact, it
wrongly imputed causal efficacy to natural properties,
rather than to the true author of the universe. As the
Christian church had always taught, reason alone could
not grasp God's intention. If it could, faith would
become redundant. Boyle and Newton went further and
explicitly stated that human rationality was limited in its
capacity to render the universe intelligible [9].
Concomitantly, they expanded the function of
experience: it was not only the necessary tool for
describing the phenomena, but was also the only means
available for identifying the design which was revealed
in the phenomena. The ultimate goal of their new
science was to identify, by way of observation and
experiment, the "forces", or "active principles", which
God somehow imposed upon inert matter in order to
maintain it as a system of inanimate and living bodies.
As Newton proclaimed in his exchange with natural
philosophers, his theory of gravitation demonstrated the
structure underlying the phenomena of local motion
even though the mechanism of mutual attraction
remained inconceivable [10]. Thus, this new definition
of revealed knowledge discarded the ideal of
philosophical contemplation; and, in the name of faith
in God's providence, though not in its traditional
Christian meaning, it set out a new ideal of knowledge.
The new ideal, furthermore, redefined the value of
practical experience, especially with respect to the arts.
The engineers of divine providence expressed their debt
to the art of mechanics, as well as to alchemy and
medicine. In this respect they followed other
investigators, notably Galileo, Bacon, Descartes, and
van Helmont. Unlike the latter, however, their aim was
not to make these arts more philosophically respectable.
The arts demonstrated the value of learning from
experience, and for this reason they could provide a
model for the new discipline of learning to understand
how God's ordained system operated. As Boyle,
however, professed, the prerequisite for such a model
was the public display of experimental techniques and
the interpersonal replication of negative and positive
results [11]. As for the practical value of the arts, it was
perfectly consistent with the aged old assumption,
which Boyle and Newton fully endorsed, that God's
revealed Word did not only mean to enlighten, but also
to benefit humanity [12].

however, that it was neither based on universal
methodological principles, nor on purely utilitarian
considerations. Moreover, it cannot be considered as
proving the superiority of modern civilization. Rather,
our analysis demonstrates the evolution of culture - the
existence of a variety of different cultural values and
ideals; their selective adaptation to new needs and
expectations, in a time of change, by means of a new
synthesis; and, finally, its cultural diffusion and
reproduction.
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Conclusions
The new synthesis, then, was predicated on the
philosopher's methodical reasoning, the Christian
notion of publicly revealed knowledge - truthful and at
the same time practically valuable, and on the discipline
of practical knowledge which was common to the
specialized arts. During the 18th century, the new
synthesis, exemplified by Newtonian mechanics, was
commonly regarded as the most celebrated success of
modern science. Our historical analysis suggests,
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Abstract
The Challenger accident is examined as a paradigm
case in science and technology studies of engineering
organizations and ethics. Specialists in the field have
drawn important implications for undergraduate
engineering education from this case. Basically they
advocate an "awareness cure" consisting of the use of
case studies to innoculate students' professional praxis
from the external pressures encountered in the
engineering workplace. However, a review of the
Challenger case suggests that their remedies may not
provide the degree of immunity that science and
technology ethicists had hoped for. On the basis of four
classroom trials, I argue that an alternative approach
using blind case simulations might prove more
effective.

Intensive investigations which followed concluded that
the failure was foreseeable; that NASA, already behind
in its launch schedules, bullied Morton Thiokol
management into approving the launch although no
data base had been established in static testing for the
performance of O-rings below 53° F. Blame was
squarely placed on NASA and Thiokol managers who
were accused of having concealed the potential field
joint problem from upper level management;
knowingly violating Flight Readiness Review (FRR)
procedures and rules; and flagrantly acting in a
calculating and immoral manner in order to procede
with the launch, see [1], [5], [11]. At first glance the
facts appear indisputable, NASA was seriously behind
in its launch schedule and its budget, indeed the entire
shuttle program was under Congressional review.
Morton Thiokol's contract to supply SRBs for the
Shuttle program was also up for renewal. Moreover,
internal Thiokol memos and memos faxed to NASA's
space center at Marshall — as well as public testimony
before the Presidential Commission — seemed to
confirm that Thiokol's FRR engineers had vehemently
opposed the launch at the forecasted temperatures until
pressure from NASA managers caused Thiokol
management's resolve to buckle and support lifting of
the flight constraint on the field joint assembly.
Finally, rumors circulated that the Reagan White
House had taken a keen interest in the launch since it
would have allowed the President to mention in his
State of the Union address to Congress that evening the
fact that one of the astronauts aboard Challenger was
Christa McAuliffe, a grade school teacher from New
Hampshire.
Results of the Challenger disaster proved more far
reaching than the two year shake-up of the NASA
administration which followed. Scholars in the fields
of ethics, science and technology, especially
researchers specializing in engineering organizations,
began to take a keen interest in the Challenger case,
particularly its implications for organizational ethics
and the educational training of engineers, see
especially [2], [6], [7], [13]. Indeed, it is difficult to
find an article in the field of engineering ethics after
1986 that doesn't mention the Challenger disaster as a
paradigm case in organizational wrongdoing. The
question invariably posed might be summarized as
follows: how could professionally trained engineers
violate their professional codes of conduct and act in a
criminally negligent manner?

Background: The Challenger Disaster
On January 28, 1986, at 11:38 A.M. EST, the Space
Shuttle Challenger, designated flight STS 51-L was
launched from Cape Kennedy with ambient
temperatures hovering around 36° F. 73 seconds into
flight a fireball was observed, the Space Shuttle
quickly disintegrated, the Orbiter with its crew of
seven plunging into the sea at over 200 miles per
hours. Results: loss of mission, loss of vehicle and loss
of crew. Internal NASA investigations, subsequent
Congressional hearings and a Presidential Commission
identified the field joint assembly as the probable cause
of failure. Briefly, segments of the solid fuel rocket
boosters (SRB) produced by Morton Thiokol are
shipped separately to Cape Kennedy where they are
assembled or stacked using eight field joints, one set
for each of the two SRBs. This modular design saved
millions of dollars in cost as an alternative to
fabricating the SRBs as single rocket boosters at the
Cape itself, enabling the prime contractor, Morton
Thiokol to underbid its competitors and secure the
lucrative contract from its government client, the
National Aeronautics and Space Administration
(NASA). Specifically the Challenger disaster was
traced to a delay in the viton O-rings to seat properly in
the approximately 175 milliseconds it took before the
pressure produced by motor gases on ignition
stablized. This delay in seating was due to hardening of
these seals (loss of resiliency) caused by the unusually
cold Florida temperatures. This resulted in blow-by of
hot rocket gases pass both the primary and secondary
O-rings which then escaped through the SRB motor
joint and burned through the main liquid fuel rocket
igniting its fuel.
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Subsequent research took two directions: first a
closer look at the organizational behavior of engineers
and managers at Morton Thiokol and NASA [13];
second, an attempt to better understand whether or not
their actions were the result of intentional wrongdoing
[6]. Their findings have important implications for
engineering education which is the issue which I will
address. But in order to evaluate whether over ten
years of work in the field of ethics, science, and
technology have succeeded in finding preventative
remedies for risk related engineering failures, it is first
necessary to evaluate the organizational context and
the issue of wrongdoing as it is presented in the
Challenger paradigm. Because if it turns out that the
paradigm is mistaken in essential aspects then the
prescriptive remedies based on those case analyses
may be inadequate to achieve the preventative goals,
i.e. educating undergraduate engineers to avoid
succumbing to organizational pressures that result in
professional wrongdoing.

learn to work within this narrow mode. They learn
not to ask the wrong kinds of questions."
Combine the description above with a concept of
professional ethics which stresses the importance of
safety as paramount rather than a mere consideration to
be practically weighed against other pressing demands
and you have the professional praxis of the graduating
engineer. As Davis [7] explains:
"...a code of professional ethics is central to
advising individual engineers how to conduct.
themselves, to judging their conduct, and
ultimately to understanding engineering as a
profession. The code is to protect each
professional from certain pressures [e.g.,
consequences of competition] by making it
reasonably likely that most other members of the
profession will not take advantage of her good
conduct...it provides a guide to what engineers
may reasonably expect of one another, what...'the
rules of the game' are."
But something is obviously missing from my
characterization of the engineer's professional praxis.
Research on organizational settings in which engineers
commonly work suggests that learning to be a
practicing engineer is perceived by engineers
themselves as mainly occurring in the workplace, see
[4], [17]. The engineering organization teaches the
young engineer what counts as "normal" engineering.
In other words, how to make practical engineering
decisions. Older engineers in the firm commonly serve
as mentors, defining for the "naive" engineer the
experiental and practical context in which his analysis
and calculations should take place [16]. As factors
external to his professional praxis impinge on the
engineer's work, successful reaction, evaluation,
filtering and processing of these contingent factors are
contextually defined and facilitated by the active
intervention of experienced colleagues along lines
which represent the external forces which over time
came to shape the working practices of the
organization. In a very short time, the new engineer
comes to learn "what matters" in making a "sound"
engineering decision..
This then becomes the crux of the problem facing
the graduating engineer. He or she quickly discovers
that their professional praxis is inadequate to tackling
the practical tasks and realities of the workplace.
Abstract theory and methods learned at university and
inculcated codes of professional and organization
ethics are themselves subject to interpretation and
mediation by the engineering organization and what
the organization has come over time to define as
"normal" engineering practice.
For a science and technology ethicist or
organizational theorist, the Challenger accident is a
case of what happens when decisions are taken by
managers who have compartmentalized their roles,
thus making decisions as managers that their code of
professional ethics would clearly have forbidden them
to make as engineers [7]. When these scholars closely

Ethics, Engineering and Education
Engineers develop a mode of thought and action as
a direct result of their undergraduate education. For
convenience I refer to this mode as their "professional
praxis". What does it include? Research by Bucciarelli
and Kuhn [3] provide some helpful clues:
"The ethos of undergraduate engineering education
is science...Indeed, aspiring engineers' first year or
so at university is mainly spent taking mathematics
and science courses. These are typically
taught...with the apparent intent of getting students
to think, speak, and act in terms of the theories and
methods dispensed. The authority and hierarchy of
knowledge presented are rarely open to question.
Critical reflection on the historical settings of
theory development or the modern contexts of use
is...ultimately devalued by the student as a waste
of time and energy...the content of the students'
course work is very narrowly defined; but in
another respect, the content can make claim to
universal importance...As students move into their
engineering studies in the second and third years;
their learning experiences hardly differ. The
emphasis remains on abstract theory and on the
utility of mathematics in developing theory's
implications for particular problems and
phenomena
[with] a more
"engineering"
cast...Each course is defined by its instrumental
content...Axioms come first, then the fundamental
principles, then an ever evolving sequence of
"applications"
chosen
to
illustrate
the
theories...Here is precision, confidence and
certainty. Abstract theory and the uniqueness of its
implications stand alone, disconnected, unsullied
by the realities of professional engineering
practice. The experience conveys the message that
engineering learning is the learning of objective
truth, and that their most valued engineering talent
is analytical prowess...Successful students quickly
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study the Challenger case they conclude that the
Challenger decision was the result not of intentional
wrongdoing by key participants but of a narrowed
sense of "what mattered" in reaching an engineering
decision [6], [8], [13].
These conclusions about the Challenger case lead
science and technology specialists to what I call the
"awareness" cure. If there is indeed a bifurcation
between professional praxis learned at school and
external contingent factors in the workplace then the
horizons of professional consciousness must be raised.
In educational terms, that means required courses for
engineering undergraduates in ethics, business and
social issues [9], [12], [14]. These courses would not
entail arid philosophical discussions but instead center
on actual and hypothetical case studies in engineering
which introduce the kinds of external contingencies
that undergraduate engineers are likely to encounter in
the workplace. Even better if undergraduate instructors
would agree to integrate ethics into their courses in
material science, thermo-dynamics, etc., for examples
see [3], [12]. Finally, communication and teamwork
skills need to be actively taught to undergraduates [9].
These remedies would then "innoculate" the graduate
engineer entering the workplace for the first time,
helping to ensure that he or she is able to resist
infection of their professional praxis by the pressures
from day-to-day external contingencies.
Since the Challenger disaster has become the
paradigm case used to support the efficacy of their
"awareness cures", I would like to review this case
again to see if indeed the proposed educational
remedies would work by ensuring decision-making by
consensus; open organizational channels; complied
with organizational and professional codes of conduct
(with safety and public health paramount among
these); and awareness of external contingencies such as
market
forces,
production
schedules,
client
preferences, bureaucratic procedures, environmental
concerns and so on.

both the Presidential Commission and Congress
amassed thousands of pages of public testimony and
key documentation on the process that resulted in the
Challenger launch decision. Moreover, the principle
engineers and managers became public figures and
researchers could conduct follow up interviews.
Consequently, the Challenger disaster has been
minutely and painstakingly researched.
What were the findings
of subsequent
investigations?
The most recent and extensive
organizational reseach was conducted by Diane
Vaughan [15], see also [13], and her findings are at
odds in many respects with those of the Presidential
Commission. Briefly,
the Thiokol engineers
themselves differed on the significance of their
experience base on the O-ring behavior. Erosion of the
primary O-ring was detected in recovered SRB
segments in almost every prior flight and in each case
the secondary O-ring had always succeeded in seating.
To be sure, in a "cold" flight at approximately 53° F
the seals had experienced some hardening and took
longer to seat in their groove. But other possible causes
were also implicated such as holes in the protective
thermo-putty caused by preflight pressure tests,
improperly placed O-rings, small particles in the
assembly, and so on. Moreover, a primary O-ring had
shown similar erosion and blow-by soot during a "hot"
flight. In all but one instance, the erosion of the
primary O-ring was well within the established safety
factor. Finally, erosion was never uniformly found in
all the O-rings. In other words, there was no single
causal factor or combination of factors that could
account for the O-ring anomalies. And most important
of all, the criteria of redundancy was seen to be intact,
the secondary O-ring always properly seated even
when it showed some erosion from the effects of blowby. Consequently, the O-ring problem was viewed as
containable and remained within the experience base
that had come to be accepted for risk assessment [13].
When the Thiokol O-ring seal task force recommended
against launch because of the forecast of unusually
cold weather, they understood themselves as having
made a conservative risk assessment based on the lack
of systematic performance data for temperatures under
53° F. Task force engineers were not uniform in their
thinking and no one expected the catastrophe which
followed. At most, they were concerned with
probabilities outside their data base, but retained
confidence that the field joint problem was selflimiting: under motor gas pressure, even if the primary
O-ring failed, the secondary O-ring would be pushed
into place and seal the joint even if it took a few
additional milliseconds to seat.

The Challenger's Organizational Setting
The Challenger case became a focal point for
research into engineering organizations not so much
because of the publicity surrounding the disaster itself
but because of the availability of documentation. Most
engineering failures remain hidden within private,
commercial engineering organizations or are secretly
resolved to the satisfaction of the client firm. Even
when litigation results, most lawsuits are settled out of
court. When a court case does take place, legal rules
and legal construction of negligence claims often
distort accurate reporting of the case; indeed, those
engineers involved may find it difficult to recognize
their original intentions and actions. Consequently, the
Challenger case provided a virtual windfall for
organizational researchers and ethicists. NASA is a
public corporations subject to the Freedom of
Information Act and this extends to its prime
contractors in the private sector. The hearings before

Nor did NASA exactly pressure Thiokol to concur
in lifting the launch constraint. In a teleconference,
NASA managers vigorously questioned Thiokol's
engineering analysis since the failure of the primary Oring experienced on a "cold" launch could easily be
assigned to a combination of factors and no static
testing had been done to indicate that a launch below
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53° F would result in O-ring failure. During the
interval that Thiokol engineers took to review their
data again, NASA managers expected them to continue
recommending against launch but to adjust the
temperature range down to approximately 40+° F.
Even more
significant,
when Thiokol
on
reconsideration recommended that the launch go
ahead, the decision with regard to the field joints
conformed to NASA's Level II requirements. Once
Thiokol gave their approval, under their own
procedures, Level II NASA managers had no reason to
push the decision up the management hierarchy.
Indeed, upper level managers were far more
preoccupied with the problem of ice forming on the
boosters. Finally, the evidence does not suggest that
the transactions between NASA and Thiokol were
driven by pressures caused by previous launch
cancellations or production schedules. To be sure,
these pressures existed, but as normal working aspects
of the NASA-Thiokol environment. Nor does it appear
to have played a particularly decisive role in the launch
decision. When a NASA manager complained "When
do you expect me to launch, next April?", he was
understood as reminding Thiokol engineers that the
Space Shuttle was intended to have year around launch
capability and that Thiokol engineers were generating
new launch criteria without any "hard" data.
Indeed, both Thiokol and NASA organizations
worked by consensus, openly airing differences of
opinion and following the organizational norms and
procedures that had developed over the years. There
were no apparent communication "blocks" in either the
Morton Thiokol or NASA organizations. There were
no sharp divisions between "engineers" and
"managers", all the managers were trained engineers
capable of evaluating the engineering data submitted to
them.
The problem with the field joint assembly was not
being ignored but continually evaluated and was
behaving within the experience base and with a
sufficient safety factor that insured redundancy. An
improved design was on the drawing boards and would
have gone into production within three to six months.
Indeed, under their contract, Morton Thiokol would
have suffered costly penalities if a failure could
subsequently be traced to a SRB component — so
Thiokol's production pressures, while part of the
organizational environment, would not seem in
themselves to have been a determining factor in their
risk assessment. Finally, when a Morton Thiokol
manager told his subordinate manager to "take off your
engineer's hat, and put on your manager's hat," he was
understood by his subordinate not to be insisting that
he ignore the engineering data, but as asking him to
make a management decision as an engineer about the
task force's no launch recommendation.
Consequently, if Challenger is held to be the
paradigm case of failure in an engineering organization
then prescriptive remedies including "unblocking"
communication channels, insuring the free flow of

information,
encouraging
decision-making
by
consensus
and promulgating
and
following
organizational codes of ethical behavior seem on closer
reflection not to have applied in the very case cited
again and again by the leading ethicists in the field of
engineering ethics. Given their misreading of the
Challenger case and the prescriptive remedies which
flowed from it, there is no reason to think that a
similiar failure in judgment might not reoccur in a
different organizational and technological context.
Indeed, as late as 1997, a prominent ethicist, Michael
Davis, cites the Challenger case once again as a
prologue to reporting on an extensive investigation of
10 regional engineering firms [8]. In all but one case
he finds that they operated with a high level of
consensus and open management channels. Another
ethicist, Michael Pritchard complained that Davis's
survey was skewed towards "good" engineering
organizations. Perhaps if this reexamination of the
Morton Thiokol-NASA organizational structure is
accurate, both Davis and Pritchard have effectively
missed the point.
Judging by the Challenger case, an environment of
consensus-based
decision-making,
organizational
codes of conduct, good client communications, and
open channels to upper management does not by itself
prevent the gradual development within a "good"
organization of an implicit system of
"normal
engineering" which may become virtually invisible as
professional praxis is interpreted within the nexus of a
firm's indigenous external factors, e.g. client demands,
production pressures, market conditions, etc. which
effectively shape the context of normal engineering
practice in a firm as well as its socialization of new
engineers.
So what are we to conclude is significant in the way
external contingency molds professional praxis? If we
use the Challenger case as our paradigm, as
investigators in the field seem inclined to do, then the
task of innoculating the undergraduate engineer may
be more complex than has up to now been supposed. If
the recommended system of consensus building and
open debate encouraged by managers who are
themselves engineers was in place at NASA/Morton
Thiokol; if an awareness of the panoply of external
factors was actively acknowleged by engineers at all
levels in both organizations; if procedural codes were
rigorously enforced and adhered to then remedies
based on instituting such programs do not in
themselves promise immunity against a fateful
engineering decision. If so, how do we innoculate the
undergraduate engineer against the subtle cognitive
forces reshaping his or her professional praxis?
The Blind Case Simulation
The problem with the suggested case study
approach is that, as we know, hindsight is one hundred
percent. Presentation of a complete case study
followed by indepth discussion does not expose the
undergraduate student to the more subtle ways in
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which he or she will be inducted into "normal"
engineering practice. Therefore, it cannot provide the
desired "innoculation" against the way external factors
come to shape professional praxis or provide the
appropriate remedies when normal practice apparently
becomes self-limiting as in the Challenger case.
As alternative to the "awareness cure" is the blind
case simulation [10]. During a simulation the subject
does not know the outcome ahead of time. This
provides the opportunity to practice balancing
professional praxis against the intrusion of external
factors. Over the course of two semesters, I conducted
four full-scale blind simulations of the Challenger case.
Classes of mechanical engineering students taking
technical English were divided into Flight Readiness
Review Teams representing Morton Thiokol and
NASA. Each team was provided with a detailed,
accurate technical manual outlining the status of the
field joint assembly and were instructed to reach a
consensus on one of four possible launch
recommendations: (1) launch as scheduled; (2) launch
as scheduled with corrective action to be taken prior to
a subsequent launch; (3) postponement until the
afternoon; or (4) cancel and reschedule the launch.
Morton Thiokol and NASA FRR teams were asked to
carefully review the technical manuals and NASA
procedures so as to be "up-to-speed" for each of two
team conferences. In the first round, Morton Thiokol
and NASA teams conferred separately, reaching and
giving a written defense of their launch decision. Then
in the following class, Thiokol and NASA teams met
together to reach a joint decision. During this
simulation, I would issue "advisory memos" to the
teams at various intervals which introduced external
considerations
beyond
the narrow
technical
engineering question about the status of the field joint
assembly and relevant organizational codes (NASA
launch requirements and procedures) contained in their
manuals.

NASA and Morton Thiokol teams recommended
approving the launch — either (1) or (2) above,
resulting in loss of mission, vehicle and crew. Some
students remained personally opposed to the group
decision but in parallel with Morton Thiokol task force
engineers decided either that it was the
"management's" reponsibility or they had given their
input and their responsibility effectively ended there.
In post-mortem sessions after the simulation, the
outcome (catastrophic failure) was announced and
students then had the opportunity to review at length
the factors that moved them to reach a decision to
launch. If we can safely extrapolate from these blind
case simulations, we are left with the conclusion that
case studies alone, even if integrated within the
mainstream engineering curriculum, may be
inadequate. A more viable approach is a blind
simulation which permits the engineering student to
undergo a cognitive process in which the interaction of
contingent factors with professional praxis is allowed
to develop in more subtle ways that more closely
resemble normal practice in the workplace
environment.
I would recommend that science and technology
ethicists and organizational specialists consider the
potential value of a semester course in which students
simulate three or four blind cases: each followed by a
lengthy post-mortem; each complete simulation
experience modifying behavior prior to the subsequent
simuation. Such an approach may work towards
enabling the undergraduate engineer to better integrate
external factors with professional praxis by undergoing
a cognitively significant process. This may prove to be
a more effective tool than the "awareness cure" for
helping engineering students to develop an immunity
against the hazards inherent during socialization into
normal engineering practice.
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relationship between wear resistance and hardness for
annealed and for quenched and subsequently tempered
steels under abrasive wear vary, and initial hardness
cannot be used as a universal indicator of abrasive wear
resistance.
To clarify the reasons for this difference and to
elucidate the features of materials responsible for
abrasive wear resistance, we studied the structural
changes in the surface layers of steels with a wide range
of hardness, tested in two-body abrasive wear after
various heat treatments.

Abstract
The connection between the structure and abrasive
wear resistance of steels was studied. Samples of AISI
1020, 1040 and 1080 steels were tested. The initial
hardness of the samples ranged from HV221 - for
annealed steel AISI 1020, to HV868 - for water
quenched and tempered at 180°C steel AISI 1080. Twobody abrasive tests on silicon carbide abrasive paper of
grit size 1200-240 were carried out on a friction machine
under identical conditions for all specimens. X-ray
studies of the specimens were conducted before and after
these tests. The compressive residual stresses in the
surface layers of the steels were observed. The results
showed that there is a correlation between abrasive wear
resistance and the sign and magnitude of residual stresses
in the surface layers of steels, as well as between
abrasive wear resistance and the structural changes in
these layers.

1. Introduction
The process of wear of metals is determined by
structural changes in their surface layers, which are
affected by plastic deformation of the material. These
structural changes are responsible for the metal
hardening, negative hardening and failure in the process
of wear and can be used for substantiation of structural
indicators of material wear resistance [1]. Therefore, the
structure of materials under friction must be responsible
for their wear resistance. Many studies validate of this
contention for different materials and under different
friction and wear conditions. But only few of them are
devoted to the structure of material under abrasive wear
(see for example [2-4]). In some recent papers, the
connection between the structure of materials and their
abrasive wear resistance was studied [5-7]. Nevertheless,
some questions about the structural features and
mechanical properties of materials, responsible for
abrasive wear resistance, have not been answered till
now.
According to the classic paper of Khruschov and
Babichev [8], the main material property responsible for
abrasive wear resistance is hardness. It is well-known
that the abrasive wear resistance of pure metals and
annealed alloys is proportional to their initial Vickers
hardness E=bH. However, wear resistance of steels after
heat treatment by quenching and tempering is lower than
those for pure metals with the same hardness
e=eo+b'(H-Ho). Here e is relative wear resistance, b
and b' are coefficients, H is the initial hardness, and eo
and Ho are the wear resistance and initial hardness of the
annealed steel respectively. Increasing hardness by work
hardening is ineffective, since abrasive wear resistance
remain unchanged or even falls slightly. Therefore, the

2. Materials and Experiments
Specimens of the steels AISI 1020, AISI 1040 and
AISI 1080 were used for the study. The specimens were
in the form of cylinders of 25 mm diameter and 6 mm
height. The basis of the cylinder served as a friction
surface of a pin, in pin-disk two-body abrasive tests on a
friction machine. The specimens were heat treated under
various schedules. Their initial hardness ranged from
HV221 - for annealed steel AISI 1020, to HV868 - for
water-quenched steel AISI 1080.
Before the tests, the working surface of the
specimens was electropolished to remove the workhardened surface layers and was studied by X-ray to
obtain the initial structural characteristics of the steels.
Silicon carbide abrasive paper of grit 1200 - 240 (grit
size correspondingly 6.5 - 53 ]xm) was used for the tests.
The tests were conducted under identical conditions,
under a constant load 50 N and associated pressure 0.1
MPa. The sliding distance was 30 m and the velocity
was 0.4 m s~ ^. Three series of experiments were carried
out for each specimen and abrasive grit size. Fresh
abrasive paper was used for each test. Wear was
determined by weighing the specimens on a chemical
balance after the particular exposure to friction. The
average value of these results was used to calculate the
gravimetric wear rate. The relative wear resistance was
determined as a relation between the wear rate of the
specimen of annealed steel AISI 1020 and the studied
specimen under the same testing conditions.
For comparison with the results of abrasive wear on
the friction machine, all specimens were also machined
on a flat-surface grinding machine.
Specimens were investigated by X-ray diffraction in
Cu Ka radiation after the tests, under the same
conditions as before the tests. Diffraction line (310) ocFe was studied. Both the integral width of this line and
the precision determination of the angle of the maximum
of diffraction line were used. The findings of integral
width illustrate the degree of crystal lattice structure
imperfection, such as the change of interplanar distances
and microcristallinity (fragmentation of initial grains to
smaller crystals or subgrains) of the specimen structure.
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The changes in the angle position of the maximum of
diffraction line in comparison with that before friction
show the magnitude and the sign of residual stresses.
3.

Results

Wear Tests
The results of wear tests are presented in Fig. 1. All
curves in this plot have two critical points.
1200 800 600 400

320

240 Grit

residual stresses in the steels with different hardness are
shown in Fig. 2. Figure 3 shows the dependence of
residual stresses after abrasive wear and surface grinding
upon the grit size, for steels with different hardness. It
should be pointed out that after surface machining by
grinding wheel, the compressive residual stresses are
found to be minimal. For the softer steels, residual
tension stresses are observed.
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Fig. 2. Maximal compressive residual stresses in the
surface layers of steels with different hardness.
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Fig. 1. Wear rate as a function of abrasive grit size.

.6.5
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The first, the lower critical point, corresponds to grits
600-400 (grit diameter 16-23 u.m). It may be suggested
that this point occurs because of the effect of the
attrition of fine abrasives by the friction with a large
size specimen, as was explained by J. Larsen-Basse in
[9]. Near this point, wear rate increases rapidly. The
second, the upper critical point, is, according to J.
Larsen-Basse [9], the point of "critical grit size" where
wear increases at a much slower rate. This point for our
friction conditions corresponds to grit 320-240 (grit size
36-53 u.m). It should be noted that both these points are
practically independent of the hardness of the steels,
exclusive of the hardest samples of the steel, where wear
rate sufficiently monotonically increases over the range
of the used grit size.
Structural Changes
The changes of integral weight of diffraction line
(310) after the tests varied inversely with initial hardness
of the specimens for both annealed and quenched and
subsequently tempered steels. The changes in integral
width of the diffraction line become smaller as the
hardness of the steel (due to heat treatment) increases.
Consequently, these data show also that for steels heat
treated by quenching and subsequently tempering, work
hardening under friction is smaller than for annealed
steelsA
Residual

Stresses

The results of X-ray study of residual stress show
that compressive residual stresses were observed in most
cases under abrasive wear. The maximal compressive
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240

-4000
-5000
-6000
1200

surface
grinding

Fig. 3. Residual stresses after abrasive wear as a function
of grit size for steels with different initial Vickers
hardness: 1-121, 2-152, 3-198, 4-221, 5-315, 6-219,
7-292,8-357, 9-500,10-650,11-785,12-868; 1steei AISI 1020,2-5-AISI1040, 6-12-AISI1080.
Relation Between the Residual Stresses and
Abrasive Wear Resistance
On the basis of these results, the relation between
the abrasive wear resistance and compressive residual
stresses can be established. Fig. 4 shows these relations
for the grit 400 . As can be seen from these results the
compressive residual stresses, can be used as universal
indicators of abrasive wear resistance for annealed as well
as for quenched and tempered steels. Therefore, abrasive
wear resistance can be characterized by residual stresses
of work hardened material rather than by the initial
hardness or structure.
Similar relations were received for other grits.
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4.

Discussion

The results obtained raise two principal questions.
First: why is the structure of surface layers of steel after
the tests more appropriate as an integral indicator of wear
resistance for both annealed and quenched and tempered
steels than their initial hardness? One of the main
explanations of this phenomenon is the possibility of
differing degrees of work hardening of the steels after
heat treatment [81.
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Fig. 4. Relative wear resistance as a function of
compressive residual stress (Grit 400).
During abrasive wear, a maximal limit of hardness
(and thus of structural changes) of surface layers is
attained, i.e., the wearing material is characterized by its
hardness (and structure) in this maximal state rather than
by its initial hardness. In this case, the results of [8] can
be clarified by the diagram in Fig. 5.
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other, can be used as an indicator for their abrasive wear
resistance as follows: e = b H i - k , where H j is the
hardness or structure attained during the operations and k
is equal to the difference between the work-hardening and
initial hardnesses (or structural changes) of the annealed
steel, k=Hi-Ho- This diagram can also explain the
independence of abrasive wear resistance from
preliminary work hardening of the metal shown in [8].
It seems that this explanation can be used as a guide
for selection of wear resistant materials on the one hand,
and for choice of appropriate regimes of machining with
abrasive, on the other. Therefore, such characteristics as
integral width of diffraction lines, as well as other
structural characteristics of the steels after testing, can be
used as a universal indicator of abrasive wear resistance,
rather than the initial hardness of these steels.
The second question relates to the role of residual
stresses in abrasive wear resistance. Two main functions
of residual stresses in the wear process can be considered:
(a) residual stresses, resulting from the friction and wear
process, that aid (tensile stresses) or retard (compressive
stresses) the wear process; (b) induced residual stresses of
the required sign (tensile or compressive) before friction.
The results of this study show that, on the one hand,
compressive residual stresses are caused by the process of
abrasive wear. On the other hand, the increase of abrasive
wear resistance is accompanied by increase of
compressive residual stresses. This can be explained as
follows: initiation of compressive residual stresses
impedes the process of abrasive wear. A maximum of
these stresses is observed for the most wear resistant
steel (Fig. 2). In the case of surface grinding, when the
wear resistance is comparatively low as a result of the
hard conditions of machining, compressive residual
stress in the surface layer of the same steel is reduced.
The difference between residual stresses in the softer and
in the harder steels after surface grinding is insignificant
(Fig. 3). It seems that these results can be used to design
abrasive wear resistant materials and coatings. The
possibility of development of material with pre-stressed
surface layers in order to increase their abrasive wear
resistance is worth consideration .
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EXPERIMENTAL INVESTIGATION OF TRIBOLOGICAL PROPERTIES OF HARD
Ni Cr B Si LASER CLADDING
G. Ryk and I. Etsion
Faculty of Mechanical Engineering,
M. Bamberger
Faculty of Materials Engineering
Technion
The investigations focus on realization several
ABSTRACT
mechanisms of wear such as adhesive and abrasive
The present work investigates tribological
under unlubricated conditions. The physical wear
parameters of hard NiCrBSi laser cladding on copper.
processes are simulated on two test rigs. One is used
This investigation is based on tribological testings
for measuring friction force and adhesive wear of
under different conditions of wear and friction:
hard coatings against steel "roller-block" tribometers.
Roller-Block and Pin on Disk. Data on wear and
The second test rig is based on measuring abrasive
friction of laser cladding on copper are limited. The
wear during the sliding of a hard coating with
results of this investigation prove the existence of
abrasive surface in a "pin-on-disk" tribometer.
effect of laser cladding NiCrBSi technological
For conducting the tribological testings,
parameters on friction coefficient and wear rate under
specimens groups with laser cladding NiGrBSi on
abrasion and abrasive wear.
copper with different laser remelting modes have
been worked. They were marked with numbers 1 & 2;
INTRODUCTION
5; 6. Micro hardness tests of these clads gave the
Laser cladding is a process where a stream of
HRC values of 47.9 for specimens group number 1 &
powder is injected and melted on the top of a
2, 48.6 for specimens group number 5 and 49.7 for
substrate to form a clad track. This clad track
specimens group number 6.
generally has a composition very close to that of the
"Roller Block" Tests.
powder used, with a fine microstructure and superior
The Roller-Block test rig (Fig. 1) requires
properties over the substrate. The method has been
special specimens for testing. The contact area
used to obtain extended solid solution of Ni-based
between the roller 2 and the specimen 3 must remain
super alloys and has improved wear resistance.
constant during the test. This is achieved by using
tooth form for the mating surface 3. It is. also
Wear resistant coatings of hard facing alloys
necessary to take into consideration the technological
can be produced with powders by using various
features of laser cladding production. The technology
techniques such as laser cladding (LC), plasma
is based on laser beam movement relatively to
transferred ark (PTA) welding, atmospheric plasma
cladded surface [1]. Hence, two variants of specimens
spraying (APS), etc. The properties of coatings,
for tribological testings are used.
which are applied using these techniques, differ
In the first variant the friction force direction
slightly owing to the manufacturing process, despite
(F) is parallel to the laser beam movement direction
having the same chemical composition. The coating
(L) - F//L. the second variant the friction force
microstructures and properties (such as hardness,
direction (F) is perpendicular to the laser beam
wear resistance, fretting resistance, and corrosion
movement direction (L) - F ±L.
resistance) of nickel base hard facing alloys produced
by LC, PTA welding, and APS, have been studied
As is clear from [5], the main component of the
in articles [1,2]. The wear resistance of laser cladding
total friction force is adhesive one and it increases as
specimens is higher than plasma and flame sprayedthe surface roughness decreases. In order to perform
fused coatings.
the "Roller-Block" tests with a known and constant
surface roughness, proper run-in is very important.
The hard coatings development has for an
The test rig "Roller-Block" (Fig. 1) is a system,
object improving tribological characteristics of
comprising the following main units.
various alloys, including steels, cast-irons as well as
The first unit provides rotation of the roller2 on
alloys based on copper and aluminum [3,4].
a motor driven spindle 1, allowing rotational speed
At the end of the present review it must be
variation over a wide range.
noted that in most cases the tribological investigations
The second unit ensures the precise fixing of
of hard coatings deal only with the determination of
specimen 3 relatively to roller 2 with the help of the
abrasive wear parameters. Moreover, there are no data
fixing pocket 7 and the support 6. This support
about the determination of these coatings friction
transmits friction force, occurring between the roller
coefficient.
and the specimen, via the stop 5 to the measuring
system 4.
TRIBOLOGICAL TESTINGS OF HARD LASER
The support 6 also transfers load P from the
CLADDING NiGrBSi ON COPPER.
lever 9 and the intermediate link 8 to the specimen 3.
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The given force G, affecting the lever 9, is
determined by the load weight. The ratio of the lever
arms is

— = 4. Hence, P = 4G. The friction
b

coefficient in the case is f = —. Specimen wear is
measured on-line by the reduction of the clearance - 5
between the moving support 6 and a stationary
proximity probe 10, fixed to the spindle 1.
Preliminary tests revealed that all tested coatings have
a tendency to seizure. To prevent seizure the contact
pressure between a specimen and roller must be kept
below a IMPa. The results of comparative
tribological investigations are presented in table 1.
Table 1
Investigation of laser cladding various conditions on
adhesive wear and friction (average results): p = 1
MPa; V = 0.3 m/s.
Various
conditions
of
treatment
by laser
cladding
(number of
specimens
group
1&2

Various
testing
conditions

Friction
Wear Rate, Coefficient
pm
km

0.737
4.63
F//L
F.1L
7.5
0.705
F//L
3.32
5
0.65
F1L
3.61
0.523
1.59
6
0.70
F//L
F1L
5.24
0.62
"Pin on Disk" Tests.
This test rig presents the system with a
revolving horizontal disk 8, to which the abrasive
emery paper 9 is fixed (Fig. 2). The test specimen in
the form of a cylindrical pin 1 is pressed against the
revolving disk and is guided by a cylinder holder 2,
which is guided by linear ball bearing.
The load (weight) 3 located on the upper part
of the holder 2 maintains normal loading. Reverse
electrical motor 7 and drive mechanism 6 of the test
rig maintain the revolving of the disk 8 and driving
screw 5. This produces a spiral movement of the lever
4, maintaining the specimen radial movement with
constantly changing interval from the centre of the
disk.
The useful area of the emery paper was divided
into 3 concentric parts with practically equal length
of friction path. This allowed 3 repetitions of
measuring abrasive wear in a single span of lever 4.
Abrasive wear was measured by weighing the
specimens on electronic balance before and after
each test.

In the present investigation the contact
pressure and average slide speed are: p = 0.5MPa and
V
aver = 0.53 m/s.
The results of comparative investigations are
presented in table 2.
Table 2
Effect of laser cladding
various conditions on abrasive wear (average results):
p = 0.5 MPa V = 0.53 m/s; emery paper 320.
Abrasive
Various conditions of coating
Wear Rate, treatment by laser cladding (number
of specimens group)
mgr
m
1&2
5
6
2.02
2.1
2.2
CONCLUSION
1.
Laser remelting mode has influence on
adhesive tribological properties of the laser
cladding NiGrBSi as the specimens group
number 5 has better tribological parameters in
comparison with other numbers of specimens
groups.
2.
Laser remelting mode has no influence on
abrasive wear.
3.
The results of the tribological measurements
are influenced by coordination of both the
direction of friction force action and direction
of laser beam movement, as in all tested
variants the friction coefficient was less at
F _LL and the wear rate was less at F//L.
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A NEW METHOD TO PREDICT THE FATIGUE BEHAVIOUR OF THIN HARD COATINGS. APPLICATIONS IN
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ABSTRACT
The rotational speed requirements of high speed
spindles led to the development of angular contact hybrid
bearings with ceramic balls and PVD coated steel races.
The present paper describes the determination and
verification of critical coating fatigue stresses as well as
their application in coating fatigue calculations of hybrid
bearing steel races. The fatigue limits of low temperature
deposited PVD coatings were determined by the application
of the impact test and its FEM simulation and validated
through their successful application to the prediction of the
coating life in rolling contact fatigue tests of coated
specimens. Furthermore, a computer program that performs
the quasi static simulation of the bearing operation yields
the necessary kinematic and dynamic parameters for a FEM
simulation of the stress field occurring in coating rings. For
the investigated bearings, an adequate fatigue performance
of their coated races was computationally exhibited. The
PVD coated hybrid bearings illustrated the predicted
behaviour in long duration tests, conducted in full scale test
rigs.

and coated steel rings, improving their triboFogical
behaviour and reducing the necessary lubricant amount, the
operational temperature as well as their noise level. Taking
into account the extended applicability of the PVD
processes, the superficial enhancement of steel races, by
means of thin hard coatings was proposed and accomplished
[3]. The prediction of a dominant failure factor as the
coating fatigue behaviour was an important research
objective.
In order to define critical coating fatigue stress values, a
procedure using the impact test and its Finite Element
Method (FEM) simulation was developed [4, 5]. The
applicability of the coating fatigue properties was verified
through appropriate "ball on rod" Rolling Contact Fatigue
(RCF) tests and evaluation of the corresponding
experimental results, by means of a FEM simulating model.
The analytically and experimentally obtained and validated
coating fatigue critical stresses were used to compute the
fatigue behaviour of bearing coatings. The most endangered
contact positions between rolling elements and bearing rings
were investigated through a FEM simulation, considering
every design, loading and geometric specification. To
determine critical stress distributions, the loads among the
rolling elements of the bearing had to be defined [6, 7, 8].

INTRODUCTION
A dominant obstruction preventing the general
application of high-speed cutting is the performance of
machine tool spindle systems, due to the speed and service
insufficiency of conventional bearings. As a result of the
increasing use of high speed and high performance cutting,
angular contact ball bearings, which attain a speed
characteristic of nxdm= 2 to 2.5x106 mm/min at a bore
diameter dm of 50 to 100 mm, are required [1], However,
due to their fatigue and wear performance, conventional
steel bearings have a maximum speed limitation of
approximately 1.7xlO6 mm/min. A decisive influence on the
service life and frictional behaviour of bearings is the
minimisation of lubrication, which is favoured in order to
reduce power dissipation and spindle temperature.

DETERMINATION AND VERIFICATION OF
COATING FATIGUE STRESS VALUES
To determine the fatigue behaviour of coating-substrate
compounds, the impact test that offers mainly qualitative
information, is used [9]. The test arrangement and typical
experimental results of this test are shown in the upper part
of Figure 1. During the impact test a plane coating-substrate
compound is exposed to contact pressure, by impacting its
surface through a cemented carbide ball. Hence diagrams of
the contact load that leads to coating fatigue fracture versus
the corresponding number of impacts can be obtained. The
coating fracture is designated by gradual or abrupt coating
removal and exposure of the substrate material [4, 10]. By
means of a developed FEM simulation of the impact test, the
transformation of critical impact loads to critical stress
values, associated with specific and distinct failure modes
(adhesive, cohesive) is achieved.

To overcome such difficulties, alternative bearing types,
the so-called hybrid bearings, with ceramic balls (Si3N4) or
fully ceramic ones, were proposed [2]. This led to a
significant improvement of the rotating capacity, as a result
of the rolling elements density reduction and consequently of
the centrifugal forces. The hybrid bearings contributed also
to the overall stiffness of machine tool spindles due to the
higher elasticity modulus of their rolling elements. However,
the performance of such bearings is restricted by the
tribological behaviour of their conventional steel races.

The Hertzian stress field during the impact test indicates
an overstressed substrate, in comparison to the coating.
Therefore, in order to reach high coating stress values,
significant loads are applied onto the coated specimens,
causing extended, plastic deformation to the steel substrate.
The FEM modelling procedure for the simulation of the
impact test , considering these remarks, is illustrated in the

The development of low temperature PVD processes
enabled the application of hybrid bearings with ceramic balls
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Figure 2: Smith and Woehler diagrams obtained by the
impact test and its FEMsimulation
the bearing races, the coating deforms purely elastically
during the pass of each ball and fully recovers by the end of
each contact. For this case, the fatigue limit for coatings that
ensures continuous endurance, is derived from the region AB of the Smith diagram that has a zero minimum stress. This
value and the static stress limit are used to compose the
Woehler diagram, as it is also illustrated in Figure 2. By
means of this procedure, critical stress values for different
coatings have been derived and are inserted in Table 1. The
further experimental and computational results of this paper
refer to the hardest and softest investigated coatings, i.e. the
TiAIN and CrN respectively. Taking into account that the
following calculations consider mechanical stresses, the
behaviour of the other coatings is almost analogous,
according to their bulk stiffness [3],

von Mises equivalent stresses

loading stage
relaxation stage
Coating TiAIN, Substrate 100 Cr 6, Fimp = 1000 N,
a. = 0.279 mm, Bias Voltage=95 Volt, t=1.3 urn
Figure 1: Principle of the impact test, its modelling
procedure and obtained fatigue prediction
bottom of Figure 1. The test geometric configuration is used
to create an adequate FEM simulation of the experimental
procedure. The loading and the geometric symmetry have
been used to produce a two-dimensional axisymetric solid
model of the semi-infinite layered half space [4, 10].

Coating

The quasi-static simulation of the test has been
performed considering two load steps. The first load step,
the so-called loading stage, represents the period when the
load is being applied onto the coated surface. During the
second load step, the so-called relaxation stage, the pressure
distribution is removed and the exclusive potential of the
stress field leads to an elastic recovery. The developed
equivalent von Mises stress distribution (SEQV) during the
loading and the relaxation stages respectively, for TiAIN
coating on steel substrate, are also shown in Figure 1. During
the relaxation stage, while the indentor is moving upwards, a
residual strain can be observed within the substrate that
keeps coating also deformed. The essential coating material
properties for the simulation were obtained through
nanohardness tests [11, 12]. The determination of the plastic
behaviour of the hardened substrate materials is conducted
according to a procedure developed by Bouzakis and
Vidakis [13].

E

V

HV
2

Sy=Rm

SEQV.JK,

GPa

-

kgr/mm

GPa

-

TiAIN

480

"6723

1527

57b"9

033"

TiAIN 2:3

460

0.23

1530

5.10

0.29

TiAlCN

358

0.23

1305

4.35

0.28

CrN

245
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810
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Table 1: Determined mechanical
investigated coatings.

properties

of

th

To evaluate the coating fatigue stress values, "ball on
rod" rolling contact fatigue tests have been performed [12].
During these tests, coated 100Cr6 steel rods were subjected
to rolling contact loads, in order to cause coating fatigue
failure. The load level was kept constant to get comparable
results among different coatings. To determine the contact
stresses leading to coating fatigue failure a FEM simulation
of the RCF test was developed by Bouzakis and Vidakis
[15].

The coatings fatigue behaviour can be expressed through
a Smith diagram [14] of the critical stress components for
cohesive failure mode i.e. the von Mises stresses, that ensure
their continuous endurance (see Figure 2). The Smith
diagram of a TiAIN coating is inserted in this The stress
limit for coatings is assumed to be their yield stress, since
they are considered to be brittle materials. Due to the lack of
permanent deformation in most of applications, such as in

To speed up the test, an intense contact load was applied
and a plastic deformation of the steel substrate occurred.
Due to this fact, the test FEM simulation treated the thin
hard PVD coatings as purely elastic and the steel substrate as
elastic plastic, assuming a multilinear kinematic hardening
rule [13]. The rolling contact condition was achieved by
acting transient normal and tangential pressure distributions.
654

representative stages depict the steady stress distributions
after the formation of the rolling path. The stress field has
the Hertzian shape, but it is remarkable that for this stiff
TiAIN coating the maximum stress value appears on the
surface of the rod. The stress alteration from the loaded to
the relaxed stage has a non zero minimum value, due to the
plastic deformation of the steel substrate that tends to keep
coatings deformed and is used to predict the coating fatigue,
through the utilisation of the corresponding Smith diagram.
In Figure 4, the mean von Mises values SEQVm and the
corresponding amplitudes SEQVA are inserted in the Smith
diagrams. A comparison between the calculated and the
permitted stresses gives an explanation for the ascertained
coating fatigue behaviour in the ball on rod RCF test. Thus,
the Ti-derived coating that exhibited a good behaviour under
the test operating conditions was stressed close to, but within
the safe limits. On the other hand, CrN that demonstrated a
poor experimental fatigue behaviour is stressed clearly out
of the safe stress limits. This agreement between calculated
and experimental results was attained for all examined
coatings indicated in table 1 and validated the ability of the
developed fatigue model to predict the performance of
various films under certain stress states.

gating TiAIN, position A loaded, steady state

COATING FATIGUE PREDICTION OF COATED
HYBRID BEARING RACES
During the evolution stage of the hybrid bearing types
with ceramic balls and coated races, several design
parameters were investigated and optimised. The most
significant of them were the geometry, the PVD process
parameters, the substrate heat treatment and the coating
materials. During the long term and full scale bearing
operation in special test rigs and high speed electrospindles
[1, 3, 12] many problems encountered, leading to coating
fracture. The bearings were tested with the axial preload and
the inertia being the only loads. To clarify whether the
occurred in some experiments, coating failure was a
premature fatigue appearance or not, the precise knowledge
of the dynamic stress level of the operating conditions was
required. To solve this problem, the coating fatigue life time
model was applied simultaneously with a FEM simulation of
the most endangered contact positions that between balls and
races, during the bearing operation (see Figure 5).

GPa

o?.

AA

os

Q-8 0.2 0 4 n.s 0.7

0.7

Figure 3: FEM modelling procedure of the "ball on rod" test
and von Mises stress distributions in loaded and
relaxed TiAIN coated rod specimen.

The calculation refers to the contact between the ceramic
rolling elements and the coated outer race, which holds the
higher fatigue risk due to the centrifugal forces, as it will be
further explained. Owing to the load symmetry of the
angular contact bearings, since only the axial preload and the
inertial loads act, every contact position is identical to the
others. The FEM solution considers also the friction effects
that influence significantly the stiffer coatings. Rolling was
simulated by applying onto the coated surface a normal
Hertzian elliptical pressure distribution with maximum value
Pmax, whereas sliding by a corresponding tangential one. The
tangential pressure vectors were proportional to the normal
ones, having as ratio the friction coefficient u. The coating
thickness t was assumed uniform and the film perfectly with
bonded together the base material.

The modelling procedure is illustrated in the upper part of
Figure 3. Owing to the small coating thickness in
comparison to the contact ellipse semi-axes a and p the three
dimensional problem was reduced to a plane strain one.
The quasi-static simulation of the RCF test has been
accomplished by shifting in discrete steps a transportable
surface pressure distribution. The normal as well as the
tangential surface loads have been applied according to the
Hertzian theory. For the investigated RCF test, with respect
to the simulating accuracy, a sufficient number of load
positions were solved. Each position was calculated for two
stages i.e. the loading and the relaxation one.
Moreover, the bottom part of Figure 3 illustrates loaded
and relaxed stress states during the second rod revolution for
a midway position of the developed rolling track. These

The contact loads were calculated with the aid of a
digital program that performs the quasi static simulation of
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rods during the RCF test, embodied in the
coterminous coating material Smith
the bearing operation, considering friction, centrifugal forces
and gyroscopic moments [6]. The friction losses, are due to
the rolling resistance and the sliding friction at the contact
areas between the balls and the raceways. The determination
of the load distribution with friction among the rolling
elements was performed using an iterative procedure.

I *5\0,/0i 1

To describe typical loading conditions that characterise
the hybrid bearings during the long-term tests of the fullscale bearings, the aforementioned program was used to
calculate the developed loads at every contact position.
These loads, in association to the occurring contact
geometry, were used to calculate the maximum contact
pressure and the corresponding dimensions of the contact
ellipse for both the inner and outer rings.

Figure 6: Von Mises stress distributions in TiAIN coated
bearing races
not on it. However the surface stress development is the
inquired parameter, since it refers directly to the coating
fatigue hazard.
Figure 7, illustrates the superficial distributions of
various stress components of a 7010 hybrid bearing under
the same preload and for the cases of the stiffest examined
coating TiAIN and the softest one CrN. As expected, friction
increases the stress level and herewith the fatigue danger.
The stress components presented here are the potential ones
for cohesive failure mode i.e. the normal stresses that are
developed within the coating during the bearing operation. A
comparison of the stress values between the TiAIN and CrN
coatings shows that under the same preload and thus contact
load, the soft coating develops lower stress values, having on
the other hand the same distribution with the stiffer one. The
maximum stress values of these distributions dictate the
bounds of the stress alteration, since coatings are stressed
between these highest loads and a zero value, when each
rolling element moves away from the examined position

To judge the FEM model sufficiency to simulate
satisfactorily the required stress fields, the homogeneous
case, i.e. races without coating, was solved and the results
were compared with the analytical solution that exists only
for uncoated rings [8]. The analytical and FEM solutions are
almost identical.
Figure 6 illustrates the von Mises stress distributions
beneath the contact point under a certain loading state,
assuming pure rolling and sliding contact for TiAIN coating.
The maximum stress appears on the surface and this is more
evident with friction. On the other hand the attitude of CrN
coating under the same conditions is quite different, as the
maximum stress value lies beneath the contact surface and
656

4000 rpm

16000 rpm

-1.5

-1.5

-2- -2-L
7010, t=2.5 nm, n= 16000 rpm, preload 1800 N,
Pmax=1.6 GPa, a/|3=0.452/0.113 mm

1200

1800
600
Preload (N)
u=0.1, t=2.5 urn

Figure 7: Superficial distribution of coating stresses occuring
during the bearing operation
2.5

'coatin I fatigue safe area

GPa

\ /

V/"

\ /

\ / N/ N/" \ / N/

/\/\A
1.5

YW

ArSA
\A/y

g 1.0
0.5
0.0
4000

4000

8000

[>A//
\

12000 16000 20000 24000

coatings, as a function of spindle rotational speeds, in two
different cases i.e. that of the 7010 bearing with mounting
diameter 50 mm and of the 7020 one with 100 mm. The
hatched area in each diagram corresponds to stresses
associated with coating continuous endurance. The rise of
rotational speed increases the fatigue danger due to the effect
of the centrifugal forces. This is more evident in the case of
the 7020 bearing, due to the larger diameter and herewith
increased mass of the rolling elements. On that account, for
the same level of axial preload, even at lower speeds the big
7020 bearing develops lower stresses, but this situation
inverts in higher rotational speeds.
Figure 9 displays the effect of axial preload on the
occurred coating contact stresses for two different levels of
the rotational speed. The preload increase leads to the
enlargement of the stresses developed. This remark becomes
more obvious in the case of the small bearing. The reasons
are the same as in the case of the previous Figure, since both
the smaller radii of curvature of the contact bodies and the
lower number of rolling elements that characterise the
smaller bearing, are associated with higher contact stresses
[8].

8000 12000 16000 20000 24000
Rotational speed (rpm)

H=0.1, t=2.5 \im, preload 1800 N
ii, 7oio= 8 . 7 3 1 m m , d bail, 7020 =

1800

Figure 9: The influence of the axial preload on coating
contact stress

ft

1

1200

12.7 m m

Figure 8: The influence of 'the rotational speed on coating
contact stress

Figure 10 illustrates the effect of friction coefficient on
coating fatigue stresses. As it can be observed from the
penned in Figure diagrams, the harder coating is more
sensitive to traction and the fatigue danger increases
accordingly to the friction coefficient. For optimised bearing
operating conditions, the friction coefficient does not exceed
the value 0.1. Higher friction values are caused by local
geometric disparities and increased roughness.

THE INFLUENCE OF SIGNIFICANT COATING
PARAMETERS ON THE FATIGUE ADEQUACY OF
BEARING RING COATINGS
The maximum von Mises stress values, which are
obtained by means of the previously described FEM
supported procedure, are compared with the safe fatigue
bounds derived by the corresponding Smith diagram. In the
examined bearing cases, due to the pure elastic deformation
of the contact material, the area of the Smith diagram that is
offered for fatigue prediction, is that with a zero minimum
stress value.

Both coatings in the previous presented Figures 8 to 10
express an analogous behaviour, considering their strength
reserves and the. developed stresses under operating
conditions. A comparison between the Smith diagrams of
TiAlN and CrN coating materials gives the impression that

Figure 8 illustrates fatigue prospects for both examined
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Figure 10: The influence of the friction coefficient on
coating contact stress
TiAIN is more fatigue resistant in relation to CrN. However,
both coatings regarding their fatigue behaviour, exhibit a
similar attitude, since the stiffer TiAIN coating develops
higher stresses for the same level of contact loads. In the
investigated cases, even for the hardest conditions, coatings
operate within safe limits having a satisfactory fatigue safety
factor. The secure indication of the fatigue sufficiency of the
examined coatings permitted a moderate depiction and
judgement of the design and technological parameters that
had a significant influence on the occurred coating failure.
The optimised bearings indicated experimentally the
expected behaviour [3],
CONCLUSIONS
The results presented in this paper illustrate a new
approach in the area of coatings characterisation, that is
related to their adequacy to operate in dynamic stress states.
A relatively new and very potential application of thin hard
coatings in angular contact ball bearings is a typical case of
operation that may induce fatigue stresses and premature
fracture. The present paper illustrated a quantitative method
to determine the fatigue limits of coatings presented in
general applicable forms, such as the Smith and Woehler
diagrams are. The Smith and Woehler diagrams derived by
the experimental-analytical method based on the impact test
and its FEM simulation were further validated in another
fatigue test the "ball on rod" rolling contact fatigue test. The
results of the bearing simulation confirmed the adequacy of
coatings to operate under prescribed operating conditions
without fatigue failure improving simultaneously the
tribological behaviour of the whole spindle. The calculated
operation stresses, being within the secure limits, illustrated
that early failures of coatings were not fatigue phenomena
but consequences of other design and technological
problems. After the elimination of these problems, the
experimental results during the long term and full scale
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ABSTRACT
Thin NbN coatings were presented in this work. The influence of the nitrogen pressure in the range of 0.13-2 Pa on
microhardness and critical load of adhesion during scratch testing was studied. A possibility of scratch testing in
analysis of friction and wear properties of hard coatings was considered. The maximum microhardness (42 GPa) was
obtained for the two-phase coatings (hexagonal -Nb2N and cubic -NbN phases) deposited at a nitrogen pressure of
0.4 Pa, whereas the maximum critical load was obtained in homogeneous -NbN coatings deposited at a nitrogen
pressure of 0.93 Pa. Coatings having the hexagonal -Nb2N phase had a low critical load in scratch tests under loads of
2-5 N. The average microhardness of NbN coatings deposited at 0.93 Pa, which exhibited the highest scratch critical
load, was 38 GPa. Different failure modes occurred during scratch tests depending on the nitrogen pressure: plowing of
the plastic coating within the scratch furrow, total coating delamination, coating chipping, and multiple small area
spallations at the scratch edges.
INTRODUCTION
Adhesion of the coating to the substrate is usually evaluated as a strength necessary for separation of the coating
from the substrate. For past few decades new technique, scratch testing,
in use to evaluate the adhesion strength of thin (< 10 |um) has been developed. Although scratch test is not a method
for direct measurement of the adhesion strength, it is an excellent possibility of the evaluation of coating behavior and
widely used in the study of coatings. The critical load (the minimal load at which the coating flakes off, or spalls off of
the substrate) characterizes the rupture strength on the coating-substrate interface, or the brittle fracture of the coating
and its removal from the substrate.
The main goal of this work is to study the adhesion strength of NbN coatings by scratch testing.
EXPERIMENTAL PROCEDURE
Thin NbN coatings were deposited using a vacuum arc plasma gun connected to a straight plasma duct, with
an imposed axial magnetic field. The substrates were cemented carbide bars having a composition of 90% WC, 1.8%
TaC, 0.2% NbC, and 8% Co. The superficial microhardness was measured using a Vickers pyramidal diamond indenter
with a load of 0.5 N. Scratch tests were performed using a Rockwell C diamond indenter in the form of a 120( cone
with a spherical tip of radius 200 urn. Scratches were made with constant loads in the range of 5-200 N, with step
increases of 5 N, and in some cases 1 N near the critical load, and with a uni-directional sliding velocity of 0.4 mm/s.
All specimens were cleaned before and after testing with hexane using an ultrasonic bath. The scratch critical load for
coating failure (Lcr) was defined as the threshold normal load at which multiple coating delaminations at the scratch
edges were correlated with a sharp increase of the acoustic emission intensity. The scratch tracks were also studied by
optical and electron microscopy.
RESULTS
It has been established that with increasing nitrogen pressure from vacuum to 2 Pa, the microhardness initially
increased to a maximum value of 42 GPa at P=0.4 Pa, and then gradually decreased. The (Lcr)s initially increased with
the pressure to a maximum of 95 N at P= 0.93 Pa, and then decreased. It should be noted that the maximum HV
occurred at a lower pressure, 0.4 Pa, than the maximum in (Lcr.)s. The load dependence of the intensity of the AE signal
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is shown in Fig 1 Micrographs of the tracks produced by scratch testing illustrating the coating failure modes for
coatings deposited at different nitrogen pressures are presented in Fig. 2. The ductile Nb coating deposited in vacuum
was simply plowed by the diamond indenter up to the substrate with a load of 10 N and the acoustic signal was weak.
The scratch edges were without cracking (Fig. 2a). For P=0.13 Pa the coating failed at (Lcr)s=5 N, and wide uneven
coating removal around the scratch track was observed at L=10 N. Coatings deposited at P=0.4 Pa chipped beneath the
indenter at L 45 N while the load dependence of the AE intensity consisted of alternating maxima and minima
(Fig. 1). The critical load was determined to be (Lcr)s=50 N in this case as it was the minimal load at which coating
spaHation from the substrate at the scratch edges was observed (Fig. 2b). At P=0.93 Pa multiple small-area coating
spoliations were observed at the scratch edges at (L cr ) s =95 N (Fig. 2c) -which was the highest critical load for the
present set of nitrogen pressures. Also at (L cr ) s =95 N the AE signal markedly increased (Fig. 1). Similar behavior of
the coating failure and the load dependence of the AE signal were observed for P=1.33 Pa, but at (L cr ) s =80 N, and the
coatin* delaminations at the scratch edges had larger areas. At P=2 Pa the scratch crack character was similar to that
observed at P=0.13 Pa, and AE signal markedly increased at (Lcr)s=20 N, and then sharply decreased (Fig. 1).

The Effect of Load on AE Intensity
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DISCUSSION
It has been established, Fig. 1, that maximum microhardness was obtained for the coatings deposited at P=0.4 Pa,
whereas maximum critical load was obtained at 0.93 Pa. Moreover, the coating with the highest hardness (0.4 Pa
exhibited brittle fracture at much lower loads both in scratch tests and Vickers microindentation. Most likely the low
critical load for the coatings deposited at 0.13-0.4 Pa is connected with the presence of the p-Nb2N phase The
increasing (Lcr)s with pressure may be related to the decreasing Nb2N content. However, the decrease in (Lcr) for
P>0.93 Pa is not understood.
.
Different failure modes during scratch tests were observed depending on the nitrogen pressure: plowing or the
plastic coatin" within the scratch furrow, total coating delamination, coating chipping, and multiple small area
spallations at the scratch edges. The presence of -Nb 2 N strongly decreases the scratch critical load. The total w.de
area delamination of the coatings deposited at P=0.13 Pa and 2 Pa at low indentation loads are typical adhesive failures.
However in other cases, especially for the crack mode of the coating deposited at P=0.4 Pa., the failure may be the
result of cohesive fracture of the brittle coating, or a mixture of adhesive and cohesive failure.
Different failure modes during scratch tests (Fig. 3) correspond to different AE-load dependences (Fig. 2). Four
different types of such dependencies may be found in Fig. 2: (1) When the ductile metal coating deposited in vacuum
was removed at a low indentation load, a very weak AE signal was recorded. (2) The total coating delammation at
P=0 13 Pa and 2 Pa was accompanied by a sharp increase in the AE signal. When (Lcr) was exceeded, a sharply
decreased AE signal was observed. (3) The chipping of the coating deposited at P=0.4 Pa was accompanied by
alternating increase and decrease of the intensity of the AE signal, and the cracking and AE intensity seemed to be
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spontaneous at different loads less than (Lcr)s. Possibly there were appearance and relaxation of cohesive cracks (within
the coating) as coating delamination was not observed. The critical load was determined in this case by visual
observation of delamination at the scratch edges. (4) The load at which multiple coating delaminations at the scratch
edges were observed correlated with a sharp increase of the AE intensity. (P=0.67-1.33 Pa). Increasing the load above
(Lcr)s lead to the increase and then gradual decrease of the AE signal. From the forgoing discussion it may be seen that
while the conventional method of determining (Lcr)s from the load-AE curve may be used in cases (2) and (4), it could
not be employed in case (3).
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Fig. 2 Different failure mode during scratch test
(a)-Vacuum, (b)- P= 0.4 Pa, (c)- P= 0.93 Pa

CONCLUSIONS
1. The maximum microhardness (42 GPa) was obtained for the two-phase coatings deposited at a nitrogen pressure of
0.4 Pa, whereas the maximum critical load was obtained in homogeneous -NbN coatings deposited at a nitrogen
pressure of 0.93 Pa.
2. Coatings having the hexagonal -Nb2N phase had a low critical load in scratch tests under loads of 2-5 N. The
average microhardness of NbN coatings deposited at 0.93 Pa, which exhibited the highest scratch critical load,
(L cr ) s =95 N, was 38 GPa.
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TRIBOLOGY EFFECTS ON ELECTRICAL CONTACT IN SMART CARDS
L. Kogut and I. Etsion
Dept. of Mechanical Engineering, Technion
ABSTRACT

Towards this end the elastic problem of a loaded
curved beam has to be solved first, followed by a
solution of the tribological problem to give the average
separation between the contacting rough surfaces, the
nominal contact length, the real area of contact, the
electrical conductivity and the friction force,

The problem of contact between two rough surfaces
of which one is flat and rigid while the other is curved
and compliant is being treated. This type of contact
simulates aan electrical contact typical of electrical
connectors such as in smart cars, for example.
The research objective is to study the effect of
tribological parameters, as well as mechanical and
geometrical properties, of the contacting surfaces on the
quality of the connector regarding electrical
conductivity, real area of contact and friction force.
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tribological properties of thin diamond coatings.
The results of the work are as follows:
• The first results of growing diamond coating
through the holes in the masks
made it
possible to go forward in the development of the mask
method for measuring of adhesion force of diamond
coating.
• In diamond coatings it was found that friction
coefficients are not dependent on the material of the
substrate.
• In DLC coatings, the friction coefficients are lower
than those in diamond coatings
• In the fretting tests it was found that diamond
coating was separated form the silicon deposit under
loads of no more than 3 N and from the steel deposit
under load of more than 70 N.
• There is a potential for a product that may result
from the effort of developing a method and a device
for measuring the adhesion strength of thin coatings in
a direct way.

One of the more important properties that
determine reliability and life of tibological machine
elements is the hardness of the surfaces of their
friction pairs. The exceptional hardness property of
diamond coatings makes them a target for possible
future application on various mechanical elements. In
this regard various parameters of the coatings like
adhesion to the substrate, friction coefficients,
wearability and wear resistance, surface roughness,
fatigue and the stability of these parameters over time
become very important.
In order to study the tribological properties of thin
diamond coatings, to be able to improve and optimize
their use in mechanical components and to determine
the range of their applicability some new methods and
experimental means have to be developed. A literature
search revealed the lack of proper information in this
area. The main purpose of the present work is,
therefore, to study and developed such needed means
and to obtain some preliminary results concerning the
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purposes are reached, higher values for the reconditioned
bearings service life will be obtained. Considering the
decisive stress for the contact fatigue life phenomena it is
mentioned that it must be taken into account that one
which has the highest amplitude under the contact
surface. Starting from the Palmgren-Langer-Miner
cumulative degradation criteria [1J and considering some
calculus hypotheses in [2] ryz is presented to be the
decisive stress in rolling contact damaging. For the
reconditioning point contact method xyz which has the
maximum value T0 at a depth placed at z = 0.359 b is
considered the main damaging stress.

ABSTRACT
The most important problem that must to be solved
when reconditioning the contact surfaces is to establish
the optimum depth for the fatigued layer that must to be
removed. This removed layer has to provide under the
new contact surface as low quantity of material as
possible being under the influence of the initial fatigued
state. By reaching an optimum for the depth of the
removed material higher values for the reconditioned
point contact service life can be obtained.
The experimental researches that have been
done on 5 groups of reconditioned plane samples
concluded that the fatigued layer thickness which must
be taken off is z = 2b and theory-experiment correlations
permitted to establish calculus relations for reconditioned
point contact service life and basic dynamic load rating.
Comparing reconditioned and standard point contact
service life it was observed that their ratio
(reconditioned/standard) is about 0.8, but the 20 %
difference is well justified by the economical effects
obtained.

THEORETICAL APPROACH

The depth
the fatigued
material layer

INTRODUCTION
Reconditioning the point contact means to remove,
from the bearings inner or outer raceways, the quantity of
material that was fatigued during bearings functioning.
The main problem that must to be solved is how to
establish the optimum thickness of this layer to be
removed and, for that, the following aspects must to be
considered:
•

establishing the decisive stress when
considering contact fatigue phenomena;
• contact's geometry changes influences on
bearings service life and manufacturing
costs;
• obtaining a as high as possible service life
level for the reconditioned bearing.
In these circumstances the removed layer thickness
must be determined in order to obtain under the
reconditioned surface the lowest possible material
quantity being under the initial fatigued state. So, if these

Fig. 1
Simplifying Tajlinan's mathematical model for the
contact service life [5], considering the initial stress T ^
overlapping on that remained after the reconditioning
process, xyzR, (figure 1) [3] and using Lundberg 664

Palmgren model, the following equation for the stressed
volume survival probability is proposed:
L

lnS(N)

(1)

where
Ni = initial number of cycles
N 2 - Ni = number of cycles for the reconditioned
contact.
In this way, after considering some simplifying
assumptions [3] and using Lundberg - Palmgren model
[4], the reconditioned point contact service life equation
was obtained.
Considering both the geometry of the standard and of
the reconditioned contact, the reconditioned point contact
Group
number

Number of
samples/group

TT7E

Fig. 2
Table 1
Service life's ratios

Removed layer
depth
LIO-S/LIO-R

1;2
20; 20
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3; 4
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20
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These aspects are explained by the stress variations
along sub-raceways depth and by the residual stresses
influences on service life [2]. The more insignificant
service life increasings while the z values are closer to b
means that the maximum thickness for the removed layer
must be z = 2b. Equations 2 and 3 are the result of the
available for the reconditioned point contact, theoreticalexperimental correlations and they are

o
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CONCLUSIONS

(l + yR)4.633

1. From theoretical-experimental correlations the
optimum value for the removed fatigued layer results to
bez = 2b.
2. Service life ratios values less than unity can be
explained by the influence of the compression residual
stresses on service life (there were accelerated test
operating conditions with ao = 4.15 GPa).
3. Theory - experiment correlations permitted to
propose equations 2 and 3 for reconditioned points
contact basic dynamic load and service life calculus.

(2)
and its service life can be estimated using equation
LR=[QCRIQ]3

(3)

All the terms from equations (2,3) are corresponding
to those presented in [4] except the R subscript which
corresponds to the reconditioned contact.
EXPERIMENTAL RESULTS
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ABSTRACT
It is well known that the main damaging cause, when
surfaces in contact are considered, is contact fatigue
phenomena. In order to obtain an extended bearing service life
with lower costs, the method of removing the fatigued layers is
proposed. It was also established that the optimum depth of the
removed fatigued layer is zop= 1.5b and that increasing this
value to z= 2b a maximum supplementary 15% bearings life
improvement is obtained versus considering zop [2], Theory experiment correlations permitted to establish service life and
basic dynamic load rating calculus relations for the
reconditioned linear contact. For the experimental
investigations, two sample groups consisting of reconditioned
WJ 120 roller bearings were used and after the tests it was
concluded that reconditioned bearings service life is about 80%
of the standard service life. In the same time, economic
efficiency decreasing about 3.7 times is not justifying the
service life increasing about 15% versus when z = 1,5b.
INTRODUCTION
The proposed reconditioning method is the same as for
the point contact [2] [3]. Bearings reconditioning by the method
of compensating rolling bodies (BCR) relies on the fact that the
maximum limit of the depth of the fatigued layer to be removed
is z ^ = 2b.
A longer service life after reconditioning and the
technological efficiency stand for the reconditioning aims.
For big size roller bearings (i.e. WJ 120), the two
goals give the optimum depth (z^).
For the considered WJ 120 roller bearings, if z> 1. 5b,
a new cage should be used.
The reduced service life increasing (with maximum
15%) when z increases from 1.5b to 2b [2] is not compatible to
the diminishing of the economic efficiency (of about 3.7 times)
[3], due to the new cage. It results that, for this case, the
optimum value of the fatigued material layer to be removed is:
z a p =l,5b.
THEORETICAL CONSIDERATIONS
For the linear reconditioning contact, the dynamic
capacity and service life are very important as well. The
calculus relations for the reconditioned contact use its
reliability.
The fatigue inducing stresses are overlapped (the
initial stress by x^ and after reconditioning by x ^ ) . The
overlapping is applied to the material beneath the reconditioned
rolling ways (fig.l) [3].
The safety probability S(N) for the stressed volume
represents the product between the safety probabilities of the
same volume : S; (N,) and SR (N, - N2) (in the initial and
reconditioned version respectively):

(1)

where N, is the initial number of strain cycles
(N 2 - N,) is the number of cycles for reconditioned contact

0,5
The depth of the
fatigued material
layer

z/b

Fig. 1.
The cumulative degradation criterion PLM [1] and the
simplifying hypotheses [3] are introduced in the Lundberg Palmgren model [4].
Using the algorithm specifically for the reconditioned
point contact, the following relation for the basic dynamic
capacity for the reconditioned linear contact is given:

JZ

• -3.5

17.574

(2)
•D: 3J!S8 -JS:' 358 + 23.972

(Uy

\4.B33

The reconditioned linear contact service life is detennined by:
(3)

The symbols significance is conform to [4] and the index R
refers to the reconditioned contact.

EXPERIMENTAL RESULTS
Two sets of WJ 120 roller bearings have been
reconditioned by the proposed method (BCR), afterwards their
service life being tested.
In order to carry out a comparatively study, the
resulted values (statistically interpreted) have been compared to
those of three sets of standard (5) same type bearings (v. fig. 2
and table 1) [3].

The different values of the slope parameter "e" can
explain the variations of the I^LR ratio ranging between 1.64
and 0.93. By comparing the sets S, and R, (where the values of
"e" are the closest), one can notice a 15% shorter service life to
the reconditioned set (if referred to L50) or 25% (if referred to
L10). The service life value for the reconditioned roller bearings
is on the average 20% smaller than that one of the standard
same type roller bearings.
Taking into consideration the theoretical researches
and the experiments, the relations (2) and (3) have been
established for the reconditioned linear contact.

Table 1
Set no.

Set bearings no.

e

L w [hours]

L30 [hours]

Lso [hours]

SI

20

0.916

60.88

230.8

476.9

S2

20

0.692

44.33

258.38

675.1

S3

20

1.222

71.19

210.9

381.4

Rl

20

0.879

47.67

190.9

406.7

R,2

20

0.857

45.22

187.8

407.8

1 - Serie S1
2-Serie S2

3 - Serie S3
4-Serie R1
5-Serie R2

CONCLUSIONS
1) For an ever longer service life and a higher
technological efficiency the fatigued layer depth has been
determined. For big size roller bearings this depth has the value
Zop=1.5.b.
2) The service life of the reconditioned linear contact
is of about 20% shorter than that of the standard contact.
3) Both the theoretical researches and the experiments
have led to the relations (2) and (3) for determining the basic
dynamic capacity and the reconditioned linear contact service
life.
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ABSTRACT
The three-dimensional planing problem is treated using the Matched Asymptotic Expansions method. Linear planing solution is used as outer expansion, while
nonlinear leading and trailing edge descriptions are considered as inner ones. Matching procedure gives the
composite solution.

faces has been considered in [2].
If we neglect the gravity influence, i.e. Fr —*• oo, the
statement of the problem in question is as follows: the
problem is considered to be solved when the velocity
potential function <p(x,y,z) is found. The harmonic
function <p(x, y, z) has to satisfy the boundary kinematic
condition on the wetted surface

1. INTRODUCTION
The purpose of the present paper is to apply an
asymptotic approach based on the Matched Asymptotic
Expansions (MAE) method in the case of the threedimensional (3D) planing flow problem. The approach
has shown its effectiveness for two-dimensional -(2-B)
planing problem including that of the planing under
gravity [1] and is to be extended onto the significantly
more complicated problem connected with determining
of the wetted surface in three dimensions. Like it was
in 2D problem, the matched asymptotics, taking into
account of the fiow^ionlinearities in those regions where
they are most pronounced (i.e. in the edges vicinity),
are shown to significantly advance the frames wherein
the linear theory gives agreeable results. Moreover, the
wetted surface problem can be solved more accurately.
The spoiler which is located on the trailing edge of the
planing surface on -one hand brings the new difficulties
into the solution to the problem, but on the other hand
emphasizes the advantages of the proposed method.

(2.1)

dn = — sm (

the dynamic condition on the free surface
dip 1 / (d<py
~dx~ 2\\dx)

\dy)

: 0,

(2.2)

and the condition at infinity, where d/dn denotes the
derivative in normal direction, 9 denotes the tangential
angle to the planing surface.
3. SOLUTION TO THE PROBLEM
Subdividing the flow domain into a farfield (at distances of the order of 0(1)) and nearfields (in the vicinity of the edges) we apply the MAE method.
3.1. Linear planing theory — Outer asymptotic
description.
T h e main postulate of the linear theory is t h a t the
planing hydrofoil brings small perturbations into the
flow. T h e linearization procedure has to be accomplished both on the free surfaces and on the wetted area
of the hydrofoil. Assuming that the values of a and y
on the wetted surface are small and dropping all the
nonlinear terms in conditions (2.1) and (2.2) we get on
the wetted surface d<p/dy = —9 and on the free surface
d(p/dx = 0. One of the main advantages of the linear
planing theory is t h a t the analogy between the planing
hydrofoil and t h a t of operating in non-separation mode
can be used, see [4]. This analogy readily follows from
the analysis of the conditions and properly describes the
flow characteristics everywhere b u t in the vicinity of the
edges. Thus, the powerful technique developed for the
lifting surfaces is adopted. Nonetheless, one but import a n t difference remains between those two problems: the
wetted area is unknown yet.

2. STATEMENT OF PROBLEM
The planing surface -with chord distribution C(z) and
incidence angle a is assumed to be in the uniform flow
of an ideal incompressible fluid. Voo and po denote the
stream velocity and pressure at infinity. A Cartesian
coordinate system (x, y, z) is bound with the rear point
of the root cross section of the surface, x axis being
positive downstream, z being a lateral coordinate, positive to the starboard side and y being directed upward.
All quantities of the problem in question are rendered
nondimensional by use of the wing semi-span I and velocity VooThe spoiler which is mounted upon the trailing edge
has the relative length e and inclination angle 8S £
[0;7r). There is also a gap between the spoiler and a
planing surface itself, the relative width of the gap 6g
being small as compared to the relative length of the
spoiler, 6S <C £• It should be noticed that some aspects
of the problem of determining the influence of the spoiler
upon the nydrodynamic coefficients of the planing sur-

To overcome the difficulty connected with the wetted area problem one should use the Wagner's idea to
estimate the rising level of the fluid afore the planing
surface, see [5]. This approach was developed in [6] and
demonstrated quite appropriate linear results. It is to

(if) 8

be noted that in the frames of this method the wetted
area is assumed to be that defined by the curve of intersection of-the free surface level and the planing surface
itself, that is, restricted by the stagnation line. Under
the circumstances, one is bounded to neglect the sprinkle jet influence upon the flow pattern. At the same time
it was shown in the case of 2D planing problems that
the region of turning of the sprinkle jet is quite significant and its influence should not be neglected, see [1,8],
all the more so in the case of three dimensions. That is
why the linear theory has to be improved by the MAE
method in a manner of [1],

The other two conditions are provided by the matching
procedure: the value of U\ is determined through the
matching procedure with the outer expansion to yield
Ux = Voo, while q - through that with the inner problem
of the "second order", namely, with the solution in the
slot vicinity, where the scale of dimensions is of the order
of 6g <C £. This "slot" problem gives the relationship
between the width of the slot and value of q in term of
so called "contraction coefficient" &Q
fn
t
Ps
ft + I cot-sini(l
-)dt
2

A

Jo

TT

(3.2)

3.2. Inner nonlinear descriptions
3.2.1. Spoiler problem

As outer asymptotic expansion loses its correctness
in the vicinity of trailing edge, i.g. x —• Xt(z), let us
introduce stretched local coordinates in the form X\ —
{x - xt(z))/e, Yi = y/i, Zx = z, e -» 0. Then the local
problem reduces to the 2D one as the influence of the
transversal z-coordinate is negligible everywhere except
the immediate proximity of the both side edges. It's to
be underlined that all the geometry parameters of the
spoiler, for instance, its length e and inclination angle
/?, etc., can vary in transverse direction z, namely, they
are functions of a variable z.

3.2.2. Leading edge problem
It was mentioned above that outer linear description
is not correct in the proximity of the stagnation line,
that is near the region of turning of the sprinkle jet.
The shape of stagnation line is determined in the outer
problem. Introduce the auxiliary coordinate system for
a point on this line (v, y, s), where v is the normal vector
and s is a arched coordinate of the line. Then it is easy
to see that the flow can be treated as a 2D one in the
plane {v,y).
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FIGURE 1. Flow pattern and auxiliary plane for the spoiler
problem with a slot.

FIGURE 2. Flow pattern and auxiliary plane for the leading
edge problem.

When e —* 0, the gap between the spoiler and planing
surface literally vanishes in the inner limit but its influence rernains in the form of a sink of unknown strength
q placed in the point O, see figure 1. Application of
the Chaplygin's method of singular points [3] gives the
following derivatives of the function of complex velocity
potential FX(ZX) = <pi+iipx in auxiliary plane C =
and the transformation ZX(Q itself:

On stretching of the coordinates v and y by a factor I / a 2 , we arrive to a 2D nonlinear problem for the
plane Z-i = X2 + 1Y2 considered in [1]. Again the influence of transverse coordinate is negligible and the corresponding flow pattern is depicted in the figure 2. The
analytical solution to problem is

dF1
UidZ1

1-/3./*

(3.1)

~)

C-i

(3.3)

where unknown constants N2 and a are determined
from the following conditions: a = tan 7/2 and N2 —
2U26/{Tr(l + a2)).

dF,
C2-l

There are four parameters a, Nx, q and Ux in the problem. The conditions to be imposed are the following:
= 7; f ^dC,

dF2
U2dZ2

Zx(0) = ZB = exp(-f/?s
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It is to be underlined that the flow pattern in the
vicinity of the sprinkle jet leads to a conclusion that
one has to use an additional condition, i.g. 7 = 0, as
the oncoming jet should run along the rigid surface of
a planing hydrofoil. This fact removes an element of
uncertainty in the equations connected with immanent

impossibility of determining the value of •y in the frames
of a statement of planing problem without gravity [1].
In this case a = 0 and the point F on the physical
plane, where the velocity vector is directed normally to
the wetted line (i.e. vertically upward), corresponds to
/ = 1. Following to [5], assume that the wetted length
is bound with a projection F' of the point F onto the
line {EC). Then the additional wetted length L* due to
the sprinkle jet influence is

L* = \FF'\ =

'
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CONCLUSION
An asymptotic approach based on the Matched Asymptotic Expansions method has been used to solve the
3D planing flow problem without gravity. It accounts
the influence of the spoiler and oncoming re-entrant jet
onto the wetted area and shows good numerical results
for a wide range of the incidence and deadrise angles of
the planing surface.
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In the present paper the authors decided to concentrate their attention on the wetted length problem.
Some numerical results for the rectangular planing surfaces of a set of deadrise angles a^ and submergences of
trailing edge ht (with and without spoiler) are shown in
the figures 3 (a,b) and 4 (a,b).
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where A(z) denotes the strength of the square root singularity for the tangential velocity, induced at the leading edge in outer linear limit. This function A(z) readily follows from the numerical solution of the outer 3D
problem. As the order of A(z) = O(a), an additional
wetted length is of the order of a2.
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where the sprinkle jet thickness S is to be determined
by the matching procedure for the leading edge problem and outer linear description (accounting the spoiler
influence). That gives
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ABSTRACT
A ram air driven reverse bootstrap cooling system,
has been designed to dissipate heat loads in an
avionics compartment of a high performance pod, of
up to 1,000 Watts. The system uses direct ram air
cooling at low aircraft speeds, and ram air driven air
cycle cooling at high speeds. The system consists of a
Air Cycle Machine (ACM), air to air heat exchanger,
control valves, and compartment fans.
Analysis performed, which were further validated by
ground and flight test data reveal that the system is
capable of maintaining the ambient temperature in the
Avionics compartment below 50°C (the maximum
allowed temperature) even on sea level, high speed
flights on days as hot as 40°C on ground.
The system shows excellent performance in flight and
provides a feasible, power saving solution for cooling
avionics equipment on high performance aircraft pods
INTRODUCTION
Equipment in avionics pods installed on high
performance aircraft, generally obtain their cooling
requirements, from either Air Cycle Cooling Units
(ACU), fed with bleed air from the airframe, or by
vapor cycle refrigeration, supplied with electrical
power from the airframe. There are conditions,
however, where the methods mentioned above, are
either unavailable or impractical. This paper
addresses a particular avionics pod application, where
the due to constraints related to the airframe, an
alternate
solution was necessary.
Extensive trade-off study have been performed, of
numerous cooling techniques, such as evaporative
cooling, expandable cooling, cold soaking of the pod,
and others. At the end the following solution was
selected:
•
Direct ram air cooling at low aircraft speed
(M<0.4) at sea level, and M=0.9 at 50,000 ft.
altitude
•
Air cycle cooling at high aircraft speeds using
ram air as power source for the system described
below, which was originally proposed by
Campbell [1].
This mode of operation has been found to provide the
performance desired, within the entire flight
envelope, and has numerous advantages over the
conventional cooling methods, in terms of volume
and weight, and requires no electrical power.
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Moreover the aerodynamic drag associated with this
system being used, is much smaller than for
conventional systems such as vapor cycle or bleed air
driven air cycle refrigeration, as ram air is directly
used for cooling, and not as heat sink in the other
systems. This paper provides a description of the
cooling system along with the cooling performance as
measured during ground and flight tests, and
comparison with the theoretical predictions of
performance.
SYSTEM REQUIREMENTS
The equipment installed in the pod consists of
three LRU-s with a heat dissipation of 500 W.
Additional aerodynamic heat infiltration of 150 W at
the design point(see below) was considered, along
with 60 W of design margin, yielding in a total design
heat load of 660 W at the design point. All equipment
installed dissipate heat by either free convection to
ambient, or by forced convection to heat sinks cooled
by air circulated within the electronics bays. There is
no risk therefore, of the cooling air damaging the
equipment by direct contact.
The cooling system must ensure that the air circulated
within the electronics bays is always less than 50 °C
at all flight conditions, but no lower than -10 °C.
SYSTEM DESCRIPTION
A schematics of the cooling system is provided in
Figure 1. The ram enters the system through the inlet
scoop. In the air cycle mode of operation the ram air
is admitted to the system through a flow venturi,
which is designed to limit the airflow at high altitude
high speed flights, so as to prevent overspeeding of
the turbine. Downstream of the flow venturi, the ram
air enters the turbine section of the ACM, where it
expands to subatmospheric pressures, thus cooling
below or close to the prevailing ambient temperature.
The cold air then enters the heat exchanger, where it
absorbs heat from the air circulated within the
electronics compartments.
Downstream of the heat exchanger, the air enters the
compressor section of the ACM. The compressor,
installed on a common shaft with the turbine, uses the
mechanical work produced by the turbine
to compress the cboling air back to the prevailing
ambient pressure, and discharge it overboard. The

pressure rise in the compressor, has therefore a
bootstrap effect on the airflow and turbine discharge
conditions. The bootstrap effect causes the turbine
discharge pressure to drop below the ambient static
pressure, as shown in the temperature entropy
diagram of Figure 2. As a consequence the air ducting
circuit between the turbine discharge and compressor
inlet, will experience subatmospheric pressures. This
calls for this section of the air ducts to be sealed.
The check valve installed downstream of the
compressor prevents back flow through the
compressor in the event of ground cooling operation.
On ground cooling is provided by the ground fan,
which draws ambient air through the ram air scoop
the open shut off valve and heat exchanger.

cold side of the heat exchanger, at the design point of
the system(which is Sea Level, Mach 0.8, and 40 °C
ambient temperature).
Heat Exchanger - The compact cross flow, plate and
fin heat exchanger, has been designed for optimum
performance at low altitude, high speed flights. The
heat exchanger, manufactured by TAT Israel, cools
the air recirculated within the equipment
compartments, to temperatures below 50 °C, at all
operating conditions.

comprjn

Figure 2 - Thermodynamic Cycle Cooling System
FAN

FIGURE
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Schematics

Cooling

CHECK
VALVE

Shut-off Valve - This a light weight, Aluminum
made, butterfly valve manufactured by LTS Toulouse
intended to allow ram air to by-pass the ACM, in the
event of ground , low Aircraft speed or high altitude
operation.
Fan - This a single speed 90 mm diameter diameter
vaneaxial fan that delivers, on ground, external air
directly to the cold side of the heat exchanger. The
fan requires 400 Hz, 3 phase, 115 VAC electric
power.
Air Ducts - The ducts are fabricated of aluminum,
and are design to meet both space and flow
requirements.

System

On low speed flight, at relatively low ram
temperature, the system works in by pass mode.
This is required, since the ram air pressure is
insufficient to supply the required cooling airflow
through the turbine. In such case the shut off valve
opens thus allowing the ram air to bypass the turbinecompressor assembly allowing the air to be supplied
directly to the heat exchanger, so as to cool the load.
The same mode of operation prevails for high altitude
flights, or cold days. At such conditions, because of
the low temperature of the air, additional cooling in
the ACM, could cause, too cold a cooling airflow
being supplied to the electronics bays with ambient
temperature below equipment limitations, prevailing.
The control commands to the system are provided by
the central controller of the pod, based on the flight
conditions.

SYSTEM ANALYSIS AND VALIDATION
A computer model was developed to predict
cooling system performance throughout the entire
flight envelope. The model computes the cooling
airflow, and air temperatures as follows:
-turbine inlet and outlet pressures and temperatures
-turbine characteristics, such as efficiency and RPM
-thermal characteristics of the heat exchanger
-compressor inlet/outlet pressures and temperatures
-compressor characteristics, such as efficiency
The model uses iterative techniques to compute the
above characteristics of the system, based on the
performance maps of the components as follows:
-turbine efficiency versus corrected RPM and
pressure ratio

SYSTEM COMPONENTS
All system components have been selected or
designed to provide optimum performance over the
entire range of operating conditions.
Air Cycle Machine(ACM) - This is the main
component of the cooling system. The ACM is
manufactured by Liebherr Toulouse Systems France
(formerly ABG Semca) and provides 5.0 kg/min. of
cooling airflow at supply temperature of 37 °C, to the
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-turbine corrected flow versus corrected RPM and
pressure ratio
- heat exchanger effectiveness versus hot and cold
airflow
-pressure loss coefficients in the interconnecting
ducts
The computer model was extensively used to predict
the performance of the system at specific points
within the flight envelope, which where later tested.
The validation of the computer model was done
during the extensive ground tests, performed at IAI.
During test compressed air at controlled inlet pressure
and ambient temperature was supplied to the inlet
scoop of the system. A dummy electric load of 500 W
was used to provide the heat exchanger thermal
loading. The system was instrumented with pressure
and temperature pick-ups, as shown in Figure 3, and
the applicable parameters monitored continuously.
P, F

P, T

particular points within the system. The heat loads
during test were those dissipated by the avionics bay
recirculation fan and the aerodynamic heating of the
equipment bay.
The test instrumentation used, was that used for
the ground test(see Figure 3), that in order to maintain
the correlation with the ground test results.
Results from the flight tests are presented in Table 1,
along with a comparison between the test data and
output of the computer model at the same points.

Flight 10
Parameter
Altitude- lOOOxfeet
Flight Mach
Ram Temperature-C
Turbine Pressure In-psia
Turbine Pressure Out-psia
Turbine Temperature Out-C
Compressor Press In-psia
Compressor Press Out-psia
Compressor Temp In-C
Compressor Temp Out-C
Airflow-LB/min.

Test Calc
15.0
0.90
36.1
14.0
6.62
-5.0
6.28
8.05
13.2
45.0
6.16

15.0
0.90
36.1
13.8
6.97
-7.4
6.62
8.32
14.0
48.2
6.09

Flight 11
Test Calc
i.O
1.0
0.90
0.90
71.6
71.6
23.80 23.45
10.85 10.28
14.00 12.46
10.25
9.62
13.55 13.33
33.00 30.76
77.00 79.83
10.12
9.97

\
Table 1-Fight test data versus computer predictions
P,T

P, T
HEAT EXCHANGER!

FAN

P - PRESSURE
F - AIRFLOW

CHECK
VALVE

T - TEMPERATURE

FIGURE 3-Location of test pick-ups
Following the test the computer model was
updated in terms of duct pressure losses, system
losses performance of components, until the
performance predictions, matched the test results
within 5% of the measured pressures and within
± 3 °C of the temperatures measured.
During test it was found that, the pressure losses
within the ducts were approximately 30 % higher
than originally computed, and the airflow through the
ACM were 5% lower. This was attributed to the tight
system installation, which caused, flow distortion in
the ducts, with corresponding loss in the turbine
airflow.

CONCLUSIONS
Extensive flight tests performed by IAI showed
that the Reverse Bootstrap Air Cooling cycle, proved to
be an efficient technique for satisfying the cooling
requirements of the equipment installed.
Moreover , it was shown that the analytical tools
developed for performance prediction of the system is
an excellent tool, which can be used to evaluate the
system performance within the entire flight envelope,
as a substitute to expensive flight tests.

1.

2.

3.

FLIGHT TEST RESULTS
Flight tests were performed on the system as
assembled in the pod in March 1997. The flights were
performed without the payload equipment being
installed, but with the equipment bay uninsulated and
was used for verifying the system performance, in
terms of supplied airflow, and temperature at
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EXPLOSIVE ACTUATED SYSTEMS FOR CIVIL AND MILITARY APPLICATIONS
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The cutting agent is Mild Detonation (MDC),
rather than Flexible Linear Shaped Charge
(FLSC). MDC was found to be more suitable for
cutting up to 5 mm aluminum
The forward section contains electronic equipment
which is sensitive to pyrotechnic shock generated
during the cut.
Since the main target was
recovering the equipment for reuse, reducing the
explosive loading was of primary importance. A
unique design was established, achieving reliable
cut with minimum explosive loading.

ABSTRACT
Three IAI's Engineering Division projects are
presented which use explosive devices for military
and civil applications in the aeronautic industry.
The projects requirements, development
program, implementation and current use are
overviewed.
The Galaxy emergency door is described, which
uses detonation cord embedded in a frame against
the aircraft skin for creating a clean peripheral cut.
The use of explosives in the Hunter UAV
(unmanned Air Vehicle) emergency recovery
system is explained.
Development of "Smart Weapons" always involves
the high priced phase of prototype in-flight testing.
A system is described that was integrated in the
missile prototype for recovering its forward section.
The system uses extensively explosive devices for
separation and for the multi-staged parachutes
system.

Extraction rocket, a special design
extraction, with top mounted
extraction strap in the rear end.
creates an "umbrella like" plume
damaging the extraction strap and
pack below.

Thruster, a special design for separating the
recovered forward section from the missile
following the cut. The separation is a critical stage
in the recovery process. the thruster should
provide positive separation from the missile to
avoid collision but should perform it in controlled
accelerations to prevent high loading of the
section's sensitive components.

INTRODUCTION
The three programs presented in this paper
were conducted recently at IAI:
- Missile forward section recovery system.
- UAV "Hunter" emergency recovery system.
- Galaxy emergency door.
The use of explosives in these programs proved
itself to provide the following advantages:
- Low weight and volume
- Enhanced performance
- Free maintenance
- High reliability

MISSILE SECTION RECOVERY SYSTEM
Development of a smart munitions always
involves the highly expensive phase of in-flight
tests with prototypes
Being a "one shot device", usually a missile is
totally lost following every firing test. Recovery
for reuse of the whole missile, or even part of it, is
highly desired, mainly for saving the cost of new
hardware. A side product of the recovery is the
option to retest systems on the ground for
investigating malfunctions encountered during the
flight.

The drawbacks are:
- Triple safety means is needed for avoiding any
potential hazard to the user.
- Special instructions for handling, storage
and shipping.
Beside standard explosive actuated devices,
the following special devices were developed for
these programs:
Detonation cord, embedded in a metallic
for cutting aluminum skin.

for parachute
nozzles and
This design
for avoiding
the parachute

Basic requirements and ground rules were
established:

frame,
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a.

b.

c.

d.

Under the main parachute, the recovered section
reaches the terminal velocity, 9 m/sec.
With the main parachute, the flotation system is
deployed.
Two bags are inflated, providing
redundant means for flotation.
Upon reaching the water level, the five (!) location
devices are activated.

The integration of the recovery system should
cause no change in the flying properties of the
missile. For this, the mass properties and the
overall configuration of the missile should be
retained.
No change is permitted to major components.
The recovery system should be self-contained
for independently operating the complete
recovery process.
For successfully operation of the recovery
process, specific initial conditions, like speed,
altitude and attitude, are dictated. This should
have minimal interference with the standard
flight plane.
The recovery accelerations should be within
the limits expected in normal flight.

Development Program
The development program was performed in
the following stages:
Development of special components and subsystems, like the separation system and the multistaged parachute package.
Ground integration tests, like activating the
separation system by the electrical system, followed
by parachute extraction.
Water drop test, from a crane in the port dock, for
testing the flotation system.
Helicopter drop test, for testing the complete
sequence of events from first parachute extraction
until water penetration and flotation.

For accomplishing the above, a preliminary study
was conducted with the following conclusions:
Recovery of the complete missile is not practical
since it involves with heavy and bulky system
which will dictate a major change in the missile
basic configuration.
Replacing the warhead section with equivalent,
mass and geometry, section which accommodates
the recovery system is the preferred solution.

Implementation
So far, the system was intentionally operated
in two missile in-flight tests. In the first test the
system failed due to a failure in the parachute
extraction strap. The reason for the failure was
discovered
and
corrective
actions
were
accomplished.
In the second flight test the recovery process was
successfully performed and the forward section was
recovered from the sea.
Water penetration to the section damaged part of
its components. An improved sealing process is
designed for the next use.

Description
The recovery system consists of:
Housing, which actually replaces the warhead
regarding length, outside diameter and interface
with the other missile's sections.
Separation system, skin severance system and
thruster, to cut and push forward the above
housing, with the fotward section, away from the
missile.
Recovery set, which includes the parachutes
package and the flotation system.
Location devices, passive and active, for locating
the recovered section in the sea.
Electrical initiation system, which includes thermal
batteries and logic circuits for redundant and
independent activation of the recovery system.

HUNTER EMERGENCY SYSTEM
The Hunter is an Unmanned Aerial Vehicle
(UAV), developed by IAI for the US forces under
U.S. Government contract. The specification
requires a parachute system for emergency
recovery with minimal damage to the UAV.
During emergencies, the UAV can be in
extreme conditions, like low altitude and adverse
altitude, which are not favorable for parachute
deployment. A simulation for the complete
parachuting process was established. Several
options were investigated which led to decide on
rocket extraction combined with pilot chute as
follows:
The complete parachute package is extracted by the
rocket away above the UAV.
Only then, about twelve (12) meter above the
UAV, the pilot chute is inflated to continue the
main parachute deployment.

Operation
The missile is guided to the predetermined
initial recovery conditions.
Upon reaching the recovery conditions, the missile
delivers a signal to the recovery section, activating
its electrical system which in turn activates the
separation system.
The separation causes the mechanical extraction of
the parachutes, first the smallest one, designed for
high speed, followed by larger parachutes, until the
main parachute is deployed.
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With this arrangement, the envelope
performance of the parachute is maximized since
the risk for entanglement with the UAV structure
is low, even with the UAV at adverse attitude, like
nose down.
The development program included the following
stages:
Bench deployment test of the parachute package to
refine the special design which includes sequential
strip-off of the package's bag, the pilot chute and
the main chute.
Sled test at 70 knots for demonstrating the
complete deployment process with special attention
to the performance and operation of the rocket:
The critical phase was the kinetic energy transfer
from the launched rocket to the heavy, 50 lb,
parachute package. For that, a unique design of
"Rip Stitching" was developed for the extraction
strap. This design ensures controlled loading of
the strap and package.
Full scale static ground deployment test from the
UAV for checking the UAV initiation system, the
parachute compartment cover release mechanism
and rocket launch. The rocket launcher design was
proved to sustain the rocket plum, preventing
damage from the sensitive components in the
UAV.

Description
The primary item is an aluminum frame (like
a picture frame) with a circumferial slot in its
outside surface. MDC (Mild Detonation Cord) is
embedded in the slot and the frame is attached with
bolds to the aircraft skin, with the MDC facing the
skin.
In the upper and lower front corners of the frame
electrically initiated detonators are installed. Each
detonator can redundantly initiate the complete
MDC all around. Two spring cylinders are
installed on the front corners for pushing outboard
the leading edge of the cut skin.

Operation
Upon initiation of the MDC, a peripheral cut
is created and the cut skin is pushed outboard,
mainly due to the shock wave developed by the
operation of the MDC and the detonators. The
springs help to turn the front each so that the wind
can enter to push away the cut skin.
Development Program
The development program included the
following stages:
"Tiles" test with skin samples for establishing the
MDC explosive loading and for testing the design
margins.
Environmental test, vibration, shock and humidity,
followed by firing of representative frames & skin
at low and high temperature.
Full scale ground test with a fully representative
aircraft section and the complete emergency door
system.
In all the above tests, the system was proved to
provide complete and clear cut, with no potential
hazard to the crew, even if standing right in front
of the door.

Accumulated Experience
During the evaluation program of the UAV
system in the USA, emergency recovery initiation
was enforced several times. In all of the cases were
the UAV was within the recovery envelope, the
recovery was successful with minimal to no
damage to the UAV. By that, the recovery system
paid itself several times.
GALAXY EMERGENCY DOOR
The flight test program of the new designed
Galaxy business jet is performed with two
prototypes. It is a risky program since the aircraft
is exposed for the first time to the flight loading
and conditions, including flight in the edge of the
flight envelope.
The crewmen are equipped with parachutes and a
special design of exit is required to enable the crew
to abandon the aircraft in-flight and on the ground
in case of emergency.
The requirement was for a system that will have
minimum effect on the aircraft structure and on the
interior of the UAV. Of primary consideration was
the requirement that system operation will create
no potential hazard to the crewmen.
With the selected solution, a large and clear
opening is rapidly created, independent of the
internal pressure and designed to overcome the
predicted outside pressure.

SUMMARY
The accumulated experience at IAI with the
implementation of explosives in many programs
over the years, taught us to acknowledge the
advantages of the use of explosive actuated device
over conventional designs.
Since, by its nature, explosive is for "one shot", it
is more suitable for emergency systems rather than
for routine use.
When properly implemented, systems which use
explosive actuated devices are:
- Less bulky and heavy
- Much more reliable
- With high mechanical efficiency (energy per
weight)
- Less expensivefor development and production.
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[2,3]. The parameter kp is affected by the pressure of gas
filling the pore and by temperature [1,4].
Testing the models for predicting the behavior of k and
a requires measurements on well characterized specimens.
Ceramic refractories are usually multiphase materials with
very complicated microstructure. Therefore, we measure k
and a of one well characterized specimen.
The main goal of this paper is the experimental
investigation of k and a of a chrome-magnesite refractory
and, microcharacterization of the same spacimen, aimed at
derivation of the parameters needed to predict the behavior
of k and a. Another objective is comparison between the
predicted and measured values of thermophysical properties
of the refractory specimen.

ABSTRACT
The present work is aimed at investigation of influence of
the microstructure of chrome-magnesite refractories and of
the thermally-induced microstructural changes on the
temperature and pressure dependencies of Thermal
conductivity, k, and thermal diffusivity, a, of chromemagnesite refractories. These properties were measured for
Radex BCF3 refractory brick by the stationary comparative
method of plate specimen in the pressure range 5.0-10^ Pa
and temperature range 15O-85O°C. Thermal diffusivity of
this material was also measured by the monotonous
heating method with the heating rate of 20 K/min.
The microstructure of the specimen was characterized by
means of optical and electron microscopy, as well as X-ray
analysis. The measured thermophysical properties are
compared with predictions of theoretical model, accounting
for thermal expansion mismatch between different phases
within the material.

SAMPLE CHARACTERIZATION
The BCF3 brick was sectioned by a diamond saw. The
typical dimensions of the specimens used for optical and
electronic microscopy are 7x7x6 mm. To preserve the
porous structure during the surface finish, the specimen
was impregnated with the epoxy resin under vacuum
conditions, and then ground and polished.
The specimen was studied by means of the BHM
Olympus system microscope for metallurgical use. A
special procedure for digital image analysis of the
micrographs was designed which allows to obtain the
statistical characteristics of the cracks network distribution
in the range of scale from 1 Jim to 1000 Jim. As a result,
the average distance between the cracks was found to be
L= 1.35 mm [7].
The specimen microstructure was also studied by the
scanning electron microscopy (SEM) with chemical
analysis by energy dispersive spectroscopy (EDS). The
samples for the SEM/EDS studies were coated with a thin
film of carbon -200 A thick for electrical conductivity.
The JEOL JSM-840 Scanning Electron Microscope with
LINK ISIS Oxford Instruments system for chemical
analysis by EDS was used.
The electron micrograph of a microcrack between grains
of different phases within the BCF3 refractory is shown in
Fig. 1. One can see a portion of a crack between the grains
with rough edges. Inclusions of different sizes which are
present within one of the phases are also found on the
grain boundary facing the crack. Upon heating, these
inclusions may expand differently from the large grain in
which they are embodied. The average crack thickness
estimated from the micrographs with magnifications x600x5000 varies from about 1 (im to 10 |xm.

INTRODUCTION
Thermal conductivity and thermal diffusivity of porous
ceramic materials, in particular, dense to medium density
ceramic refractories, strongly depend upon the
microgeometry of the structural inhomogeneities,
including the pores, grain boundaries, micro- and
macrocracks, forming the heat barrier resistances (HBR).
The thermally induced changes of the material
microgeometry or microscale chemical composition govern
the temperature and pressure dependencies of A: and a.
Recently a number of models describing the behavior of
thermophysical properties of ceramic refractory materials
have been developed [1-4]. These models take into account
the effects of the opening and closing of microcracks due to
the thermal expansion mismatch [3] or thermal expansion
anisotropy [2], the effects of segregation-diffusion [1] and
gas emission [100] on heat transfer in porous ceramics.
Most of these models account for the above phenomena in
the framework of the HBR model for calculating the
effective thermal conductivity [5-6]:
(1)

V
where kbs is the bulk solid conductivity, kp is the pore
phase conductivity 77 is the material porosity, 5 is the
crack thickness, L is the distance between the cracks and A
is their relative contact area. The parameters 8 and A may
change with temperature due to thermal expansion
mismatch or thermal expansion anisotropy as shown in
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where ls=l 1 mm and le=9 mm are the distances between
the joints of the thermocouples in the specimen and in the
standard specimen, respectively, and ke is the standard
specimen's (Steel 304) thermal conductivity [114]
Measurements were performed in the pressure range 5.0105 Pa and temperature range 150-850°C. The temperature
level was controlled by controlling the power of the
electric heater. Measurements were taken when stationary
temperature fields within the specimen and within the
standard specimen had been reached (about 3-4 hours).
The thermal diffusivity of the 20x20x15 mm Radex
BCF3 brick specimen was measured by the monotonous
heating method [5]. This method is based on the linear
time change of the temperature field within a specimen
during its symmetrical monotonous heating.
Fig. I Scanning electron micrograph of BCF3 specimen

THERMAL CONDUCTIVITY AND
DIFFUSIVITY MEASUREMENTS
The experimental setup is schematically depicted in
Fig. 2. Thermal conductivity of 55x55x45 mm Radex
BCF3 refractory brick specimen was measured by the
stationary comparative plate method [5]. The specimen
was placed between a heated copper plate and standard
specimen, made of stainless steel 304. The bottom of the
standard specimen was cooled by water. To prevent the
lateral heat transfer fiber insulation was placed along the
lateral surfaces of the brick. Thermal conductivity of the
specimen was determined by measuring the temperature
differences between the "cold" and "hot" sides of the central
part of the specimen, Tj - Ts, and also over the standard
specimen, Tg - Tg. The temperatures were measured by
the chromel-alumel thermocouples, placed along
isothermal surfaces. Thermal conductivity, k, was
calculated from the equation
A.' =

Kg

T2

(2)

-T5le

Temperature
measurements
Gas atmosphere
or vacuum
3

RESULTS OF MEASUREMENTS AND
COMPARISON WITH THEORETICAL
PREDICTIONS
Thermal conductivity of the Radex BCF3 refractory is
depicted in Fig. 3. At atmospheric pressure k decreases
with temperature, whereas the low pressure data increase
with temperature, in contradiction to the Eucken law. The
ratio between k measured at atmospheric pressure and at 5
Pa reaches 7-8 at the temperature 200°C and decreases with
increasing temperature. The data calculated from a collected
by monotonous heating method slightly exceed the data
measured by stationary method at atmospheric pressure and
covers the temperature range up to 800°C, whereas the data
taken by stationary method are presented only up to 550°C.
Figure 3 presents also the results of calculations by Eq.
(1). The bulk phase conductivity was correlated by
A-fcj=2509.9/T+1.1457 W/mK [8]. Since the BCF3
refractory is a multiphase material, its microstructure may
change during heating and cooling. The heat barrier
resistances within the material were supposed to consist of
two parts: the permanent cracks with thickness Spc and
relative area Apc=\-Afi, where A/j is the high temperature
contact area (see chapter 3), and the variable cracks with
thickness S y ^ l / c F 1 . Parameter 5" 1 is given in [6] and
area A v c = ( l-A£, a )(A/j-A/), where A\ is the low
temperature contact area, and the contact area, A&a of the
microcrack along the boundaries of several particles is
given in [7]. The HBR parameter M was calculated as
specified in [6] with 8 equal to Spc and 5\>c, respectively,
and the relative contact area A=l-Ap C -A vc .
The average distance between the cracks was taken
L=1.35 mm, as determined from the microscope
photograph analysis [7]. Determination of the relative
contact area between the microcracks running along several
particles, Aba, and average inverse thickness of these

Figure 2: Schematic of the experimental setup. 1. - vacuum
chamber, 2 - measurement cell, 3 - power source and control
unit, 4 - cooling plate, gas pressure measurement and control
unit. 7- data processing and storage.

microcracks, 8~\ requires knowledge of the distributions
of the small particles facing the cracks with respect to the
sizes and thermal expansion coefficients. The distribution
of the particles sizes was taken in the form

does not depend upon the permanent crack thickness and is
uniquely determined by the contact area. This can be
explained by the fact that the heat transfer in fine cracks
takes place in the free-molecular regime, where the gas
thermal conductivity is proportional to the crack thickness.
Hence, the crack resistance Rp is independent of 8pc, and
so is the thermal conductivity. At atmospheric pressure k
depends on 5pC. The best fit to the experimental data is for
5pC=3 Jim, which lies in the range of the crack thicknesses
seen in Fig. 6.6. The curves corresponding to A/=0.001 fit
the law pressure data better than the curves corresponding
toA/=0.01.
200
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Temperature, °C

800

The model accounting the thermally-induced changes of
microstructure of porous ceramics due to thermal
expansion mismatch satisfactorily describes the
experimental data taken on BCF3 refractory with the
parameters derived from the material characterization as
described above. Still, some uncertainty exists in the
choice of parameters for calculating the effective thermal
conductivity, for example the low- and high-temperature
contact areas, A/ and An, the distributions of small
particles facing the cracks and the permanent crack
thickness, 8pC. Further investigations should be focused at
the experimental determination of these parameters and
their distributions within the material.
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Figure 3. Thermal conductivity of the Radex BCF3 refractory.
• - 1 0 5 Pa; o - 5 Pa; A - i o 5 Pa, calculated from thermal
diffusivity data. Solid lines - calculations [6]. L=1.35 mm.
Relative contact area: a) A]=0.001, A]=0.01 . See text for
explanation of theoretical lines.
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with / m i n =0.1|im and /rnax=10 p.m, which accords with
the sizes of the spinel particles observed on the
micrographs. The maximal difference between the thermal
expansion coefficients of different oxide phases composing
the BCF3 and ESD refractories is about 6-10' 6 1/K [6].
Thus, the distribution of particles with respect to thermal
expansion coefficients was taken as superposition of two
appropriately normalized 8-functions, which accords with
the comparable data for chrome-magnesite refractories [6].
More details of calculations are given in [7],
Figure 3a presents the results of calculations with the
relative contact area of cracks at low temperature
A/=0.001, and Fig. 3b presents the results for A/=0.01.
The lines 1, 2, 3 on each figure correspond to the pressure
p=latm, whereas the lines 4, 5, 6 are for 5 Pa. The lines 1,
4 represent the results calculated for the permanent cracks
thickness 8pc-\ \im, the lines 2, 5 correspond to 8pc=3
jjxn, and the lines 3, 6 correspond to <5pC=10 |0m.
One can see that the low pressure thermal conductivity
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mi+\, respectively. During particles' contact their
compression distance fy=R[ +Ri+\-\xi -x,+il is governed by
the equation [5]

ABSTRACT
One-dimensional arrangements of inelastically colliding
spheres moving in the gravity field in a vertically
oscillating vessel are investigated numerically. Numerical
simulations show that this system may exhibit either
periodic or chaotic motion, depending on the vibrational
acceleration. The results are compared with the
experimental data for 2-D vibrated granular layers.

where
P=- e
2
3m effh-v
-

INTRODUCTION
Vibrated granular beds are frequently used in technological
applications. For many technological operations, such as
mixing or milling, the main purpose of vibroagitation is
to provide an intensive relative granular motion [1]. It is
commonly believed that motion of this type prevails in
vibrational regimes characterized by high vibrational
acceleration. Our resent experiments with 2-D layers
composed of a large disk immersed into a bed of small
disks, revealed [2,3] that for a fixed vibrational amplitude
the large disk can move with the bed (repacking regime) or
throughout it (vibromixing regime), depending on the
vibrational frequency. The latter regimes were observed for
moderate as well as high vibrational accelerations.
Modeling of dynamics of 2-D and 3-D granular
layers entails substantial difficulties. Therefore here we
investigate the behavior of such systems on the basis of 1D arrangement of inelastic particles, moving in the gravity
field in an open oscillating vessel. Such models were rather
extensively studied [4]. However, no information were
reported about the chaotic/periodic nature of the system
motion. This question is very important for characterizing
the layer motion, in particular for reaching vibrofluidized
mode of agitation.
This work is devoted to the latter purpose.
Specifically we use the bifurcation diagrams and Poincare
maps to investigate and characterize the vibrational
regimes. The particles' relative energy motion and power
calculated from the simulations, are compared with our
experimental data for 2-D layers.

, mJJ

= •

_

R R

i i+\

mi+mi+i

Here a dot denotes d/dt, Y is the Young modulus, v is the
Poisson ratio of the particle material, A is a material
constant dependent on Y, v and the material effective bulk
viscosity constants ji, governing energy losses through
collisions. Particle-particle and particle-wall collisions are
respectively described by setting in (2) meff=rnJ2, ReffR-l2
and meff=m, Reff=R.
Using the above collisional model the equations of
motion of the system may be described by the Newton's
second and third laws. These may be expressed by the
following system of N second - order, ordinary differential
equation (ODEs):
mX = F^X, X, t; a, &>) - mg,
where X=(X\,...,XN),
and F=(/i,.../yy), where/; is the
force exerted by particle pi-\ (or the wall if i=\) and
particlepi+\ onp/.
SIMULATION OF PARTICLE MOTION
For numerical simulation of the system (3) the fourth
degree Runge - Kutta numerical integration scheme was
used. The time step Ar was chosen basing on the time of
impact between two particles, which is significantly less
than period oscillation of the bottom. We obtained that in
all regimes the average time of contact between two
particles is of order tc-O.QQO\s. We also obtained that for
At <I c /20, Ar does not affect the results of the
simulation. Based on these considerations, we have chosen
as Ar =tc/50.
The model used here allows to calculate realistically
the relationship between the particles' relative velocity and
the kinetic energy losses. Yet, it underestimates the
particles' contact time, as discussed in [6]. This deficiency
however does not affect the final results [6],
Simulations have been performed for following
conditions: m=0.0057kg, R=0.0045m, v=0.35, A =
0.000008, y=9.8-10 1 0 JV/m 2 (corresponding to brass
spheres with restitution coefficient e=0.3), and g=9.8\m/s . These parameters were chosen for comparison
with the experimental data obtained earlier [3] for this set
of conditions.
We simulated the system motion at least over 500
periods of oscillation of the vibrating table. To eliminate
the influence of the particles' initial conditions, the first

SYSTEM MODEL
Consider a configuration of N particles pj, \<i<N, moving
along the vertical line whose centers being, respectively, at
the points
xo(?) = cnincoi < Xj(r) < ... < x^(r).
The particles are vibrated by a rigid bottom
oscillating harmonically, i.e. as'mco t, where a and co are
the vibrational amplitude and frequency, respectively. The
particles are identical spheres of mass m and radius R. The
bottom is modeled by a particle with infinitely large radius
and mass. Both particles and the bottom are assumed to be
inelastic with the particle - particle and particle - bottom
collisions, described below.
We accept here the particle collision model of [5] for
two particles with radii Rj and i?/+l, and masses m; and
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discontinuities of parameters. We also plotted the frequency
diagrams for the aperiodic regimes (not present here). These
diagrams demonstrate a wide frequency spectrum of the
system without dominant peaks typical for chaotically
moving systems. Similar finger-like Poincare maps and
frequency diagrams were obtained for other vibrating
particles (not presented here). These diagrams correspond to
regimes prevailing beyond the windows observed in Fig. 1.
On the basis of these observations one can conclude that
the system performs a chaotic motion. A similar
conclusion had been made by Holmes [7] who studied one
single hard sphere (ball) bouncing on a vibrating plate.
In order to characterize the intensity of particles
chaotic motion several integral parameters were calculated
pertinent to the period [T\, T2] of the simulation. These
include average energy of relative granular motion, Ere[
and average power, P transmitted by the vibrating vessel to
the layer:

200 first periods of the simulation were dropped.

RESULTS AND DISCUSSION
Motion of the lowermost particle (i=l) is presented in the
bifurcation diagram (see Fig. 1) in terms of the Poincare
coordinate (particle position registered once in the
oscillation period) and the dimensionless vessel
acceleration. There exist periodic as well as aperiodic
regimes of the particle motion. For a fixed acceleration
each periodic regime is represented by well separated points
the amount of which gives the multiplicity of the periodic
motion. The aperiodic regimes are represented by a large
number of points forming one-dimensional agglomerates
along the x\ coordinate. Sequences of points for different F
arranged in lines, form branches, observed within windows
between aperiodic regimes. This means that the system
properties depend on acceleration in a continuous manner.
The number of branches is equal to the ratio of the period
of the system oscillation to the period of external
vibration. We obtained that with increasing of particles'
number in the system, and the vibrational frequency (for a
fixed acceleration range) the windows shrink and disappear.

#2

J

(4)

The power P characterizes energy dissipation in the system.
The more energy dissipates in the granular collisions, the
more power one needs to sustain the relative granular
motion. In our previous work [3] we have shown that there
exists an upper limit of the power, namely Pmax=gacomN.
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Fig. 1. Bifurcation diagram of the lowest particle Ar=6\ a =0.025m
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Fig. 3a. Energy of relative motion of the system a =0.025™
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The results of our calculations for the energy Ere[
of granular columns for a fixed vibrational amplitude and
for a fixed number of particles are presented in Figs. 3a, b,
respectively. In Fig. 3a all curves are normalized by
maximal kinetic energy i.e., (aco)^. With such a
normalization the curves reach maximal and minimal
values for close F. Ranges of the frequencies where the
relative granular energy is minimal coincide with the
ranges of periodic motion in the bifurcation diagram. One
can see that for large enough number of particles, the
energy minima disappear (see the curve corresponding to
A^lOO). The maximal values of the relative energy decrease
with increasing amount of particles and the vibrational
acceleration. With the vibrational acceleration kept fixed,

0.225

Fig. 2. Poincare map of the lowest particle yV =6, <7=0.025m. /~=6.44

In order to investigate the aperiodic particle motion
the Poincare maps have been plotted (see Fig. 2). A
characteristic feature of these diagrams is finger like
formations of the points, which is typical for systems with
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Erei reaches a non-zero limiting value when (am)2
increases. This supports the energy normalization chosen
here and implies that for large accelerations the granular
relative energy increases proportionally to the square of the
maximal vessel velocity.
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different intervals of the vibrational frequency. It is shown
that the chaotic modes are described as Finger formations in
the Poincare maps. Vibrational regimes characterizing
periodic and chaotic modes for the 1-D system are found to
correlate with the repacking and vibromixing regimes,
respectively. The acceleration ranges of periodic modes are
found to decrease with increasing particle number and/or
decreasing vibrational amplitude.
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Fig. 3b. Energy of relative motion of the system N = 1
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Fig. 4. Power transmitted to the layer a =0.025m
2-D data - experimental. 1-D data - numerical

The decrease of maximal values of £ r e / with N may
be easily explained by the following consideration: Increase
of the particles' number leads to increasing of the number
of collisions and, hence, to additional losses of the kinetic
energy. The energy generation by the vibrating vessel is
bounded (see below). Therefore, the average energy per
particle prevailing in the state of equilibrium between the
energy generation and dissipation reduces with N. The
latter conclusion agrees with numerous experimental data
where it was observed that only shallow beds may be
fluidized by vertical vibrations [8].
Our recent experiments with 2-D granular layers
showed [3,4] that the maximal depth of vibrofluidization
may be increased by increasing the vibrational amplitude.
To study this effect for 1-D layers we calculated the relative
energy of a granular column with fixed amount of particles
and for several vibrational amplitudes (see Fig. 3b). One
can see that for the same vibrational acceleration the sixtyfold variation of Erei may be achieved by increasing the
vibrational amplitude in fifty times. This trend supports
the scaling for Erei in fig 3a.
In order to compare the results of our model with
our previous experimental results [3] for 2-D layers we
calculated the power produced by the vibrating vessel. The
experimental and the computational data for the power,
normalized by P,nax:=Sam> ^ presented in Fig. 4. All data
predict that the maximal power is proportional to a a,
though computational results slightly underestimate the
coefficient of proportionality.

In the periodic regimes the power and energy of the
relative particle motion were found to be minimal, whereas
within the regions of the chaotic motion they reach their
maximal values. These maximal values of the power and
energy were found to be proportional to the velocity and
the square of the velocity of the vibrating vessel,
respectively. Frequency dependence calculated for the power
consumed by the 1-D system qualitatively agrees with the
comparable results of direct measurements performed for
the 2-D granular layers.
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CONCLUSION
We showed that for a fixed vibrational amplitude the
chaotic and periodic modes of the system prevail for
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approach is of high order accuracy in space but
usually only of low order accuracy in time.
This leads naturally to the study of time and
space-time spectral element methods (Plat
(1998), Bar-Yoseph et al (1996)).
The fuzzy-logic theory is used in control due
to its simplicity and high performance. A
comparison between fuzzy-logic controller and
a linear one had been performed by Meyer et
al. (1993) for beam vibration reduction. The
others showed that the fuzzy logic controller
was faster and more robust. Ofri (1997) also
used fuzzy logic controller to reduce vibration
of a solar panel and compared it to LQG
control. The results again were in favor of the
fuzzy logic controller for vibration reduction,
energy consumption and robustness. A fuzzy
logic controller for rest to rest maneuver of a
flexible beam will be applied. The control will
be separated into two parts. One will control
the rigid movement of the beam and the other
the vibration. The algorithm used is similar to
the algorithm used by Kubica & Wang (1993).
For a more comprehensive literature review
see Plat (1998).

Abstract
A large class of spacecraft and links of robotic
manipulators can be modeled by a slender
beam (robot arm, communication antenna,
solar panel etc.). This work presents a
nonlinear model for the dynamic problem of a
flexible beam. The model is developed
according to Simo's finite strains model. This
model takes into account large displacements
and shear strain (geometrically nonlinear
Timoshenko Beam). The nonlinear partial
differential equations are derived using the
Hamilton principle and solved by applying the
space-time spectral element method. The
resulting nonlinear algebraic equations are
solved using Newton-Raphson algoritlun.
The procedure has been tested against static
linear and nonlinear problems. Dynamical
analysis was performed for constrained and
unconstrained (large overall motion) cases.
The problem of fuzzy logic control of a rest to
rest maneuver for a robot arm is examined.
Introduction
There are several approaches for developing
the nonlinear equations of motion of a beam.
The different approaches differ by the effects
taken into account and the laws of motion
applied (Hamilton principle, Kane approach,
Newton-Euleretc). We will use a finite strains
model which presented by Riessner (1972) for
the static case and by Simo & Vu-Quoc (1986)
for the dynamic case. The base assumption of
die model is that the beam deformation cam be
viewed as one-dimensional (depends only on
the longitudinal coordinate), the beam is
linear-elastic and shear is taken into account
(nonlinear Timoshenko beam). The equations
are formulated relative to an inertial frame
resulting a simple linear inertia term. The
solution method chosen in this work is die
spectral element method. This is a high-order
weighted residual method which exploits the
rapid convergence rates of spectral methods
while retaining the geometric flexibility of the
low-order
isoparametric
finite
element
methods. The semi-discrete spectral element

Equations of motion
Consider a beam with length L, density p,
axial, shear and flexural stiffnesses EA,GA,EI,
undergoing the deformation shown in Fig. 1.
Let <J) be the position vector of a material
particle initially located at X =

+X 2 e 2

where {e^ , e 2 j i s the inertial frame attached to
the fixed undeformed configuration.
With the assumption mat plane sections
normal to the axis of the beam in the
undeformed configuration remain plane the
equations of motion are (Simo & Vu-Quoc
(1986), Plat (1998)):
=0

u2 - s i n (
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- mc = 0

(1)

TEA

o1

[cose -sine

7*7+3*7=70 rules. The method is described in
more detail in Plat (1998),Kubica & Wang
(1993).

I 0 GAj
~[smQ cos6
P ] , P 2 . m e are the external forces and torque
that are acting on the beam. The boundary
conditions are:

D;D

Fig.2. The controlled variables.
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Fig. 1. The beam kinematics.
Finite elements formulation
Applying the space-time
discontinuous
Galerkin method on the nonlinear partial
differential equations yields the weak
formulation for the present problem. The
dependent variables are expanded in terms of
pth order tensor product Lagrangian
interpolants through the Legendre •- Gauss Lobatto points. This yields a set of nonlinear
algebraic equations which represent the
spatic-temporal nonlinear dynamics of a
Timoshenko beam.

Fig. 3. Block diagram of the system.

.,

, Numerical examples
;
a. Static case. ,',.' " .
''
One of the few nonlinear cases that has an
analytic solution is a beam subjected to a tip
torque as shown in Fig.4.
The analytic solution is a part of a circle with
• • ' • . • • ' .

.

"

.

;

'

E

l

•

"

•

radius r = — v
1

Fuzzy logic control
A Fuzzy logic controller was applied to a rest
to rest maneuver of a robot arm. The controler
was composed of two parts one to control the
root angle and the other to control the
flexibility of the beam. The control variables
are the root's angle and angular velocity, the
distance and its time derivative between the
beams tip and the "floating beam" as shown in
Fig 2. Block diagram of the system is shown in
Fig. 3. Triangular membership functions were
used to fuzzyphay the variables. To the angle,
angular velocity,
the distance
seven
memberslup functions were used and for the
time derivative of the distance only tliree. The
method of weighted average was used to
defuzzyphay the resulting torque from the

rri
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. ..- Fig.4,. The static problem.

,

Tlie solution was carried out for a beam with
EI=4. and tip moment of —,•—. Tlie results
are sho\yn at Fig. 5.
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Fig. 8. Free beam energy plot.

Fig.5. The static solutions.
b. Free flight of a beam.
The third problem that was carried out to
check our solver and to demonstrate its ability
to solve cases, which involve large overall
movement, is a free flight of a beam. A free
beam was subjected to a force and torque at its
root for 2.5[Sec] as in Fig.6.
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Fig.9. controlled beam response.
References
P.Z. Bar-Yoseph, D. Fisher and D. Gottlieb
(1996), Computational mechanics, 19,
136-151.
E. Reissner (1972), Journal of applied
mechanics and physics, 23, 795-804.
J.C. Simo and L. Vu-Quoc (1986), ASME
Journal of Applied Mechanics, 53,
849-854.
J.E. Meyer, S.E. Burke and J.E. Hubbard
(1993), ASME Journal for Adaptive
Structures
and
Material
Systems,
35, 339-345.
A. Ofri (1997), Fuzzy-Logic Vibration Control
for Flexible Structures, M.Sc. thesis,
Technion - Israel Institute of Technology,
Haifa, (in Hebrew).
E. Kubica and D. Wang (1993), Proceedings
of the IEEE International Conference on
Robotics and Automation, Atlanta, Georgia
(R. Werner and L. O'conner editors), 2,
236-241.
H. Plat (1998), Space-Time Spectral Elements
and Control of a Nonlinear Beam, M.Sc.
thesis, Technion - Israel Institute of
Technology, Haifa, (in Hebrew).

Fig.6. The free beam problem.
The solution is plotted at Fig.7 every 0.5[Sec]
and a dot represent the beam root's at every
0.1 [Sec]:

Fig.7. The free beam solution.
The energy distribution is plotted in Fig. 8.
From that plot, we can see that energy is
conserved.
c. The controlled response.
The beam was controlled by a fuzzy logic
controller for a rest to rest maneuver. Initial
angle of zero and end angle of —. A typical
beam response is described in Fig. 9.
The controller was robust to the beam's
stiffness. Different beams were tested and die
controlled response resulted in a rest position
at the end angle.
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properties and strength. In fatigue tests,
Abstract
the
loading frequency should be higher
A simple loading system, for fatigue
than
for the standard machine, to save
testing of small parts, based on a PZT
time.
transducer
has been designed and
operated
successfully.
System
characteristics are: maximum load: 800N,
Testing machine
expansion: 90 mm, max working
Testing machine consists of the following
frequency: 200Hz. A "built in" internal
parts:
spring controls the stress ratios (R). The
Loading part. This part consists of a Low
small size, high accuracy and high
Voltage Piezoelectric Translator
frequency capabilities make the system
(LPVZT)
manufactured by "Physik
suitable for testing small ceramic parts
Instrumente" (P-840.61, Germany). The
which are common in the electronic
LVPZT [1] is made from a set of
industry. Three sets of ceramic
piezoceramic crystals, which is capable to
specimens, identical in material
expanding under electrical voltage. The
composition but defer slightly in their
crystals are arranged in a stainless steel
sintering temperatures were tested to
tube. Special strain gages, attached to the
study and examine the sensitivity of the
crystals, detects its displacements.
loading system. Preliminary image
analysis of surface microstructure
Technical LVPZT data:
revealed a consistent difference between
Operating voltage
-20V to + 120V
the sets. Fatigue results showed that
working frequency
up to 400Hz
higher sintering temperature is related to
-20°
- +80° C
Working
temperature
larger grain size, lower porosity and
Nominal expansion
90u.m
higher fatigue resistance. Therefore, it is
Maximum
force
(compression)
800 N
suspected that in brittle materials,
Maximum
force
(tension)
300 N
porosity, in addition to grain size, is a key
Electrical
capacitance
10.8
nF
factor for higher fatigue strength, due to
Stiffness
8N/mm
the high sensitivity of fatigue life to small
Resonant frequency
cracks.
6 kHz
Total length
127 mm

Introduction

Small ceramic parts are commonly
used in many fields of today's electronic
products., some of them loaded
cyclically. Standard testing equipment for
mechanical properties (INSTRON, MTS)
is expensive and does not fit with the
small dimensions of the specimens. The
aim of this research is to design and build
a simple testing machine, which will be
capable of testing small specimens in a
systematic method, in order to find the
relationship between the micromechanic

LVPZT is mounted on a special
frame (see Fig. 1). The lower part can be
adjusted vertically, to ensure an accurate
"touching point".
Special apparatus, which is based
on a well defined spring is designed for
specimens preload by a constant addional
static force.
Electronic control. Position control
electronics is designed for high precision
applications and complies with the CE
regulations. The device includes an
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on a well defined spring is designed for
specimens preload by a constant addional
static force.
Electronic control. Position control
electronics is designed for high precision
applications and complies with the CE
regulations. The device includes an

686

amplifier, a sensor evaluation circuit, a
positioning servo controller and a
computer interface combined with a
graphical display. All these functional
modules are assembled in one chassis
including a wide band power supply.
Position servo control requires a position
feedback performed by strain gauge
sensors. Position servo controllers can
operate in a closed loop (expansion
controlled) or in an open loop (voltage
controlled) modes.
External power
sine-wave
generator for setting the electrical
vibrations were used. This generator
gives the input voltage and frequency
needed for the expansion of the LVPZT.
Fatigue life determination.
For determining the number of cycles to
failure, a special apparatus consisting of a
special photodiode and counter has been
built.

One of the major factors affecting the
fatigue performance of ceramic materials
is their porosity, which causes micro
cracks. In order to check this effect, the
density of 13 specimens taken arbitrarily
from each type was measured and shown
in fig.5. It is seen again, that the sintering
temperature has a considerable effect on
all mechanical properties of small
ceramic parts.

Conclusions
1. The reliability of the testing PZT
apparature has been confirmed. Further
study, using a direct force measurment is
under current investigation.
2. The statistical distribution of
mechanical properties of small ceramic
parts used in the micromechanic industry
is still unknown, since it is difficult to
separate between real material
microvariation and small differences
between tests which are caused by the
exact loading state.

Experimental results
A
simple
cylinder
specimen
(1.80x13mm) made from Alumina has
been tested. Three types of ceramics,
which differ only by their sintering
temperatures (1540,1590,1640 °C) where
tested.
Static fracture results are shown in fig.2.
The statistical distribution appears to be
similar for all three type, with an
increasing average fracture stress with
sintering temperature.
Fig. 3 shows the results of two sets of
experiments with the same conditions and
material. However, in the first set, the
first contact point between the loading pin
and the specimen was controlled
manually and caused a large statistical
distribution of the number of cycles to
failure. Therefore, a special electronic
detection feature was connected in order
to follow the exact contact point. It is
seen that this accuracy improvement,
decreased the experimental reliability.
The three materials were tested cyclically
and the number of cycles to failure is seen
in fig.4. It is clearly seen, the the same
"hirarcy", found for the static case, is
detectd for the fatigue loading.
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Introduction.

The phenomenon of Rayleigh-Benard convection in a horizontal layer between rigid
boundaries, which is a paradigmatic example of the pattern formation in nonequilibrium systems, has been studied extensively during the last decades. The convection
phenomena in the presence of an interface are much less investigated.
Two main instability mechanisms exist in systems with the interface. The buoyancy
instability mechanism (caused by a volume effect) is more important for relatively thick
layers, while the thermocapillarity (an interfacial effect) plays the dominant role in the
case of thin layers or under microgravity conditions. The combined action of instability
mechanisms of different physical nature may lead to some qualitatively new effects.
Both instability mechanisms can produce forces acting in the same direction. In this
case the critical temperature gradient generating the onset of convection turns out to
be smaller under the action of both effects than in the absence of one of them. Such a
situation takes place, e.g., for the stationary convection in a liquid layer with the free
upper surface in the case of the normal thermocapillary effect [l].
There is another possibility: both effects produce forces acting in opposite directions.
In the case of the normal thermocapillary effect, this situation takes place for the convection in a two-layer system if the buoyancy convection is generated mainly in the upper
layer [2]. The interfacial temperature distribution produced by the buoyancy convection
generates tangential stresses which brake the fluid motion. In this case, the stationary
instability threshold increases. Moreover, in the case where the characteristic time scales
of heat transfer and momentum transfer differ essentially, the competition between two
mechanisms of stationary instability can produce oscillations [2], [3].
In the present paper we investigate the interaction between buoyancy and thermocapillary instability mechanisms in a two-layer system in the case of the anomalous
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thermocapillary effect. Both the linear stability analysis and the simulation of the nonlinear regimes of flow are fulfilled. The calculations are performed for the real system:
10 cS silicone oil - ethylenglycol which reveals the anomalous thermocapillary effect. We
found that the oscillatory instability appears in the case where the buoyancy instability
mechanism acts mainly in the lower fluid layer.

2

Formulation of the problem.

Let us consider a system of two horizontal layers of immiscible fluids with different
physical properties.
The system is bounded from above and from below by
two isothermic rigid plates kept at constant different temperatures (the total temperature
drop is 0 ; the heating is from below). It is assumed that the interfacial tension coefficient
grows linearly with the temperature: a — <T0 + ocT. The deformations of interfaces are
neglected. The variables referring to the upper layer are marked by index 1, the variables
referring to the lower layer are marked by index 2.
Density, kinematic and dynamic viscosity, heat conductivity, thermal diffusivity, heat
expansion coefficient of the i-th fluid are respectively p;, i>,-, 77,-, «,-, x; an-d Pu ai is the
thickness of the i-th. layer (i = 1,2). Let us introduce the following notations:
P = Pilpz, v — vxjvi,

77 = 771/772, K = KI/K2,

X = X1/X2, P - PilP-i, a

As the units of length, time, velocity, pressure and temperature we use a\, a\jui, v\ja\.
Piul/al a n d ©•
The complete nonlinear equations of convection in frames of the Boussinesq approximation [3] for both fluids have the following form:
+ (vi • V)V l = - Vpi + V 2 V l + GT17,
1

+ v 1 .V7\ = -iv 2 2\,
(v 2 • V) v 2 = -PVP2 + l-V2v2 +

(1)

|

1

^

=- v ^ ,

(2)

V • v 2 = 0.

Here G — g(3i<da\jv\ is the Grashof number (g is the gravity acceleration), P — 1^1/Xi [S
the Prandtl number, 7 is the unit vector directed vertically upward. The conditions on
the isothermic rigid boundaries are:
z = 1 : V l = 0; 7\ = 0;

(3)

z = -a : v 2 = 0; T2 = 1.

(4)

The boundary conditions on the interface 2 = 0 include conditions for the tangential
stresses:

ff,0,
P ox
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(5)

, = 0: • & * - £ * - ! £ « • =0,
az

az

P ay

(6)
v

'

continuity of the velocity field:
z = 0 : Vi = v 2 ,

(7)

= 0 : Tx = r 2 ,

(8)

continuity of the temperature field:
z

and continuity of the heat flux normal components:

,

= 0:

« i - « k = 0.

(9)

Here Af = ctQai/i/iXi is the Marangoni number.

3 Nonlinear simulations.
The boundary value problem ( 1) - ( 9 ) is solved by the finite difference method
(for details, see [3]). Equations and boundary conditions are approximated on a uniform
mesh using a second order approximation for the spatial coordinates. The integration of
evolution equations is performed by means of an explicit scheme. We used a rectangular
mesh 28 x 56.
Let us consider now the convective motions in the closed cavity with well conducting
lateral walls. As it could be expected, in the case a = 1 only stationary motions were
found.
In the case a = 1.8, both stationary and oscillatory motions were found. If the
thermocapillary effect is negligible, the convection takes place mainly in the lower layer.
There exist two different stable stationary motions with different directions
of vortices' rotation: structure A with an upward motion in the middle of the lower layer,
and structure B with a downward motion in the middle of the lower layer.
In the presence of the thermocapillary effect, an oscillatory motion can appear.
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