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FOREWORD
The TRACER 3 Conference is a continuation offormer TRACER
998) and
TRACER 2 2001) Conferences organized by CNRS - Nancy in France. The objective
of this 3rd Conference is presentation of different aspects of tracer method applications and development of tracer method methodology. The new field of activity
presented on Conference was application of stable isotopes as natural tracers for
investigations of environmental processes. The Conference gave the possibility for
scientific information exchange between specialists ftom different fields of activity
such as chemical engineering, chemistry, bioengineering, environment engineering,
hydrology, civil engineering, etallurgy, etc.
The presentations were divided into groups covering the principalitems of Conference:
A. FUNDAMENTAL DEVELOPMENT
• R7D and tracer methodology
• RTDmethodologyandComputationalFluidDynamics(CFD)
• New tracersand detectors
B. INDUSTRIA L A PPLICATIONS
• Environment
• Geology, hydrogeology and oilfield applications
• Civil engineering,mineral engineeringand metallurgy applications
• Food engineeringand bio-engineering
• Materialengineering
• Chemical engineering
The programme of TRACER 3 Conference included 5 planary lectures, oral presentations andposters.
The Organizing Committee wish to express the thanks to all people who collaborated on the stage of Conference peparing, especially the members of Scientific
Committee, and to all the participantsfortheir intention to attend the Conference.

Jacek Palige, Ph.D.
Chairman of the Organizing Committee
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A.
FUNDAMENTAL DEVELOPMENT

RTD AND TRACER
METHODOLOGY

APPLICATION OF TEST REACTIONS TO STUDY MIXING ON THE
MOLECULAR SCALE
Jerzy Baldyga
Faculty of Chemical and Process Engineering, Warsaw University of Technology, Poland
Abstract: Test reactions are designed and applied in experiments to evaluate the quantitative
predictions of models claiming to describe mixing effects o the course of chemical reactions.
In the presentation criteria for test reactions are listed, examples of test reactions are given,
and results of model verifications by using test reactions are presented.
1.

INTRODUCTION

Nfixing processes are performed to distribute one material in another and homogenize
the mixture. When mixed species react and the reactions are fast comparing to mixing, mixing
retards chemical reactions and affects this way poduct distribution of many complex
chemical reactions. This effect as important practical iplications, as many desirable
products such as pharmaceutical intermediates, agrochen&als and many other fine chemical
are accompanied by side reactions producing undesired by-products. To predict, control and
optimize mixing effects on chemical reactions one can apply so called micromixing odels
often combined with CFD. To evaluate predictions of models claiming to describe reactive
mixing one can employ specially designed mixing sensitive test reactions 1].
2.

TEST REACTIONS - CRITERIA AND EXAMPLES

The characteristic time constants for chemical reactions and various stages of the
complex mixing process can be defined and applied to classify reactions [1]. The test
reactions should be fast relative to mixing, so that te time constants of chemical reactions are
either smaller or of comparable magnitude as the time constants for mixing. 'Be stages of
mixing that are faster than chemical reactions can not be tested by using them. Fast multiple
reactions are the best to be employed as test reactions, because in their case the product
distribution stores the mixing history in addition to observed effects of mixing on conversion
as a function of distance (extend of the reaction zone) or time. When the test reactions are
designed one needs to know exact kinetics, accurate quantitative analysis of reactants and
products should be possible and the reagents, products etc. should be screened for toxicity,
disposability, and fire and explosion hazards 1]. Good examples of such reactions are:
diazo-coupling between 1-naphtol and diazotized sulphanitic acid 2],
simultaneous diazo coupling between 1 and 2-naphthols and diazotized
sulphanific acid 3],
competitive neutralization of hydrochloric acid and alkaline hydrolysis of
monochloroacetate esters 4], [5], 6], 17],
iodate/iodine reaction with neutralization [8],
acetal hydrolysis with simultaneous neutralization 9].
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3.

APPLICATION OF TEST REACTIONS
Ile test reactions presented above have been used with success to identify many
specific mixing effects, including:
separation of micromixing effect from effects of macro- and mesomixig,
simultaneous effects of macro-, meso- and micromixing,
effects of operation mode;
effects of residence and feed time,
effects of energy input,
effects of the scale of the system,
effects of reactant concentrations,
effects of medium viscosity,
effects of feed pipe positions,
effects of backmixing to the.feed pipe.

Application of test reactions verification of mixing models by comparing predicted and
observed effects of mixing; examples illustrating such procedure are given in presentation.
CONCLUSIONS
It has been shown that the test reactions can be used for direct: characterization of mixing
processes as well as for verification of mixing models.
References
[1]
[2]
[3]
[4]
[5]
[6]

[7]
[8]
[9]

Baldyga J. and Bourne J.R.: Turbulent mixing and chemical reactions. Chichester,
Wiley, 1999).
Bourne J. R., Moergeli U. and Rys P: Mixing and fast chemical reaction: Influence of
viscosity on product distribution, 2 Europ. Couf ixing, BHRA, Cranfield, 41 1977).
Bourne J. R., Kut 0. M. and Lenzaer J.: An improved system to investigate
micromixing in high-intensity mixers, Ind. Eng. Chem. Res., 31, 949, 1992)
Baldyga J. and Bourne J. R.: The effect of micromixing on parallel reactions, Chem
Eng. Sci., 45, 907 1990).
Bourne J. R. and Yu S.: Investigation of micronizing in stirred tank reactors using
parallel reactions, Ind. Eng. Chem. Res., ) 3, 41 1994).
Ro:kefi A.: Investigation of micromixing in very viscous liquids, PhD Thesis, Warsaw
University of Technology, Warsaw; 1995), Baldyga J., Ro;kefi A. and Mostert F.: A
model of laminar micromixing with application to parallel chemical reactions, Chem
Eng. J. 69 7 1998).
Baldyga J., Makowski L.: CD modelling of mixing effects on the course of parallel
chemical reactions carried out in a stirred tank, Chem. Eng. Technol. 2004).
Villermaux J. Falk L. Fournier M. C. and Detrez C.: Use of parallel competing reactions
to characterize micromixing efficiency, AlChE Symp. Ser. 88, No. 286 6 1992).
Baldyga J., Bourne J. R., Walker B.: Nonisothermal micromix:ing in turbulent liquidtheory and experiment, Can. J Chem. Eng. 76, 641 1998).
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APPLICATION OF QMOM TO SIMULATE TRANSIENT TRACER
AND CRYSTAL SIZE DISTRIBUTIONS
Jerzy BaIdyga and Wojciech Orciuch
Faculty of Chemical and Process Engineering, Warsaw University of Technology, Poland
Abstract: Application of the Quadrature Method of Moments (QMOM) for simulation of the
transient tracer and crystal size distributions is presented in this work. Transient tracer
distributions are considered in the case of liquid-liquid dispersions when tracer distribution
indicates extend of mixing in the coalescence-redispersion process. The QMOM is applied as
well for simulation of particle size distribution in complex precipitation process including
particle nucleation, growth, aggregation and breakage.
1. INTRODUCTION
Interpretation of the results of the tracer experiments is often based on the solution of
related population balance equations. A well known example here is the concept of residence
time distribution; its relation to the population balance equation is discussed for example by
Randolph and Larson [1]. Solution of the population balance equation in complex system is
difficult and time consuming, and for this reason the moment transformation of the population
balance equation is often used. However, te averaging process applied in moment
transformation creates several new terms and the system of balance equations becomes
unclosed.
A general procedure which allows to close the population balance moment equations
was proposed by McGraw 2]. The procedure was used to predict size distribution of growing
aerosol particles using several Dirac functions; k-th order moment of the density distribution
f (L) was defined in this method as follows:
k

fL` f (L) dL = Yv

j'wj

where L represents a particle size, N defines number of Dirac functions used to simulate the
distribution, abscissas Li describe particle sizes represented by Dirac functions . (L - Li) and
weights wi describe particle number concentrations represented by these Dirac functions.
McGraw's work was extended by Barret and Webb 31 who considered also aggregation
(coagulation) of the particles.
The main problem in modeling of this kind is to find the quadrature weights i and
abscissas Li in moment equations. McGraw 21 and Barret and Webb 31 considered Laguerre
quadrature, associated Laguerre quadrature and the QMOM. QMOM was found to be most
exact one of these methods. This method was considered also by Marchisio at al. 4 in
modeling of aggregation-breakage
processes. Similar procedure named General
Approximation (GA) was proposed by Piskunov and Golubev [5] and used by Baldyga,
Jasifiska and Orciuch 6] to model aggregation. Baldyga and Orciuch 7] have found that both
methods, QMOM and GA, give identical results and require similar computation time.
2. APPLICATION OF QMOM IN MODELING OF TRANSIENT TRACER DISTRIBUTIONS
In this section we considered the liquid-liquid dispersion operation where one liquid is
dispersed in the second, continuous one in the form of droplets. Mass exchange between
droplets proceeds by the coalescence-redispersion process. In what follows we consider the
well mixed on macroscale stirred tank. Let the dispersed phase consists of equal size drops
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and let the drops be characterized by the tracer concentration in ach droplet. Initially several
droplets contain the tracer of initial concentration co, the other are tracer free. Only binary
collisions are considered and immediate c oalescence-redispersion process is assumed with the
frequency given by an adequate collision kernel 8. The droplets are assumed to have the same
size. The same procedure can be used to simulate micromixing process in homogeneous
systems when PDF methods are applied.
The population balance of equal-size drops (fluid elements) with tracer concentration as
an internal coordinate can be presented as follows:
an (c'l) - k, a[c'n(cl)] -n (c, t) m, 26 fn (c - a, t) n (c + a, t) d a
(2)
at
c9c
0
where c denotes the tracer concentration, n drop distribution with a single internal coordinate
c, second term on the .h.s. of eq.(2) describes changes of the tracer concentration due to
chemical reaction with reaction rate constant k, coalescence and redispersion events are
described respectively by the first and the second term on the r.h.s. of eq.(2), denotes the
coalescence-redispersion kernel and mo represents the number concentration of drops which is
equal to zeroth order moment of the distribution n. In this work non-reactive tracer mixing is
considered and in this case the moment transformation of the population balance 2) reads:
dmk Q)Z'_ W+R,(t)
(3)
dt
where

C

(t

=

Ck

6 n (c, t) m,) de

(4)

0
2,8fn(c-at)n(c+at)da dc=2,6 fCk fn(c-at)n(c+at)dadc (5)
0
0
0 0
Eq.(5) can be transformed introducing new variables it = c - a and z 2 - u
.0 .0
R, (t = 2 fCk fn (u, t) n (2c - u, t) du de
(6)
1) 0
which, after changing integration order gives:
Rk (t

= fc k

It

6 fn (u, t) f n (z, t)
dz du
(7)
0
0
2
Substituting now the set of Dirac-delta functions defined by their abscissas and weights to eqs
(4) and 7) one gets the moment equation which can be solved using the QMOM:
Rk

N

Ck (t = 8 M11
N

N

Ci'Wi

(8)
k

61 W, Y .C' + Cj W
(9)
2
J=1
where c (and cj) are taken as the abscissas instead of Li in eq.(l). Simulations presented in
this work were performed using moments (from Oth to 7th), which allowed to consider 4pick distribution (N = 4 History of mixing of two initially segregated solutions was
simulated. One of the solutions contained tracer of initial concentration co = 1. The
normalized distribution (mo = 1) was simulated assuming constant coalescence-redispersion
kernel = 10-7 S-1. Calculations were performed for two different volume fractions of tracer
solutionf, equal to 0.5 and 0 I respectively.
Evolution of abscissas ci and weights wi for two values off, are presented in Figure
One can see that the abscissas do not converge completely to the average values given byfv.
Rk (t

=
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However, the abscissas which do not reach the
distribution (its weights are extremely small).
The QMOM should be completed by
reconstruction from the moments. One of such
Orciuch [81 who applied "statistically most likely"
n (x =

average, represent very minor part of the
an effective procedure for distribution
procedure was proposed by Baldyga and
distribution

exp

Aix'
i=O
Using M moments from mo to mAj I one can find M coefficients A, (AO, A ,
following set of equations:
Iti-I
fx k exp
Aixi
fork= 0, 1,
M-1
0
( i=O
Results of the reconstruction are given in Figure 2.
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3. APPLICATION OF QMOM IN MODELING OF PRECIPITATION PROCESS
We consider now the complex crystallization process including particle nucleation,
growth, aggregation and breakage, carried out in the batch reactor. As a test reaction an ionic
precipitation of the type A+ B - P was chosen with mean initial reactant concentrations
CAO = CBO = 0. I M. The initial particle size distribution was uniform with lower limit at
1.00X 1 0-8 in and upper limit at 171 x 10-8 m and the initial particle number concentration
equal to m = IX1010 M-3 . Eight moments of particle size distribution were considered using
general moment equation for the batch reactor:
dmk (t)
= tMick (t) + tg,,,,k (t) +Bggk (t) - D.,,,,k Q) + B,,l Q)
Dl,,,l Q) for k = 0, 1,
7 12)
dt
The terms on the r.h.s of eq.(12) were calculated applying QMOM and adequate kinetics for
nucleation (term t ...... ), crystal growth (ten-n tg,,,,k ), aggregation (terms Bgk- D,,g,,,k ) and
breakage (terms B,,,,, - D,,,k respectively.
Nucleation. It was assumed that nuclei which appeared in the system had the log-normal size
distribution with the geometric mean L = 1.00x 10-8 and related variance CT2 = 02 k-th
moment of this distribution reads:
= Lk _(k 2Cr2
Mlogk
exp
2
(13)
and therefore the nucleation term in eq.( 2) can be written as
L ke
(k 20r2 )
tnuck(t = RN
xp
2)
(14)
RNin eq.(14) represents nucleation rate and is calculated using classical equations for primary
nucleation which for the case of considered test precipitation takes the form:
R =R

axhe

ep

+ RI),ax

-Ahe

In2

FCACBIK,S

-Aho
ho

exp

In2cc. IK ,S

(15)

where the first and second term on r.h.s. of eq.(15) describe heterogeneous and homogeneous
nucleation rates respectively andCAandCBare current reactant concentrations. The constants
in eq.(15) read: KS=10-"M',
108 M-3 s-1, Ahe =I
R , = 1030 M-1 s-' and
= 3000. In the description of the nucleation rate the QMOM does not need to be applied.
Crystal growth rate is defined by
Ah

G

dL

(16)

dt
where L represents particle size. Size dependent growth rate is considered in simulations:
GW

=Go -(I+ a)

(17)

with a = 105 m-1 and Go was calculated solving two-step crystal growth model which in the
case of the second order integration reads:
2

Go = k,
10-2 M S I M-2

10-4

with k =
and kD =
m s1 M-'representing surface integration rate constant
and crystal growth coefficient respectively.

Crystal growth term in eq.(12) was calculate&using the QMOM:
N

W = k f L' n (L, t) G (c,, B, Li) dL = k >, Li'wG (CA, cl, L
(I 9)
0
j=1
Aggregation functions for birth and death terms in eq.(12) have the following general form
i
3 A3 )113
Bligg.k W
- f n (A., ) f 6 (A, A) (A
(A, t) dAdA
(20)
2
0
lgrok

L,gg.k

()

f L' n (L, O f6 (L, A) n Alt) dA dL

(21)

where A'= L-' _ 3 After applying the QMOM, the eqs 20) and 2 1) take the form:
N N
3
3k13
k13
k13
Bgg.k DggA =-11[(Li
L1
LI -L.1
]Y(LiLi) 141114'1
2 i= =1
Simulations were performed using perikinetic (Brownian) aggregation kernel

(22)

2 kHT I
3
L,

(23))

I
L

(Li

Lj

'Where kB = 1.38x 023 J K1 represents the Boltzman constant, temperature T= 293 K and
fluid viscosity = 03 Pa s.
The birth and death functions for breakage in the moment eqs.(12) read:
x
Bl,,,,k (t)
f L f (A) b (L IA) n (A, t) dA dL
(24)
0 0
Db,.-k (t)

F (L) n (L, t) dL

(25)

0

where

represents a breakage kernel that in our simulations it is described by the power law
r (L)

=r

(LI)"

(26)

withro = 1031 S-1 M-6 and
= 2 b in eq.(24) describes the fragment distribution. In what
follows the symmetric breakage distribution is applied:
A
2 forL=
b (L IA) =
21 /3
(27)
0 otherwise
After applying the QMOM into eqs 24) and 25) one gets:
N
Bl,,.k (t)

Df,,.k

W

k

F Li) w, [(Li, k) - Li

(28)

where the mean fragment distribution for k-th moment read..
3-k

b (Li, k)

f eb (L ILJ dL = L' 2

3

(29)

Material balance for the reactants depends on nucleation and crystal growth rates and reads:
dcl
dt

'OP
A1 P

I
2 g

O 0)

Results of sirmilations are shown in Figure 3 where the evolutions of abscissas Li and
weights wi of four-node distribution predicted by QMOM are presented. Variations of the
mean particle size i time are given as well.

9

1XIU1 IM

1XIO"
abscissas Li I m

8X 06 -

8X10'6 -

4XI 0,6

_

M

6X Io-,,

0XI00
I XI , 1XI011 -

Weights

,

41 0 -

[ #/M3

20 0 -6 -

1X1011X109
1X'^1

OX100
X

Fig.3.

4

1X10-3

1X10-2

1XIO-1 01 I

0

0.2

0.4

0.6

0.8 t1tp 1

Time evolutions of abscissas Li and weights wi (on the left) and variation of mean
particle size L30 and L43 (on the right).

CONCLUSIONS

The method of moments supplemented either by the QMOM or GA method and the
distribution reconstruction method are shown to be effective and useful tool to follow
transient distributions in such processes that can be described using the population balance
equations.
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REACTIVE MI)CING IN STIRRED TANKS
Jerzy Baldyga and Lukasz Makowski
Faculty of Chemical ad Process Egineering, Warsaw University of Technology, Poland
Abstract: The test system of parallel chemical reactions (neutralization of sodium hydroxide
and hydrolysis of ethyl cliloroacetate) is applied to study nxing on the molecular scale in the
continuous flow and semibatch stirred tank reactors. Results of simulations with the model
based on the multiple-scale model of micromixing, the conditional moment closure and the
Beta distribution of nixing firaction that are linked to the CFD code and compared with
experimental data.
1.

INTRODUCTION

Reactive tracer experiments represent tools for characterizing processes carried out in
stirred tanks. The aim of this study is to identify the effects of mixing on the course of
parallel, homogeneous
emical reactions carried out in continuous-flow and single-feed
sernibatch stirred tank reactors. Mixing affects te course of homogeneous chemical reactions
when they are fast relative to mixing. This fact gives us the ability to influence te selectivity
of complex, homogeneous chemical reactions not only by chemical means but also by
intensity of agitation, reactor type ad mode of reactor feeding. The test reactions applied in
this study are the neutralization of sodium hydroxide by hydrochloric acid and the alkaline
hydrolysis of ethyl chloroacetate. In what follows effects of mixing on the course of parallel
chemical reactions are studied experimentally and predicted sin 9 CFD based mixing models.
2.

HYDRODYNAMICS

The reactor studied in tis work was a flat-bottom cylindrical vessel made of glass,
equipped with four baffles, and a Rushton type flat blade turbine. The height of te liquid, H,
was equal to the vessel diameter, T = 03 m. In the case of CSTR the reactor was fed
simultaneously by te sodium hydroxide solution and the premixture of hydrochloric acid and
ethyl chloroacetate through feed tubes of diameters of i.d. equal to 0.001 m. and 0003
respectively. In the case of SBR the reactor was fed only by the sodium hydroxide solution
through feed tube of diameters of i.d. equal to 0.001 m. The feeding pipes were located as
shown in Fig. 1, in the case 1, at the impeller disc level, at 180 degrees fom one another and
each at distance 009 m from the axis, in the case 2 base was fed close to the surface. Other
details of the reactor geometry are shown in Figure 1. 'Me vessel was placed inside a square
tank fled with water i order to minimize refraction at te cylindrical surface dring LDA
measurements and to secure isothermal conditions in the system (T = 293 K).
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Fig. 1. Schematic presentation of the stirred-tank reactor
Simulations of hydrodynamics were performed using the CFD code FLUENT, version 60.
During computations the k-, and the Reynolds Stress (RS) models were used. Numerical grid
consisted of about 500,000 computational cells. To validate CFD predictions the two-beam
Dantec LDA system was used. 'Me vessel was seeded with the polyamide seeding particles of
density equal to 030 kg/m and diameter equal to Am Comparison of experimental data
with the model predictions (Fig. 2 shows that predictions of the flow pattern with k-& and RS
model can be regarded as satisfactory. More detailed presentation of the model - experiment
comparison one can find in other authors! papers [1 2 The satisfactory agreement between
the predicted and measured results shows that both models, k-e and RS, can be used for
reactive ming at least to predict trends of effects of variation of model parameters. For the
reason of shorter computations time the k-&model was chosen to simulate reactive mixing.
--------------------- ---------------- ------------ ------------ ------- -----

L".p
. . . . . . . . . .

r/R

r/R

Fig. 2 Variation of the mean axial and radial velocity,
prediction with k-& model
-
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prediction with RS model

3.

REACTIVE MIXING EXPERIMENTS

The parallel chemical reactions employed to investigate te
ixing ects
in the
continuous flow and semibatch processes were the neutralization of sodium hydroxide (A) by
hydrochloric acid (13) and the alkaline hydrolysis of ethyl chloroacetate (C):
NaOH + HO -- LL--> NaC + H 0
(A)

(B)

(R)

NaOH+CH2C'COOC2H5

k,

CH2CICOONa + C2H50H

(A)
(C)
(SY
Experiments were carried out at T = 293 K with k2= 23 dm-3 mol s'. The first reaction was
interpreted as instantaneous with k, - oc.
In the case of CSTR feed concentrations of reactants were equal to:
• CA = I 00 Mol/M3, C130 =cc( = 20 Mol/M3
3

450 mol/rn ,CBO = CCO 9 M01/ni
Depending on mean residence time, c, the volume flow rates of reactant solutions QAand QBc
varied from 0021 to 00462 dm3/min and from 1039 to 231 dM3/Min respectively (the flow
rate ratio was kept constant). Experiments were carried out within 7 mean residence times'r,
with'r equals to 9 10, 12 and 20 minutes respectively.
In the case of SBR the stirred tank containing iitially VBC = 002079
of the
premixture of HCL (B) and H20COOC21-15 (C), each of concentration 40 Mol/M3 was sed
whilst the relative volume of NaOH solution added to the tank in a sernibatch manners (A,
CAO= 2000 Mol/M)
was equal to 2 of the tank capacity (VAO = 416 10 -4 m). Experiments
were carried out for the feed time tf equal to 68, 8, 10, 15 and 20 inutes respectively.
n both cases the feed tube of diameter of i.d. equal to 0.001 m was used to exclude
backmixing. The measurements were arried out for te rotational stiffer speed in the range
106 rpm N 214 rpm. In order to calculate the final selectivity of parallel reactions, Xs:
•

CM=

Xs

= cco)

(c.)

(1)

(CAO )

the concentration of ethyl chloroacetate was measured before and after experiments
chromatographically (HPLC). (c,)in eq. (1) represents the final ester concentration in the
tank after the process (SBR) or te outlet concentrations (CSTR). It is important to note that
Xs represents a relative aount of the substrate A converted into the byproduct S.
4.

CFD BASED MODEL FOR REACTIVE MIXING

The system of test reactions consists of the instantaneous and fast chemical reactions,
which calls for application of the micromix g model. In the paper the non-equilibrium,
multiple-time scale micromixing model is applied 3].
'he model considers relaxation effects
of the concentration variance spectrum and includes mixing in the inertial-convective,
viscous-convective and viscous-diffusive subranges of te spectrum, which means that effects
of molecular viscosity and diflusivity on the rate of turbulent ixing are included in the
model.
The reaction progress is simulated by using the set of Reynolds averaged differential balance
equations for reactive species:

a(ci
at

j)

ax

axi

(D.1 + DT)

axi

+(ri)

(2)
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The balances equations 2 are unclosed, because the averaging procedure creates new
variables (ri). To express averaged reactions rate of non-linear kinetics in terms of other
dependent variables and reduce the number of unknowns, a single con it
closure based on linear interpolation of local instantaneous concentration values is applied.
The reactant concentrations are expressed by means of the mixture fraction, whereas the
distribution of the ixture fractions f is approximated by the Beta PDF with parameters
calculated from the micromixing model 3] by using the User Defined Functions (UDFs of
Fluent 6.
r2)=k,CC

=kfc,(f)c,(f)(D(f)df

(3)

0

5.

RESULTS

Figures 3 and 4 show comparison of experimental data with model predictions for both
reactors, CSTR and SBR. It is clearly seen from Figure 3 that increase of the residence time
decreases production of the byproduct and thus decreases Xs. We can see also that the lower
initial concentrations yields lower selectivity. Next conclusion comes from comparison results
obtained for different feeding points. Selectivity is lower for feeding point near impeller. AU
these tendencies are well predicted by the model. The next figure compares experimental
results and model predictions obtained in SBR and CSTR. Amount of products obtained in
the CSTR is larger than in SBR for the same feed concentrations, Effect of the changing
operation mode is also well predicted by the model.
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Figure 3. Influence of the mean residence
time, T, on Xs in C STR_
CBO = co = 20 mol/m3, cAo = 1000 mol/m
and
CBO = CCO
9 mol/m, cAo = 450 mol/m

0.08

0.12

[MI/SI]

Figure 4. Influence of the energy
dissipation, c, on the selectivity, Xs,
observed in the continuous-flow stirred
tank reactor and the semibatch stirred tank
reactor;,r tf = 10 min;
CBO = cco
20 Mol 1f3l; CA = I 00 Ml M-3

Figures 5 6 and 7 show examples of computer visualization of reaction plumes
obtained with presented model. The reaction zone here is equivalent to the zone of basic
solution A>10-7rno1/dm). Figure shows increasing of the reaction zone ith time in the
sernibatch process. The reaction zone is localised very close to the feeding point at early
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stages of the process and spreads-out towards te end of the process. Figures 6 shows that
increasing agitation speed decreases size of reaction zone. Tis effect is connected with
decreasing effects of the viscous-convective and viscous-diffiisive mixing. Increasing reactant
concentrations but keeping constants stechiometric ratio results in increase of the reaction
zone (Fig. 7 thus con be explained by increasing of the reaction time with decreasing
concentration at identical mxing conditions-The size of reaction zone is well correlated with
the reaction selectivity.
A

A

BC

A

BC

BC

a)
b)
Figure 5. Visualization of the reaction plume observed in the sernibatch stirred tank reactor:
N = 214 rpm t = min, CBO cc = 40 mol/m3, CA = 2000 mol/in3
a) after 48 s,
b) after 240 s,
c) after 480 s.
A

B'C

BC

a)

b)

Figure 6 Visualization of the reaction plume observed in the sernibatch stirred tank reactor:
3
2000 mol/m.3
tr = 68 min, CBO = cco = 40 mol/m , CAO
a) N 174 rpm
b) N = 214 rpm.
A

A

B'C

BC

a)

b)

Figure 7 Visualization of the reaction plume observed in the semibatch stirred tank reactor:
tf = 15 min, N = 106 rpm
a) CBO = cco = 40 Mol/M3' CAO = 2000 mol/m3,
b) CBO = eco = 20 Mol/M3, CAO = 1000 Mol/M3.
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6.

CONCLUSIONS

It has been shown in this paper that the model based on the non-equilibrium model of
micromixing, the conditional moment closure and the Beta distributions of the mixture
fraction well predict of trends observed in experiments including:
• effects of operation mode (CSTR and SBR),
• effects of residence and feed times,
• effects of stirrer speed,
• effects of feed concentrations,
• effects of the feed pipe position.
One can also concluded that the test system of parallel reactions represents a good tool to
study mixing on the molecular scale in stirred tanks.
Nomenclature
C,
D.

concentration of substance a
molecular diffusivity
DT
turbulent dffusmty
f
dimensionless concentration of nonreacting tracer
k
kinetic energy of turbulence
ki, k second order rate constants
(Uj) local average value of velocity component
Xs product distribution
6
local average value of the rate of energy dissipation per unit mass
(s) average rate of energy dissipation in the tank
V
a

kinematic viscosity
feed discretization
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Abstract: Tracer techniques are well established methods in investigations of flow process
dynamics. The concept of experimental evaluation of Residence Time Distribution (RTD is
widely utilized. There exist advanced methods of RTD function analysis. All the methods
assume the constant flow rate in the system. In this work we aim to determine the flo",
parameters for a process under variable flow rate using ordinary tracer data. The experimental
study analyzed as an illustration of the method is the tracer experiment carried out on a
laboratory system.
1. INTRODUCTION
The principle of a tracer experiment consists in a common impulse-response ethod:
injection of a tracer at the inlet of a system and recording the concentration-time curve a, the
outlet. The obtained residence time distribution function (RTD) together with values of
constant flow rate and volume yields several physical parameters: mean residence time
(MRT), mixing intensity etc. An important relation between flow characteristics
--constant. volurnetric flow rate, V- effective volume of te system) and the first momentu of
the residence time distribution, mean residence time MRT),c is:
V
Q
More parameters of the flow kinetics can be extracted through modeling of the experimental
RTD curve. The residence time distribution (RTD) concept has been described in a multitude
of scientific papers I].
In more general case, the flow rate and volume of the process are variable. A method of
overcoming problems caused by variable process parameters was presented by Nierni 2' By
introducing a new integrated variable - z", the flow, volume and time were removed from
the model, e.g. the time variable RTD was substituted by a residence distribution - constant
parameter function of "z". The "z" variable should be distinguished from that of the zTransfon-n. If the flow rate changes dynamically while the liquid volume is; constant, "Z"
obtains the following form (V volume, Q flow rate):
Z

'fQ(,)d,,
(2)
V 0
The flow rate has to be measured continuously or sampled frequently enough dring a tracer
test, a sequence of "z" values calculated numerically so that the tracer response could be
expressed and stored in the form of dimensionless RTD function p(z) 3 ]. This change of te
independent variable applies correctly to flow models like those of the perfect mixer, plug
flow, dispersion flow and their combination, including re-circulation. The z variable domain
requires sampling the inlet and outlet signals at constant increments of z, e.g. at variable
intervals of time or producing regularly-spaced sequences in z by interpolation 2].
The flow models can be expressed as a function of dimensionless time (the atio of the
running time to mean residence time) 41 or brought to the preferable form in z-transform
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domain [51 with constant parameter value OTlr (-c mean residence time, T sampling time)
where c=V1Q.
This makes:
T
I
0
-QT = const.
(3)
V
The condition 3) was written in a form that is obviously similar to equation 2).
We suggest the following method of overcoming Q (or V) variations (assuming the system is
linear): in order to keep constant value of the parameter the sampling time T should be
adapted to flow rate Q (or volume V) changes e.g. proportional to U (or P). The modulation
of T value during the experiment is not a simple task. Common data acquisition systems offer
discrete, constant sampling time values. The problem would be more complex if we had RTD
sampled at regular time intervals and yet recorded considerable Q (or V) fluctuations. This is
a frequent case in industrial radiotracer tests. However, thanks to Digital Signal Processing
tools (Matlabo/Simulink "FIR Interpolation" block) it is possible to resample original tracer
data to any sampling rate required. If we considerable increase sampling frequency, it will be
possible then to re-sample data even with the variable rate according to Q (or V) variations.
2 TRACER EXPERIMENTS
2.1. Tracer experiments for steady flow
The tracer experiment was carried out on a laboratory system. A cylindrical vessel with
diameter of cm and length of I in in which fine polyethylene particles (typically of 2 mm
diameter) are stored, creates the flow system. The polyethylene balls occupy 39% of the entire
volume of the column. Computer controlled pump generates water flow from the bottom of
the column to the top. Liquid dyes were used as the tracer. Two photo-detectors, located at the
input and the output were measuring concentration of the tracer.
At first step the tracer measurements under constant flow rate were performed. Three different
flow rates were chosen (I L/min 2 L/min 3 Urnin). The acquired data shows Figure . Since
the input signal is obviously not a Dirac pulse, the de-convolution technique was utilized in
order to determine RTD functions. The RTD functions are shown in Figure 2.
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Fig. 1. Raw data acquired during the tracer test. Sampling time 02
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Fig. 2 RTD functions for three different flow rates.
2.1. Tracer experiments for variable flow
As the second step, the tracer measurements under variable flow rate were carried out.
The pump reinforced water flow with required inean flow rate, amplitude and the period. In
Figure 3 the function of the flow rate versus time is shown (mean flow rate 2 L/min.
amplitude I L/min, period 6 s). Figure 4 in turn, shows the raw data acquired under variable
flow. It can be seen that the shape of the tracer response is different to that in Figure I.
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Fig. 3 Flow rate changes during the tracer test. Sampling time I s.
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Fig. 4 The tracer data acquired under variable flow rate. Sampling time 02 s.
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3. DECOMPOSITION OF TRACER DATA
In order to increase the sampling rate we insert zero-valued samples between original
samples. This is called "upsampling". The next step is to create "in-between" samples from
the original samples. This is done by digital filtering with the aim of removing undesired
spectral images added by the upsampling process, so called "interpolation". The result is as
we had sampled the original signal at the higher rate. It has to be mentioned that we should
obey Nyquist law when filtering upsampled signal e.g. specifying cutoff frequency f,,,,ff that
must satisfy:
< f-P
2*N

(4)

where:
fip - upsampled signal rate,
N - interpolation factor.
The above becomes clear if we notice that the spectral image of the original signal should be
kept unchanged. There are also several DSP properties worth to mention. The digital finite
impulse response filter FIR used for interpolation, creates time delayed and rescaled (by a
factor UN) samples. We have to shift the data and multiply each sample by N in order to
create the signal. The errors generated by the interpolation seem to be at least an order of
magnitude lower then measuring errors, then negligible.
The condition 3) for constant volume and variable flow rate yields:
TQ = const.

(5)

As said before we need to resample data with the variable rate according to flow rate
variations. At first the oiginal data were upsampled and interpolated in a DSP sense: tracer
data by a factor 20 and the flow rate data by a factor I 0. Then, the new sampling rate was
0,01 s for both signals. Next, the variable sampling time as a function of variable flow rate
was calculated.
T, (Q1 = Ql
Ql

(6)

where:
T" Q - constant sampling time and flow rate,
T, Q - variable sampling time and flow rate.
For example, to obtain RTD for a constant flow rate 2 L/min, we put Q,=2 L/min and T, =0,2
s A software procedure calculates variable sampling time T, according to the actual value of
Q, and chooses the appropriate samples of tracer data. The result of such data treatment is
shown in Figure 6.
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Fig. 6 Tracer data from Figure 4 decomposed into three sets of data for different flow rates:
I L/min 2 L/min and 3 L/min.
Again, the de-convolved data from Figure 6 formed RTD functions for different constant flow
rates. These are shown in Figure 7 together with RTDs from the separate, constant flow rate
measurements described earlier in this paper. Corresponding RTD functions perfectly match
each other. This assures either the applicability of the proposed method or linearity of the
investigated flow system.
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Fig. 7 RTD functions under steady state conditions and RTDs decomposed from a single
tracer response under flow rate variations (dashed).
4 CONCLUSIONS
Tracers are used either in industry or laboratory environment in order to optimize flow
systems as the method is the only one that allows simple on-line measurements of the fow
systems. By means of a tracer test, such parameters as mean residence time (MRT), mixing
intensity,

flow

rate and separation

coefficients

may be determined.

In this work we

determined the flow parameters for an unsteady state process, under assumption te
linear e.g. the flow pattern is not affected by the changes of the flow rate.

3

system is

The experimental study analyzed as an illustration of the method is the tracer experiment
carried out on a laboratory system. The pilot system described enabled computer controlled
variations of flow rates. All necessary process variables were measured on-line. The RTD's
obtained from the experimental data are almost identical under constant and varying flow.
The method presented may find a full scale application since relevant parameters - the flow
rate and volume are usually measured in industry. Furthermore, the data from classical tracer
tests may be re-interpreted.
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Abstract
The vast majority of sstems involved i prodLiCtiOll of energgy. materials. chemicals. food.
phariliaCeLlticals. petrochemicals nd ill enviroi .imental rerriediation invoke more than One please.
Most freqUently tese sstems are opaqLIC elther dLIC to te high concentration ofthe dispersed phase
Or ClUe to te metalic wails confining te system. Understanding te please distribution ad
1111.11tiphase flow dynamics and inixin i such systerns is vital t SCale-Up, design and optimization of
performance.
Validation of proposed low models is diffiCUlt clue to te liability of conventional teellillciLies based
oil optical inearis to provide information o phase holdup nd velocity distribUtiOll. Iadioactl\le
isotope based techrilqUes ae
qUel) Useftil ill providing sich information i a varictN
f equipment
scale.
Ill this presentation w briefl%, revic\N te traditional Use ofradioactive tclllli(]Lles ill detecting phase
separation or Overall avera-c holdtip ofa please by pilima ra densitometry, and ill obtaining a
measure of overall flow pattern via illlpl.lke reSpOllSe tracer techniques. Both ganirria ry I
densitoriletrv and adioactive tracing rerrialn important tools ill ti-OUbleshooting nd routille
measurements and improvements ill data acquisition. processliig and interpretatiolls are rl-00ill(
This is the dornaln of Use ofradloactive techniqUes ill industrial pactice.
Oi te esearch side, it is increasliigly apparent that radioactive techiii1ques offer a UiqUe OpOrtl_llllt,
Lo oather qLiallo, data needed for validation of computational fluld dynamic codes (Ci-D) Tese
codes contalil Uncertain ClOSUreS or nterphase morrieritUrri exchange ad tUrbi-ilence, and validatio is
essential for establishing te trUStWorthiness of te codes' pedictions. Once tis is dolle, CFD cal be
Used to predict the parameters of simpler, physically based, models for 1111.11tipliase eactors. SLICII
models have hen a excellent ability to pedict tracer esponses and reactor performance. The Use Of
computer assisted single radioactive particle tracking (CARPT) and garrima ay COMPLIter tonlooraphy
(CT) i validating CFD models fr bubble C11,111111S. lqUid-solid and as-solid risers and stirred tanks
a I-C
strated in this presentatl(Il.
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THE NON-STATIONARY TWO-PHASE FLOW EVALUATION BY
RADIOISOTOPES
Leszek Petrykal, Marcin Zychl, Radoslaw Murzyn'
'Faculty of Physics

Nuclear Techniques, AGH University ofScience & Technology,
Krakow, Poland

Abstract: Two-phase flows, especially those commonly applied during hydraulic exploitation
of the minerals, are often characterized by presence of serious variations of density. The
adequate control of such a system produces high discrepancy of the mixture velocity. These
flows cannot be examined by a traditional impulse injection of a tracer. There was proposed
the solution to these difficulties, based on the application of the seated sources and the
measuring methods calibrated by radiotracers,.
The paper brings the results of the full scale test in a laboratory installation where the
stream of water is transporting upwards naturally dispersed nodules through 015 mm
vertical pipe. The specially designed equipment allows control of mixture density as well as
the measurement of the water and the particular nodules velocity. The obtained results
illustrate the capabilities of radiotracers and they will be applied in a different two-phase
flows, when both density and velocity of the components significantly vary during
observation.
1. INTRODUCTION
Although two-phase flows are commonly applied in industrial processes, there is still a
lack of their sufficiently accurate evaluation methods. In the case of stationary flows this gap
is often filled out with adoption of a single-phase flow meter calibrated by radiotracers In
practice there are some limitations of that method and looking for new solution becomes
justified. Especially, the evaluation of solid particles transported by water with possible low
velocity is very difficult. On the one hand, selecting of such conditions guarantee minimal
amount of energy spent for transportation, on the other, it demands continuous pump control
and protection of the installation from clogging. Moreover, this economically necessary range
of flow reveals high difference between water and a particular solid velocity. This
phenomena, called a "slip velocity", depends on the solid phase concentration and practically
eliminates application of traditional flow meters. Additionally, estimated manganese nodules
have size varying from
to 50 mm and concentration of solid phase in the transported
mixture may vary from 5% to above 80%. In consequence the hydraulic exploitation of
nodules should be facilitate by ontinuous examination of flow density and rate. The control
of pumps that force this flow bases on these information. Among different solutions,
application of two gamma-absorption gauges delivers information about concentration and
velocity of solid phase in the flow was proposed I].
The projected tool was tested and calibrated in a laboratory installation at the
University of Agriculture in Wroclaw, by the series of radiotracer experiments. These
experiments bring the opportunity to develop a new radioisotope method for the nonstationary flow analysis.
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2 THE LABORATORY EXPERIMENTS
The detailed investigation of nodules' transport conditions in a vertical pipe demanded
construction of a special hydraulic installation, where the stream of water was transporting
upwards te solid particles i the 0 150 mm plexiglass pipe. In the experiments the natural
nodules were replaced by the ceramic models resembled the same shape, density and surface
characteristics. As in the nature the typical density of solid particles was roughly equal to 20
Mg/M3.
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Fig. 1. The scheme of the measurement
The most interesting features of the flow was examined at the first 7 meters of the pipe by the
four scintillation probes measuring radiation emitted by tracer and the four gammaabsorption sets. A description of the solid particles dispersion and movement of both phases
was the task of experiment. Layout of the probes along the measuring distance is presented in
Fig.

.
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2.1. Application of the sealed sources
A detailed observation of the flow characteristics, especially the solid particles
distribution, concentration and velocity, was arranged by the equipment based on the sealed
gamma radiation sources and the scintillation detectors. The detailed geometry of the paired
gamma absorption equipment is shown in Fig. 2.

241

Am

Detector
Nal(TI)

.2
LL

-----------

Fig. 2 View of the photon transmission through the flow

Due to the application of the linear 24 'Am source, the central part of the pipe's cross-section
was continuously penetrated by 59 keV photons. Intensity of the radiation recorded by the
probes brings information about variation of the solid particles concentration in the flow. For
example, in the Run WRQ031 stochastically distributed solid particles were added to the
water stream in the horizontal pipe. Count rates submitted by each probe was sequentially
sampled every I ms. In the result each gamma-absorption set allowed recording photons
passed through particular cross-section. Consequently the probes no. I and 2 analysed the
cross-section located 3170 mm above the horizontal pipe. In the Run WRQ031 distribution of
the count rate delivered by these probes, after removing statistical fluctuations, is shown in
Fig. 3 This record allows location of the several groups of nodules in the stream of the
mixture.
Similarly, the set which is presented in Fig.2 makes it possible to determine the solid phase
velocity by means of the correlation analysis. The statistical evaluation of signals submitted
by each probe allows the elimination of high frequency noise and the low frequency variation
of flow density. Obtained ergodic signals, thanks to the filtration
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Fig. 3 The influence of the solid particles concentration on the photon transmission through
the flow

proposed by Petryka and Oszajec 2], allow to find out the most probable transportation delay
between each pair of the cross-sections by the cross-correlation distribution:

RA-y (r)

lim T-*-o

I

T

- f X (t)Y (t - T)dt

T0
where:
T
X
Y

-

delay,
time of observation,
first signal of the selected pair,
second signal of the selected pair.

In practice a sufficient time of observation (T) may be limited depending on statistical
properties of a flow. For example, during the experiment WRQ031 two times of observation
were selected:
T = 18 s,
T.2 = 180 s.

In the result both the short time variation and the mean transportation of solid fraction in the
flow were observed. The variation of nodules transportation in Run WRQ031 that is observed
in cross-sections lying in the distances of 3170 mm 1-2) and 5108 mm 3-4) above the
horizontal pipe is presentedmi Fig. 4 These figures allow observation bow particular groups,
of nodules were transported upwards by the stream of water and how they were influenced by

the hydrodynamic forces.
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2.2. The radiotracer measurements
Transportation of the particular phase, as well as the specific class of nodules, was
examined in the series of radiotracer experiments. For labeling the water and the different
grains, the 99"Tc acquired from the low activity Mo-Tc generator was used especially

willingly. Consequently, the series of such injections were applied for the examination of the
most typical nodules' transportation in the flow 3].

3. DESCREPTION OF THE FLOW
The detailed examination of gathering momentum by the solid particles in the
beginning part of the vertical pipe and the manner of transportation were arranged by
combination of both the scaled sources and the radiotracer measurements. An example of this
procedure's application to results obtained in the Run WRQ031 aows the accurate
determination of the most probable water and solid particles transportation in the vertical pipe
section between 2 and 7 meters from the beginning.
Moreover, the uncertainty of every transportation delay between each pair of probes were
obtained below I ms. In consequence, examination of the energy and the momentum transfer
between the liquid and the solid phases, as well as a conservation of the flow continuity, were
possible.
All these plotting, in conjunction with the velocity of coarse nodules (above 50 mm), may be
observed in Fig. .

4. CONCLUSIONS
In the proposed method based on the application of both the linear sealed sources and
the low activity radiotracer tests, due to signals processing and the cross-correlation analysis,
obtaining a transportation delay's uncertainty below 1% is possible. Moreover, the completed
tests proved that elimination of the low frequency variations from recorded signals allows the
examination of the unsteady flows with almost the same accuracy.
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Fig. 5. Comparison of the results obtained from the sealed sources and radiotiracer
measurements
The obtained results permit description of such phenomena as the slip velocity
phase in relation to the liquid one and the acceleration of solid particles in
beginning part of the vertical pipes, as well as determine their limitations. Due
proposed method may be applied to the analysis ad control of the similar
transporting non-stationary two-phase flows.

of the solid
the critical,
to that, the
installations

Acknowledgements
The authors gratefully acknowledge the financial support of the KBN - State
Committee for Scientific Research in Poland.
Moreover, the collection of the results presented above has been possible due to the help of
Prof J.Sobota and Dr. S.Boczarski team. We are also thankful to Dr. L.Furman and Mr.
A.Wierzbicki for preparing electronics, and we appreciate the contribution of Dr. S.Kalita,
Mr. R.Keblowski, Mr. A.Ochonski and Mr. A.Kupiec in the experiments conducted.
References
[1].

[2].
[3].

Sobota J., Boczarski S., Petryka L. [et al.] Slip velocity in nodules verticalflow-experimental results / // W: The proceedings of the fourth 2001) ISOPE
[International Society of Offshore and Polar En&eers] Ocean mining symposium
exploration and survey, environment, mining systems and technology, deep-ocean
water, ad processing Szczecin, September 23--27,2001 eds. Jin S. Chung, Valcana
Stoyanova ; ISOPE ; Interoceanmetal Joint Organization, Szczecin. --- Cupertino
ISOPE, 2001, --- S. 127--131
Petryka L., Oszajec J., The Cross-correlation Method of Solid Particle Velocity
Measurements in Industry, Nuclear Geophysics ol. 7 no. 21993), pp. 323 - 333
Furman L., Petryka L., Stqgowski Z., Wierzbicki A., Data acquisition andprocessing
in radiotracer experiments, Nuclear Inst. and Methods in Physics Research B 21
(2003), pp. 436-442.

39

RTD METHODOLOGY
AND
COMPUTATIONAL FLUID DYNAMICS
(CFD)

PLO500202
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Abstract: The present work is directed towards exploring the possibility of developing a
model for predicting the residence time distribution based on the actual flow and turbulence
fields present within the reactor. In view of this, experiments have been carried out to
characterize the mixing process in two different, equipments: jet mixer and stirred tank
reactor. CFD models have been developed to predict the mixing time and residence time
distribution in these equipments. In all the case, it is observed that the CFD predictions agree
well with the experimental measurements.
1. INTRODUCTION
Radiotracer techniques find numerous applications such as leak detection and
measurements of mixing time, flow rate and residence time distribution in industrial process
equipments. Radiotracer techniques have many advantages such as high detection sensitivity,
in-situ detection, availability of a wide range of compatible radiotracers for different phases,
rapid response, reliability and accuracy of results, etc. 'he quality of mixing may have a
considerable effect on the economy of different sub processes. The residence time
distribution helps in estimating the quality of mixing and also gives insight into the possible
system malfmctions such as channeling, bypassing, short-circuiting, existence of dead
volumes etc. Thus RTD measurements using radiotracer techniques provide a practical means
for studying the quality of mixing in pilot as well as full-scale industrial process equipment.
Conventionally, the RTD can be described by various models, for example, CSTR
with exchange volumes, CSTR with a dead zone, CSTR with a bypass, and so forth.
However these models contain many parameters like mean residence time, volume of te
dead zone, the exchange flow rate, the bypass flow rate, etc., that can be varied to fit the
experimental data. Many times it can also happen that the experimentally measured
residence time distribution data can be fitted with more than one type of model. In that case,
extracting reliable information becomes difficult. Moreover the models mentioned above do
not consider the flow field within the reactor, which results into non-ideal behavior in the first
place. Therefore, the aim of the present work was to explore the possibility of developing a
model for predicting the residence time distribution based on te actual flow and turbulence
fields present ithin the reactor, In view of this, i the present work, experiments have been
carried out to characterize the mixing process in two different equipments ie. a jet -mixer and
a stirred tank reactor. CFD models have been developed to predict the mixing time and
residence time distribution in these equipments.
2 EXPERIMENTAL AND CFD MODELING STRATEGY
In the case of jet mixer, experiments for mixing time measurements were conducted
in an acrylic flat bottom cylindrical tank of one 1.0 meter inner diameter, equipped with a
0.038
diameter axially downward jet. Process fluid was tap water with liquid hight equal
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to the tank diameter. Technetium-99m (Half life: 6 hours, Gamma energy:140 keV as
sodium pertechnate was used as a tracer to measure mixing times. The tracer was
instantaneously injected into the tank and its concentration was measured at three different
locations using collimated scintillation detectors. The experimental set-up is shown in Fig.l.
The other experimental details have been given previously by Patwardhan and Gaikwad [1]
and Patwardhan and Thatte 2 The CFD modeling strategy employed for simulating jet
mixers have been described in detail earlier by Patwardhan 3].
In the stirred tank reactor, TD measurements were conducted in a 03 meter (inner
diameter) flat cylindrical acrylic vessel agitated by a standard geometry pitched blade turbine.
Process fluid was tap water with liquid height equal to the tank diameter. The agitator speed
was varied from 50 rpm to 400 rpm and the continuous inflow and outflow rate was varied
from 3 to 16 liter/min. Bromine-82 as ammonium bromide was used as a tracer. The tracer
was instantaneously injected into the tank at the top and its concentration was measured at the
outlet (bottom) using a collimated scintillation detectors connected to a computer controlled
data acquisition system. 'Me experimental set-up has been depicted in Fig. 2 The CFD
modeling strategy employed for simulating stiffed tank reactors mixers have been described
in detail earlier by Patwardhan 3] and Patwardhan [5].
Tracer
input
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Tracer
inputlocation
i11N 0 ZZA eRo

F

Liquid
Inlet

meter

!at top
Nozzle
Detector bottom :1

Impeller
Detector

Fig. 1. Jet Mixer Set-up

Liquid
let

Fig. 2 Stirred Tank Reactor Set-up

3. RESULTS AND DISCUSSIONS
The previous results on jet mixers had shown that the nozzle location in the tank is a
major factor in determining the ixing time. Hence, it was decided to conduct radiotracer
experiments and CFD simulations for two idely different radiotracer experiments, one
located very near the liquid surface and one located near the vessel bottom. It has been
reported earlier that keeping the nozzle near the surface reduces the mixing time. The
reasons for this have been investigated. Figure 3 shows a comparison between the mixing
curves obtained with the radiotracer experiments with the CFD simulations. From the figure,
it can be seen that the overall mixing time predicted with the CFD model agrees well with the
radiotracer measurements. However, when the actual mixing curve is compared, some
discrepancies are observed. The discrepancy between the CFD simulations and radiotracer
experiments aises primarilyjust after the injection of the tracer. The reason for this could be
that as soon as the radiotracer pulse is given, the detector, which is located in the pump
suction, could see (and detect) a part of the tracer, which is actually in the tank. As a result,
the experimentally observed response of the detector is higher and faster as compared to the
CFD simulations. However, the CFD simulations are able to predict the oscillations seen in
the mixing curve.
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Figure 4 'hows te effect of nozzle clearance on the concentration profiles as
measured in the ra'diotracer experiments. Form the Figure it can be seen that, when the
nozzle is located at the top, the mxing p Irocess is faster as indicated by a rapid crease in te
measured concentration.
In fact the concentration profile goes tough a maximum
indicating re-circulation of the tracer. On he other hand, when the nozzle is located at the
bottom, the rise of concentration profile is much more slow, indicating poor region of mixing
at the top (where the tracer has been introduced),
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Fig. 4 Effect of nozzle location

To further elucidate the effect of nozzle location, the CFD simulations have been"
carried it for the two nozzle locations an& the predic ted flow pattern a rising out of these two
geometri, have been shown in Fig. 5a and 5b.
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Fig. 5b. Flow Pattern

Figure 5a shows that a single circulation cell is formed when the nozzle is located
near the top liquid level. In fact, te spread of the jet i the tank due to entrainment of the
surrounding liquid and the resulting reduction in te axial velocity can be clearly seen. As
the jet approaches the tank bottom, the velocities reduce and the jet starts spreading radially
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outward near the tank bottom. 'Me jet turns once again at the wall and an upflow region can
be observed, thus forming a circulation cell inside the tank. The eye of this circulation cell
thus formed is located at a distance of about 0% of the tank radius fi-om the axis of the tank
in the radial direction and at a distance of about 25% of the liquid height from the tank
bottom in the axial direction. When the tracer is introduced at the top liquid surface, the
tracer will be rapidly transported to the bottom of the tank and will circulate and mix within
the tank. In addition, since the pump suction is at the bottom, any tracer that reaches this
location gets re-introduced at the top liquid surface through the jet. This causes additional
liquid circulation from bottom of the tank to the top liquid surface. In contrast, when the
nozzle is located near the bottom (Fig. 5b), the high velocity jet impacts the tank bottom, as a
result, lot of the jet energy is dissipated locally. This Figure also shows that a circulation cell
is set-up but the magnitude of the velocities in this case is smaller. In fact, near the top liquid
surface a secondary circulation cell is formed. Figure 5b shows that radial wan jet is weak
and jet velocities are substantially lower in magnitude. The jet loses its identity quickly after
the point of impact. Thus, Fig, 5a and clearly reveal the better mixing achieved when the
nozzle is located at the top.
In the stirred tank reactor, the flow pattern produced by the pitched blade turbine
impeller is shown in Fig. 6 The flow patterns have been shown in the r-z plane passing
through the centre of the tank and midway between two baffles and only 2 of the flow
pattern is shown. From the Figure it can be seen that the impeller generates predominantly
downward flow, when the flow reaches the vessel bottom, it goes radially outward and near
the wall, upward flow is generated. Thus a single circulation loop is obtained with this type
of impeller. Detailed comparison of the velocity and turbulence field and validation of the
CFD model has been given by Patwardhan [5]. Figure 7 shows a typical result indicating the
comparison between the exit age distribution measured by the radiotracer experiments and
predicted by CFD simulations. It can be seen that te predicted exit age distribution from
CID simulations agree well with the experimental measurements.
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2000

Table I shows comparison of the mean residence time calculated from the exit age
distribution. It can be seen that at all the cases, the CFD model predictions agree wen with
the experimental measurements.
Table 1. Comparison of mean residence time
Flow rate
Speed
Mean residence time calculated
OPM)
(RPM)
from radiotracer experiments
(sec)
3
400
335
3
50
424
16
100
72

Mean residence time
calculated from CFD
simulations (sec)
368
337
74.3

4 CONCLUSIONS
In the present work mixing time and RTD measurements have been carried out with
the help of radiotracers. These experiments have been conducted for two different
geometries: jet mxers and stirred tank reactors. CFD simulations have been carried out for
both of these geometries. In the case of jet mixers it has been observed that an keeping the
nozzle near the top liquid level creates good circulation in the tank thereby producing faster
mixing.
Further, the predictions from CFD simulations agree fairly well with the
experimental measurements. In the case of stirred tanks, RTD measurements have been
conducted at different impeller speeds and different liquid flow rates. In a te case, it is
observed that the CFD predictions agree well with the experimental measurements of exit age
distribution as well as mean residence time.
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Abstract: Experimental investigation of flow asymmetries in continuous direct ohmic heater
by using PIV and stimulus response technique (radioisotope 99 Tc) is presented together with
CFD modelling by using finite element code FEMINA.
1. INTRODUCTION
Process industry has more applications, which use parallel flows in important
apparatuses, typically shell&tube or plate heat exchangers, heaters and reactors. These
devices sometimes work in non-optimal conditions and with anomalies, see Symolon 1987).
Theoretical analysis of buoyancy induce instabilities in vertical channels has been carried out
by many authors, for example Watson 1996), Ingham 1988), however their analysis is
restricted to one channel only.
2. NUMERICAL MODELLING
Flow irregularities, instabilities or just only nonuniform distribution of flow in
parallel channels may appear. This situation was encountered in experimental apparatus for
direct ohmic heating of liquids, consisting of two parallel channels where liquids flows
downwards (preheating) and one central channel where ascending liquid stream is heated by
electric current between two electrodes. While the flow in parallel channels is unifor at
isothermal conditions, in case of heating one stream is delayed or reversed if the temperature
is high. This problem and possible explanation was discussed in the previous ongress Tracer
2, see Zitny, Thyn 2001). In this contribution the effect of flow asymmetry is analysed by ID
and 2D modelling by Finite element method EMINA, Zitny 2004)), see Fig.1, and
observed experimentally in lateral parallel channels of continuous direct ohmic heater
(internal volume 3981).
Y. I 0
.......... ..................
........
A,;vm etric temner
Numerically
induced
instability by
means of
closed/open
valve in the
left branch
..... ................
......
0

5

Fig. I Example of ID modelling of asymmetries by CFD code FEMINA (velocities in the
left and corresponding temperature profiles in the right side).
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3.

PIV AND RTD EXPERIMENTS

3.1

Particle Image Velocimetry

PIV was sed for measurement of velocity profiles in lateral channels (cross section
80 x 18 rni-n) for different flowrates of tap water and different intensity of heating (50 Hz, 10 kW). Two laser sheets generated by two Flexpoint Minilasers FP 65/14LE-060-WD350
(14 mW) illuminate lateral channels with tracer particles Dantec S-HGS-10, 10Lm and their
position is recorded by CCD camera Videotronic CCD-4012AP, and further processed by a
PC, equipped ith card Pinnacle Studio DC IO+ V8, see Fig.2.
Ohmic heater
Be 2

L
Laser s

CCD ca

Fig.2 Aangement of PIV system for measurement of velocities i lateral channels.
Records are processed by software Flowmanager (Dantec) and examples of results are shown
in Figs. 3ab and 4ab

'N

0,1C

Fig.3 Velocity map in left and right channel for symmetric flow at flowrate 57.3 ml/s and
heating power 212 kW (a) compared with asymmetric flow (b) at flowrate 32 rI/s and
heating power 135 kW.
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Stimulus response technique

Mean velocities i parallel flows and RTD were identified by stimulus response
technique using radiotracer (99'nTc) with
collimated Nal(TI) sintillating detectors and
processed by sstern Ncleus Digital Multiplexer Router 11 and PC, see Fig.5
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Fig.5 Arrangement of collimated gamma detectors.
Recorded responses were processed by FEMINA code (corrections, moments calculations),
see Fig. 6 as an example, where responses of pairs of detectors located in the left and right
channel indicate asymmetries at specified operation conditions.
C 1 -02
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b) right channel

D2

7
3

2

4

3

D5

2

10

is

2i

0

Fig 6. Detected responses for asymmetric flow, flowrate 24,4 rnl/s and power 0863 kW

50

4.

CONCLUSIONS
Asymmetric flow behaviour was Sccessfully modelled by LiSir)0 finite element code
FEMINA. Flo, in the parallel ad cntral channel was described by axial dispersion model.
PIV technique and Stirl11,11US esponse rethod sing radiotracers were sed for experimental
verification of theoretically predicted citerion of first abilities onset Zitriv 2002, 2001 and
numerical simulation.
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PLO500204
TRACER DISPERSION - EXPERIMENT AND CFD
Rudolf iitn
Czech Technical University in Prague, Czech republic
Abstract: Description of tracer distribution by rneans of dispersion models is a method
successfully used in process engineering for fifty years. Application of dispersion ode[s in
reactor engineering. for characterization of flows i column apparatuses, heat exchangers, etc
is summarized and experimental tracer techniques as well as CFD methods for dispersion
coefficients evaluation are discussed. Possible extensions of thermal axial dispersion model
(ADM) and a core-wall ADM odel suitable for description of tracer dispersion in aminar
flows are suggested as well as CFD implementation as ID finite elements.
1. INTRODUCTION - 0 years anniversary of ADM
History of engineering applications of tracers is long, probably the first one concerns
measurement of velocities and flow-rates in large water mains. Allen and Taylor 923)
measured flowrate by injecting a packet of salt into the pipe at one point and recorded
electrical conductivity at a point downstream (diameter of pipe Im, length 100m, mean
velocity I m/s, Re=106 , which rneans highly turbulent flow). They found that the time
corresponding to the instant at which recorded conductivity was a maximum is a mean
residence tirne and can be used for calculation of rnean velocity. Similar conclusions have
been achieved usina different tracers, for example Hull
Kent (1952) injected radioactive
tracer into a crude oil pipe nearly 300 km long and observed symmetrical nearly Gaussian
responses (again in turbulent flows, Re=24000). However, this simple method of flowrate
measurement fails, when applied to short pipes or laminar flows, The situation changed fifty
years ago thanks to te pioneering work of Taylor' 1953, 1954) who formulated and
experimentally verified the axial dispersion model (ADM) which has become popular in
process engineering not only for its ability to describe an inert tacer dispersion in
laminar/turbulent flows in pipes bt also for modelling tubular reactors, column apparatuses,
packed, bUbb[e and fluidized beds, heat exchangers, extruders ad similar apparatuses.
Excellent books by Wen, Fan 1975), Naurnan 1983), or Levenspiel 1989) have promoted
dissernination of Taylor's concept to the chernical engineering community. Just looking at the
list of papers presented in the respected journals on chemical engineering dring last 3 years
indicates that ADM concept is still vivid no matter that the CFD programs seem to be suitable
for modelling most of the mentioned cases. In fact some of the CFDS0IL1ti0ns are nterpreted
either in terms ADM or by using an equivalent compartment model (hybrid odels). The
reason is obvious: it is much more easier to calculate complicated chemical reactions (for
example 3000 elementary reactions describing Nx production in a furnace, Faravelli et al
(2001)) using a compartment model of several (ten) ideally mixed reactors than sing hundred
of thousands cells in CFD. And above all: the axial dispersion coefficient is an integral
numerical characteristic enabling to compare different designs and evaluate performance of
apparatuses.

Sir Geoffrey IngrarnTaylor (I886-1975) etired at 1952. but

a

he

same tirne as he worked out theADM model

l'or larninar ( 1953) ad LurbUlcnt 1954) flows. he invented a nethod o blk ViSCOSity rnCaWrenient. Later on
he Studied movernent hrough POMU srfaces and he dynamics Of Sl1CCtS OfliqUids (last paper ws pblished
when Taylor ws 93 years old, markable'). G.Taylor iS 01'COL)rse bettcr knovvii by his earlier works on
aerodynamic. turbulence. Tavlor's vortices instabilities, motion o'bubbles (his relationship for elocit of
bubbles is still used in CD modelinp ol'bLibble COIL111111S).
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2.

ADM: ANALYTICAL SOLUTIONS, CFD AND EXPERIMENTS

TaN lor's experiments were simple: lie observed
otion oftt-acer water SILItIOn Of
potassILIrn permanganate) i a glass capillary (I mill diameter) and evaluated rnean
concentration of tracer at different tirnes and positions along a tube b colorornetric ethod.
Very small velocity (of te order rnrn/s) ensured fully developed laminar flow, when the
tracer distribution is described byI euation
ac

Oc

at

ax

I

PI

9c

_ - 2u(I - 7) --- = D(--.- ( -)

9 c

r at. a,- + ---& 2)

(1)

where
is a dimensionless adial coordinate (i- 1 IR ad D is coefficient of molecular
diffusion. Taylor transformed tis euation
to a floating coordinate system Illoving with the
mean velocity it in the flow direction (x-->;=x-ut ad considered situation at a sfficiently,,
lono time after the tracer injection tis time cot-responds to dffusion transport across the
radius R=-\1(TcDt)). hen he estimated adial concentration pofile at =const from Eq.(l by
neolecting axial molecular diffusion ad assuming that
is independent of r this rucial
simplification has been qestioned ater b Taylor (1954b) imself ad oers bt poved to
be correct flor lon- trne solution). Using this radial profile of concentration and arabolic
velocity profile the net flow of tracer across te cross section C=eonsl can be alculated ad
as a result linear elationship between 0c/0'1-Dand mass flux IS obtained Nith te axial
dispersion coefficient D, substitUtIrIg diffusion coefficient D
i 2 ,2

D, = __
.
48D
Returnin-z:1back to the fixed coordinate systern the Eq.(])

c

C

(2)
educes to te

ADM

___ = D,, ___
(3)
ax
a 2
This result can be interpreted as follows: Axial dispersion dependS upon tile velocity profille
and adial mixing (this Cnclusion olds generally, for example In turbulent flows as well).
Knowing velocity profiles te axial dispersion coefficient can be terefore derived in the same
NAav foi- different cross sections reCtall('Lllar. elliptical), or non NeNvtonian liquids power law
and Bin-harn
I iquids) ad even or packed beds Of Porous adsorbing particles. see I-evenspiel
Z'
(1989).
Distribution of tracer as an exact Slution
of Eq.([) using series expansion was
presented b Shankar ad Lenhoff ( 989) and asymptotic solutions, valid either foi- short or
lon- tirne. were derived e.c,. by HLInt 1977 ad Wentas & Vrentas 1988). (1.000) Hnt
(1977) derived asymptotic Solution for sort ornes making use of suitable tansformation of
Eq.(1) niaonifying regions of front ad rear ave f tracer formed by convection of initially
planar layer. I tese regions distribution of tacer is described by erf-functions (which could
have been expected, because erf function describes the concentration response to a sudden
step in ID problern). Very interesting is the last paper Vrentas& Vrentas 2000), starting from
the Eq.( 1 transformed to the moving coordinate system, in the same way as Taylor did.
Asymptotic solution for very short tmes as obtained by neglecting initial diffusion term.
This solution (and it is not b chance that te solution has te form of ipulse esponse of
ADM) still depends pon radial coordinate bt i Sbstituted to the Eq.( I) integrated in radial
direction. This averaged euation describes axial pofile of mean concentration ad is solved
by Fourier tansform, givino short tirne asymptoti Slution
expressed aain in terms of eror
functions. The same approach is applied also or long te
asymptote oivill- Taylor's
solution, Eq.(2).
What about trbulent
flows? Analysis of tracer dspersion in fully developed trbulent
flow as pesented first by Taylor in 1954 ISIng similar way of reasoning as for laminar
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dispersion. Parabolic velocity profile was Sbstituted by universal turbulent profile, and radial
diffusion was based on Reynold's analogy between mornentur ad ass transfer. Thus the
intensity of diffusion was expressed in terms of wall shear stress , (or friction velocity v)
giving dispersion coefficient in the very simple form
D,

IO. Rv'

IO.I R

(4)
- P
This result holds for hi(h eynolds numbers Re>20000) due to the universal velocity profile
which is valid only if laminar sublayer is negligibly small. Solution for the whole range of Re
Z' J_

ID

using experimental velocity profiles was presented by Tichacek et at 957); he studied also
the effect of wall roughness which tends to increase the axial dispersion (this is in agreement
with Eq.(4)). Expression of dispersion coefficient as a function of Reynolds number can be
found for example in Nauman (I 983).
CFD programs have been also used for modelling turbulent flow in circular pipe. For
example Ekambara and Joshi 2004) simulated Stimulus response experiment in a circular
pipe by Euler's rnethod using low Reynolds nmber k-c model trbulence and in-house CFD
code enabling to analyse 12 different low Reynolds nmber models. It seerns that their results
predict axial dispersion coefficients which are in very close agreement with experimental data
for S=0.27, 082, 1 and 1000 within the range of Reynolds number 7000 to 00000. For
Re>20000 the deviation of Eq.(4) is less tan 5%! This is a good message, the bad message is
that in order to suppress numerical dispersion an extremely fine mesh had to be used. Problem
symmetry allowed to use 2D odel and results (calculated responses) are presented for
rneshes IOOxIOO, ... , IOOx20OO. It is obvious that even with the fine mesh IOOxIOOO results
are distorted by significant approximation error. It means that if the same problem is to be
solved i 3D at least 20 millions cells have to b sed (well, may be a little bit less, if a better
upwind scheme is sed). Thn et al 2000) calculated turbulent, low Reynolds number flow in
a pipe using different models of turbulence by Fent and compared velocity profiles and
friction factors: nearly the same (but wrong!) results were obtained by standard k-E, RNG and
RSM models, different but also wrong) results by low Reynolds flow model, and only the
simple Spalart Allmaras model was acceptable in the range Re<20000. Generally speaking
the region of high Re in laminar and low Re trbulent flows is difficult to handle for CFD
programs.
Several different experimental methods and tracers have been used for the ADM
identification. Solution of salts (conductivity rnethods), dyes (colorometric methods),
radiotracers and fluorescent tracers (PLIF methods) are most frequently sed. Axial
dispersion of heat can be ao Utillsed, see Asbiornsen ad Aundsen
970), who used
frequency technique with Pulse heating of air by a fine gid of resistive wires and recorded
temperature responses b resistive thermometers arranged as a fine grid in the cross section of
duct. This technique worked nice at hgh and also at very low Reynolds numbers flow,
however Underestimates dispersion coefficient within the range between Re 7000 and 30000 this discrepancy Is attributed to Intermittent flows and changing velocity profile.
Parameters of ADM are identified by comparing experimentally obtained (or by CFD
programs calculated) responses with aalytical on numerical solution of ADM or an
equivalent gradual mixing model with backfiow, see Thn et at 2000)
Pel = uL = _2N
D
12j

N > 6je

2

(5)

Comparison in the time dornain i usually based upon Levenberg-Marquardt (least squares),
sometimes also Nelder Mead or Rosenbrock absolute deviations) methods. Moments and
even we[-hted moments are preferred only as an initial estimate for optimisation outines.
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3.

ADM IN SELECTED UNIT OPERATIONS

AreyOU "in"" Standard applications of ADM or example in reactor engineerin- cal be
found in books mentioned previously, the following list is a selection of recent papers (of
varying qality) concerning ADM
most of thern ae i fact continuations of preViOLIS
research.
Dvnarriics f eat exchangers has been traditionally described b PILIG flow models,
however last decade is characterized by a shift towards description of temperature pofiles in
heat exchan(er channels bv ADM. It is possible to obtain not only te axial dispersio bt at
the sarne tme heat tansfer coefficients (or NTU) using temperature oscillations experiments.
Roetzel school is characterized by description of' heat exchangers b a systern o' ADM
equations or each pass., accompanied by equations describing eat tansfer in solid walls.
Laplace transform of time is applied ad resulting system of ordinary differential eqUations is
transformed to a canonical systern of idependent equations and solved analytically (this
transformation requires nmerical Sution
of an eigerivalLie problem). Time courses of
ternperatUre responses ae alated by nmerical inversion of Laplace transform. This
approach has been applied either for shell and tube, Xuan&Roetze (993)
ad plate heat
exchangers, Das&Roetzel 1995), Roetzel&Balzerelt 1997). -o&Roetzel
200)). Fluid
temperature oscillations ae
odulated either b sitching between cold ad hot streams.
Roetzel(199'))ot-b,-indLiCtioiiheatin(.1osetal(1995).Iiovevercondtictivit),i-netliodisalso
applied or independent ealuation ot'dispersion in HE. Temperature as a tracer is requently
used in flow-rileters with Pulse Ollniic heating tansit tirne ethod for slow ]imilar flows was
analyzed in terms of,/\DM ad experimentally verified by ZMW 1993), see Thn 2002).
Probably te highest fi-equency of papers is i te
omain of column apparatuses.
Comparison of axial dispersion coefficients (Pe - ReSc i acked beds pedicted by different
theories ith experiments is pesented by cloyen of packed beds, Gnn 2004). Effect of liquid
phase flow directio (p ad down i hydrotreating eactors is experimentally investigated by
Burkhardt 2000) ifluence
of pessure and atural convection ill pward -as flow hrough
packed bed by Benneker 1996) ad influence of Schmidt number (viscosity) by Carvalho
(2003). Experiments on biological reactors with inirnobilised enzymes ae specific by tracers
(t0kiell, (ILICose
ad ketics of' bioreactions, see Zarook 1998), Carrara 2003). General ly
speaking most of pesented correlations are quite empirical ad their predictability is limited.
Identification of axial and radial dispersion by CFD is usually restricted t re-Ular packing,
for example KATAPAK-S Structure of catalyst particles sandwiched between corrugated
sheets, van Baten et al 2001) or for static mixers. Visser et al 1999). CFD ELderian
S1111LItations of dense and dilute pleases is more fi-eqUently applied or determination of axial
dispersion i bubble CIL111`111S. van Baten&Krishna 2001), or bUbbling flUidised bed reactors.
Krishna&Baten 200 1). It Sould
be oticed tat tese CFD calculations make se o oly
slightly odified Davies-Taytor 1949) theory of bbble velocity (u=0.7Iq(2oR) ad that
their results compare qalitatively well with Eq.(4). it is that te pedicted coefficient of axial
dispersion is poportions[ to te COILInin diameter ad liquid velocity. y the way Taylor-type
analysis of axial dispersion 'In bbble columns as pesented byI Degaleesan
and Dudukovi
It,
(1998) ad very interesting application
f two parallel ADModels or description of
circulation i bbble CO[Lllllns is described in series of papers Degaleesan et al ( 1996), Gupta
et al 2001 and Rados et al 2003) Tis is obvious]) a more realistic description of mixing in
a bubble column, because it distinOLIiSfies ore reoion with ascending liquid large bubbles.
c'
Z:1
low liquid holdup ad wall region
with descending liquid small bbbles, high
holdup).
1-1
t
Pulsating flow., caotic flows il sequence of bends.. Deans vortices il coiled channels,
combined effect of radial rnixin(IZ:_and axial velocity pofile i reactors with correlated
walls
LI
or baffled columns are attempts ow to decrease axial dspersion especially i larninar flows.

.
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see Howes&Mackley(1990), Castelain et al (2001),:Ni et al 2002), Ye&Zhang 2002),
Fitch&Ni 2003), Palma&Giudici 2003), Tu et a] 2004). Axial dispersion is evaluated
usually by conductivity or optical (PLIF, Particle I.aser Induced Fluorescence) methods.
There exist many other technologies described by ADM (screw extruders, Puaux
(2000), drurn furnaces, spray towers), but surprising is the lack of applications of Taylor's
dispersion for example on blood flow. Growing interest in ADM can be expected just in the
field of pharmacy, bio. rneso, rnicro and nanotechnologies, it means to applications more
oriented to larninar flows. May be. Be it as it may, the next paragraph will be devoted to
problems of ADM extensions in laminar flows.
4.

ADM - EXTENSIONS IN LAMINAR FLOWS

Axial dispersion of heat is important or many operations, first of all for heat transfer
apparatuses and thermal flowmeters. It is usually assumed that the axial dispersion of heat can
be drectly derived rom the axial dispersion coefficient for mass transfer, and e.g.
temperature dispersion in arninar flow can be calculated frorn Taylor's Eq.(2) just replacing
difussivity D by temperature diffusivity a. This is not quite correct, as pointed Ot by Batycky
et al (I 993) neither i larninar nor in turbulent flows. However, their analysis is still restricted
to insulated pipes ad this is not the case encountered in practice. In the following we shall try
to apply the Taylor's approach, this tirne to the heat transfer in fully developed larninar flow
in circular pipe which is not insulated. he problem can be formulated as follows
aT
aT a a aT
aT
- + 2u (I - r 2 - = -- - (r -),
- = _ kT for r= I (at wall)
(5)
at
ax
I. ar Or
Or
In this equation
represents difference between actual temperature of fluid and a constant
external temperature, the coefficient is dimensionless heat transfer coefficient between wall
and surrounding. Introducing dimensionless time -cand dimensionless axial coordinate the
Eq.(5) can be transformed to the new coordinate system moving with ean velocity of flow
aT
2 oT = I
aT
T = at
(x - tit) R,
Pe = uR (6)
+ Pe( - 2
5
ar (I- ar
R2
Using the same assumptions as Taylor (i.e. sufficiently long time) the solution of Eq.(6) can
be approximated by
Pe I
114 aT
a2
T
+
(- - r" - -) -- + g(r)
T = 2 frTdr
(7)
4
3
2 a
0
Mean temperature is independent of r and radial derivative ofthe first two terms in Eq.(7 is
zero at wall (this corresponds to the case of an insulated pipe). Therefore the boundary
condition (5) ust be applied to the function g(r), which i suggested as polynomial of 8"'
order, and its coefficients are determined frorn boundary condition (5), from requirement that
frTdr is mean temperature, and first of all that after substituting temperature profile 7) into
Eq.(6) the radial coordinate r disappears, i.e. the euation will have a form of ADM. This
procedure is rather laborious iving ADM in the following form
aT
12 + 4k aT
8 - Pe 2 60 + l7k a2f
X
-Pe
-T
Z
(8)
a'r
12 + 3k Oz
4 d-k
12 60(4
) aZ 2
R
This ADM educes to the standard aylor axial dispersion model if the 1.4 tube is insulated (k=O). Increasing k increases apparent flow velocity and
also the coefficient of axial dispersion only slightly as soon as k is small 1.2 (k=aR1),, a is outer heat transfer coefficient, is tlernnal conductivity of
liquid). Since the suggested Eq.(8) has not been thoroughly tested so far
a necessity of its improvement in the future may arise.
1
0
k
60
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The axial dspersion model represents a very good description of eality at trbulent
flows. and also for very sow arninar flows (or or a vy o tirnes). The onlN, principal
restriction is the inequality
>k

(9)
L
where the coefficient k is 004 according to Taylor 1954). or 0.08 according to Hnt 1977).
The estriction 9) is petty ard and i most applications wth liquids, where the molecular
diffusion is low, te axial dispersion calculated in larninar flows according to Eqs. 2) or
is
too large ad results are qite wrong. The Stuation Is derrionstrated i Fig I

.............

ID axial dspersion

odel

2D model

I 0-- 11,3/S,

Fig. I Response to a short impulse (rnesh 60 x 40, L= I m.

a

I

-

rn2/S)

Dispersion of rnean calorimetric temperature (21i-uTdi-) to a short temperature Pulse at the pipe
inlet (pipe Is Insulated) as calculated by prograrn FEMINA, Ztn 2004), Using 2D odel
Nvith trian-ular finite elements ad by ID Finite eements based upon standard
odel of axial
dispersion with optirnised dispersion coefficient. Inequality 9) is ot satisfied for specified
flowrate and temperature diffusivity. Fi-.1 demonstrates, that the Situation cannot be
improved by a better" value of the axial dispersion coefficient because te tracer dispersion
in ..short" times cannot be simply described by ADM. It is pity, because ADM is a very
Suitable model for implementation in I D CFD prograrns. as compared t6 aalytical
asymptotic Slutions
mentioned above, which cannot be so asily generalised fr mode'lling
dispersion in complicated geometries.
Possible fall-back is to divide a pipe into several annular segments and sbstitute the
single ADM or example by to parallel ADMs Nvith different rean velocities 11, ad it,
Wall region

it,,. = it( -

Core re-ion

u

2

tw

-

it(2 - c)

-_Ilv

-------

;vml

--------------------------

Proceedin-Z_.,in a similar
ay as in deriving, Eqs.(2) and () wo arrive to the followingt__
equations describing axial dispersion oftracer i the wall region
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where dmensionless time z=atl'R -adial and axial coordinates r-rIR, resp., 7=xlR and also
Pe=uRlb are the same as previously. Mean calorimetric temperature at a cross-section of pipe
is Calculated by means of rnean temperatures in core and wall regions:
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It should be stressed that Eqs.(I 0 I 1) are not exact, not even asymptotically exact, because
many simplifying assumptions had been done, However it is seen, that in both regions
dispersion coefficients are lower than dispersion coefficient of the whole pipe, and this is
what is needed, if the model should be applicable for very small diffusivities a.
The only additional parameter of the new model is K, relative radius of core region, and
can be selected in Sch a way, that the flowrate in both regions is the same (K=0.541) or using
criterion of the same cross-section Srfaces (K=0.707). Responses, calculated by numerical
integration of Eqs.(] 0 I I for the same conditions as in Fig. 1, are compared with the D
solution in Fig.2
2(

T* 10
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07 (flowrate)

2D model
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ig.2 Responses to a short
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*

0

0-6 M2/S).

two paral le I A DM s for parameters in F ia. I (a=I
z:1
Z
It 'Is obvious that the solutions obtained by this model are much better than standard ADM,
however error increases ith decreasin- molecular diffusivity. For hi-her value of a (or lower
t,
t,
Pe) the odel of two parallel ADMs converges towards Taylor's (and exact) solution.
5.

L I Se LIS i n a
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IMPLEMENTATION OF ADM IN FEM

There exist tens of programs for modeling flow, heat and rnass transfer in pipelines and
heat exchangers (ARROWS, FATHOM, ... ). They are usually based upon control volurne
method and assume plug-flow in elements. ADMs have been implemented as finite elements
PIPE and HEXC (beat exchanger) so far only into the pro-ram FEMINA, _itn
2004), which
touether with elements CSTR (mixed tank) and PUMP allows simulation of stimulus response
experiments by monitoring ternperatUre or concentration responses in rather complicated
systems. It is possible to identify model parameters by comparison with experimentally or by
CFD obtained responses
sing integrated algorithms of collimated
detectors and
optimization routines (Levenberg-Marquardt and SOMA). FEMINA will not as general and
big CFD pro-ram as FLUENT. its ambitions are rather to be an efficient RTD processor by
preserving all verified features of previous generation of RTD programs developed at CTU.
CONCLUSIONS
It took 50 years from discovery of ADM to its implementation into a general purpose
finite element program ad the process is by far not completed. Suggested ADMs for laminar
flows should be improved, eg. their compatibility with standard heat transfer correlations.
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Abstir2eg:
This paper presents the simulation of solid particles selection n a
hydrocyclone. The Fluent CFD (Computational Fluid Dr-arnics) software has been used r
the simulation. For water flow simulation, within the hydrocyclone, the k turbulent -flow
model has been used. This allows calculating the velocity, pressure and turbulence field in the
hydrocyclone. The Fluent software enables simulation of the solid particles flow with-in the
flowing liquid. Solid particles of different sizes, flowing in this hydrocyclone have been
simulated. Finally the selectivity curves, as basic characteristic o the hydrocyclone, were
calculated. The obtained results give real perspective for utilization of the CFD simulations as
the basic stage in industrial hydrocyclones design practice.
1. INTRODUCTff ON
Hydrocyclones are widely used 'or solid particles selection in mineral industry
Hydrocyclone is a device where the selection of particles proceeds in a field of the centrifugal
force action. The hydrocyclone's geometry is a cone - cylinder vessel symmehically situated
to the gravity force (see Figure 1.). The centrifugal forces are generated by a flowing liquid or,
spiral trajectory in the motionless vessel. Te spiral flow is
generated by tangential entry of the suspended solids. The
overflow
physical differences of size and specific gravity allow the
separation of particles in the hydrocyclone. Inside the
hydrocyclone, two rotating streams are formed. One stream
Wet
rotates close to the hydrocyclone's wall and flows down with
bigger and heavy particles to the underflow. The second
stream rotates near the centre and flows up wth small and
lightweight particles to the overflow. The main characteristic
7
of the hydrocyclone's performance is a selectivity function
s(d). This curve presents the percentage aount of given
particles size flowing to the underflow as a function of
particle szes d. The basic parameters the ut size d5o,
represents the size of such particles that 50% of them flow
out to the underflow. The selectivity curve is a function of
several geometrical parameters of the hydrocyclone,
composition of a liquid-solid sspension and a low rate.
undeTfiow
There are some semi-theoretical equations which attempt to
describe this function 2].
Fig. 1. Design of a hydrocyclone
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TUIR3ULENCE

LOW WDIDE:112

Turbulent fws are mest common, thc most irnportan a, time mst corn-plicat-a 01,
the fluid motion. At last three decardes the great devclo,,pment in tur'bulent flow mdel-ing ad
computing has been done. Basing on the theoret;cal analysisand expeninnental data The sever-a,
models have been studied like: Spalart-Allmaras rrod6, k - model, - W modei, Reynolds
Stress Model (RSM) and Large Eddy Simulatimn. (LES),nnode.. The k-- turbulen flow ode
has been used for calculations, which are resented n tis apers The standard k - model -is
a semi-empirical model based on model, trans-3-euations fbr the tu?"'Dulence knetic
energy( k ) and its di ssipation rate c ) r 3 4 51.
In Eulerian frame, the turbulent flow field may Icy speci,,1ed by ve,Ccity veell-C-ir U witn
three orthogonal components (U1, U2, U3). Ln Reyrolds averaging, eac vocity olrponez.
may be split ito the mean (ensemble-averaged or ti, e-averaged) and fluctuating (turlbuence
components (eq.
Ui = U + Ui

where U_ and u', are the

ean and Ou-tuating veloc`ty components ( = 1,2,3

Besides the velocity U, he turb-alent flow field may by specified by pressure P, ensity
p and temperature T. For the deten-nination of hese quantities the following differential
equations are requisite:
-
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wherep is the iarninar viscosity, 15i Is'1eK-ronecker
delta fiarction and the'as" eement of this
i
equation represents the Reynolds stresses which are -relate c tkn man velocity grad-i ents
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-

continuity of flow
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transport equations for the turbulence kinetic energy - k
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transport equations for the turbulence energy dissipation -
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where: G, represents the generation of turbulence kinetic energy due to the mean velocity
gradients, G.1s the generation of turbulence kinetic energy due to buoyancy, Y,,represents
the contribution of the fluctuating dilatation in compressible turbulence to the overall
dissipation rate, C,, C2, and C3, are constants. 0-kand c, are the turbulent Pandtl nurnbers
for k and e, respectively.
-

equation for the turbulent (or eddy) vscosity

P

= PC"

k2

(7)

where C, is a constant.
The model constantsC, I

C2,1 C

C1, = 144, C2, = 192,

ICk

-and a, have the following default values

C = 09,

ak

= .0,

a, = 1.3

(8)

These default values have been deten-nined front experiments with air and water for
fundamental turbulent shear flows including homogeneous shear flows and decaying, sotropic
grid turbulence. They have been found to work fairly well for wide range of wall.-bounded
and free shear flows.
3. CFD SIMULATRON AND RESUL7,1111 S
For CFD simulation the commercial software GAMBIT and FLUENT has been used.
The GAMBIT software has been used for the hydrocyclone's geometry and the msh
preparation. Fig. 2 shows the geometry
the hydrocyclone prepared in Gambit software.
Then, the three-dimensional tetrahedral-hybrd mesh was constructed and a otal f 960,000
mesh cells were used. After this the Fluent sftware was used for water flow smulation inside
the hydrocyclone. The 121700 Pa pressure value was chosen zs boundary condition in inlet..
After about 8000 iteration the steady flow was accomplished. In this steady flow the ass
flow rate in inlet was 27.2 kg/s (mean velocity 343 m/s) and it separated into overflow Q5.2
kg/s) and underflow 20 kg/s). The simulation gives the entire profiles of low values like:
velocity, pressure, turbulence, etc. .7n Fgure 3 the examples of these profiles in the
hydrocyclone's vertical cross section are shown. Thewate.- flow car be a1sc pesented on the
path lines that is shown in Figure 4
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d = 5um

The next step consisted in sid particles' flow simulation inside the hydrocyclone
with flowing water. For a solid, the dolomite particles (density - 2872 kg/m 3) from size tm
to 500 tm were chosen. The particles flowed into the hydrocyclone's inlet with the same
velocity as water. The particles trajectory is calculated by force balance equates and turbulent
dispersion of particles where the Discrete Random Walk (DRW) model is used. The xamples
of solid particles' trajectories, for different size are shown in Figure 5. Finally it was possibly
to simulate the selectivity curve for solid particles. In Figure 6 the simulated selectivity curves
without and with turbulent dispersion of solid particles are shown.
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Fig. 6 Simulated separationcurves without and with turbulent dispersion
CONCLUSION
The modem CFD Fluent software s applied to the flow simulatio ad solid pal-Licles
selection in the ydrocyclone. This simulation allows achieving the wole three dimensional
profiles of the water flow values like: velocity, pressure, turbulence, etc. Finally, the solid
particles' selection can be simulated in this hydrocyclone.
The obtained results establish the primary step for prediction of solid particles'
selection in hydrocylones used in mineral idustry. The next step should be the simulatio of
fluid as a heterogeneous mixture (water solids) and solid particles selection in this specific
hydrocyclon's mixture. This should lead as close as ossible to the real industrial conditions.
Anyway, this prediction for the industrial application will need experimental data for
verification of the simulated results and the ther way the experimental data are essential for
choosing the optimal CFD model and its parameters.
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Abstract: Qualitative Dynamic Tools (QDTs) are implemented to infer, from Radioactive
Particle Tracking (RPT) experiments, dynamical features of the solid trajectories in a 3-D
three-phase fluidized bed. The discrete bubble and coalesced bubble flow regimes are
examined for large heavy as well as light particles. The spatial distributions of the solids
trajectory interconnectivity, related to the local information loss rates (ILR), are evaluated and
compared with the Kolmogoroff entropies estimated from time series of characteristic
variables. The point-wise information loss rates calculated from the local divergence of
particle trajectories are related to the local values of the turbulence intensities. The
relationship among the local ILR and turbulence intensities in the discrete bubble flow regime
differs from that calculated for the bubble coalesced flow regime. Some features of the
circulating bubbles are inferred from the tracer particle trajectory.
1. INTRODUCTION
Gas-liquid-solid fluidized beds are extensively used in the petrochemical and
metallurgical industries and for wastewater treatments. In spite of the large body of
information available in the open literature on different aspects of such three-phase systems,
special characteristics of the motion of the solid particles brought about by the circulating
fluids remain partly non-elucidated. A detailed characterization of the hydrodynamics of 3Dthree-phase fluidization will contribute to alleviate the burden of expensive cold flow testing
for achieving successful design and scale-up of commercial units.
Even if the chaotic nature of the underlying dynamics has been put in evidence in the
last decade, it is still poorly understood [1-5]. Studies have generally attempted to unveil and
characterize the chaotic dynamics of three-phase fluidized beds from the analysis of
experimental time series of different variables. Some contradictions are apparent, which could
possibly arise from the spatial dependence of the phase dynamics. This state of affairs is
complicated by the nature of te probing techniques employed, since the estimated parameters
can be determined from either local or global measurements. Further analysis is important
constidering the paucity of tools embedding the chaotic features while scaling up multiphase
"bubbly flow" contactors 6].
In this work Qualitative Dynamics Tools (QDTs) are implemented to infer dynamical
features of the solid trajectories in a 3-D three-phase fluidized bed from Radioactive Particle
Tracking (RPT) experiments. For the purpose of the work, the radioactive signal issued from
a tracer particle with similar characteristics as the fluidized particles, is continuously recorded
by a scintillation detectors' array. Using appropriate rendition algorithms, the instantaneous
path of the tracer is reconstructed from the nuclear signals and a Lagrangian" trajectory time
series is generated and analyzed. DTs are then used to evaluate the spatial distribution of the
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solids trajectories connectivity, related to the local information loss rates, which, through
proper averaging are then compared with the Kolmogoroff entropies estimated from time
series of characteristic variables. The point-wise information loss rate calculated from the
local divergence of particle trajectories are related to the local values of the turbulence
intensities. Finally, some features of the circulating bubbles are also extracted from the tracer
particle trajectory analysis.
2. METHODOLOGY
Experiments carried out consisted in following the actual positions of solid radioactive
tracers with similar properties as the particles fluidized in a O. m internal diameter acrylic
column. The movement of each solid tracer was continuously followed by an array of
Nal(TI) scintillation detectors, which captured the gamma rays impinging on them depending
on the tracer location in the bed. The counts recorded depended on the attenuation of the
media and dead time of the detectors used and the spatial coordinates of the radioactive
particle was reconstructed by inverse algorithms. For details on the experimental procedure,
the readers are referred to Chapter I I of the book Noti-itv'asive moniloritig of mulliphase
flows 7]. Extended time series of tracers positions were determined with a sample period of
30 ms and for about 6 hours.
Solids employed were 3 mm glass beads (p=2500 kg/n) and hydrophilized PVC
particles (p=1300 kg/M3) of 5.5 mm equivalent diameter. The mass of solids used was 4 kg
for glass beads and 0.8 kg for PVC particles, corresponding bed heights at rest (no liquid
flow) of 0.35m and 0.2m, respectively. Expanded bed heights were different for the different
operating conditions and varied within the range 045 to 0.65m. The fluid system sed was
filtered air and tap water. Experiments were performed for liquid superficial velocities of
0,058m/s for PVC particles and 0.065m/s for glass beads. Gas superficial velocities were
varied within the range <u(I<O I I m/s. Both homogeneous and heterogeneous flow regimes
were examined. The change in flow regime when using the glass beads, as identified by visual
inspection, corresponded fairly well with those predicted by Nacef [8] for a static mixer
distributor; i.e., u=0.04m/s. For the light particles, o nset of heterogeneous flow regime
appeared around UG=0.02m/s, as judged from visual inspection. For liquid-solid flui ization,
particulate flow regime was observed for the light particles and segregate flow regime for the
glass beads.
3.RESULTS
3.1. Tracer trajectories
Solids trajectories are markedly dependent on the gas velocity at a given liquid flow
rate, as can be observed in Fig. 1, where the axial coordinate of the radioactive glass tracer has
been represented against time for a two-minute period. For zero gas velocity, a segregated
flow regime prevails in the column and the tracer remains around a given location for
prolonged periods of time, moving only occasionally to a different region of the reactor.
When a gas flow rate is imposed, the tracer moves continuously throughout the whole bed,
alternating between the bottom and the top of the three-phase emulsion. At low gas velocity,
the particle may stay middle-height for a while, jumping smoothly. As the gas velocity is
increased, more sharp and persistent ascending paths are apparent in the traces, which have
been argued to correspond to the motion of the tracer attached to circulating high-velocity
large coalescing bubbles [9].
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Fig. 1. Time series of the tracer axial coordinate, evaluated by RPT at UL = 0.065m/s and at
different gas velocities. (a) u = Orn/s, (b) uc = 0.03m/s, (c) u; = 0.07m/s, (b) uG = 0 I Im/s
From these fast ascending paths, some information on large bubbles can be inferred. For
instance, variation in the velocity distribution of fast ascending paths would provide an
indication of the distribution of fast bubbles velocities. A comparison among some
characteristics of the fast ascending paths, found at the different experimental conditions
examined, is provided in Table 1. The number of continuous sharp ascending motions that
end in the upper half of the three-phase emulsion during six-hours experiments is clearly
larger as the energy imposed by the gas velocity increases. However, a sharp rise is found
between gas velocities of 003 and 0.07m/s and then the rate diminishes. This trend is
observed also in other parameters calculated from the fast ascending paths. For example, by
calculating the axial velocity distribution of the fast ascending journeys, Gaussian-like
representations are found, which, depending on gas velocity, are more or less skewed. The
distribution extremes, modes and velocities for which 99% of the frequencies are accumulated
(vz_99%) are also provided in Table 1. The minimum, mode and vz_99% velocities follow similar
trends with gas velocity. The rate of variation with gas velocity of these values agrees with the
one found for the variation in the number of fast journeys. These parameters are apparently
more related to the gas velocity than to the solid density of the fluidized particles.
Table 1. Features of fast ascending paths found in the tracer trajectories.
Solid
used

No. of
Axial velocity distribution
fast
VZmin
Wroax
VZmode
vz_99%
paths
(m/s)
(m/s)
(m/s)
(m/s)
GB0.03 2150
32
305
94
270
3mm. 0.07 4263
39
648
176
359
0.11
5084
54
582
243
514
PVC- 0.010 1373
27
502
63
158
5.5mm 0.025 2488
34
354
90
314
1 - as percentage of column cross-section
UG

(ni/s)
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Wake p
AWmin

(%)
0.03
0.08
0.20
0.08
0.14

ected area distribution'
Aw.ax AWmode A99%
(%)
(%)
(%)
19.4
0.5
7.3
45.8
3.6
34.3
64.1
8.2
43.3
19.6
0.5
10.3
55.0
1.7
27.3

Another feature estimated from the wake-attached fast paths is the projected wake-area
of influence, calculated as the area of the pr Jected ellipse that contains the tracer lateral
motions during its fast ascensions. Extremes, modes and 99% cumulative frequency are also
indicated for the projected area, as a percentage of the total column cross-section. Clearly, the
projected area depends again on the gas velocity but, in this case, also on the solids density.
For the light particles, the projected areas are larger at similar gas velocities, attributable to
the radial velocity that the particle could have after detachment from the wake. Sharp
variations observed in the trends of these features with the gas velocity could be used as an
indication of flow regime transition. For example, it would be expected that for a slugging
flow regime a projected area which covers almost the entire column cross-section would be
attained. However, the number of experiments available is not large enough to check the
diagnosing robustness and precision of this approach.
The motion of the fluidized particles is quite turbulent resulting from the continuous
upward flow of the fluid phases and the interaction among particles. The turbulence intensity
magnitude reflects the fluctuating intensity of the solids motion, related to the dispersion
during particles circulation. From the radioactive tracer path, the turbulence intensity can be
estimated considering that trajectories of the tracer passing through the same location in the
bed at different instants would represent the behavior of different particles released from that
location at a given time; hence, recreating an ensemble in order to get ensemble-averaged
values. From a Lagrangian approach, considering the velocity fluctuation of the particle
ensemble and its average, a root mean square velocity and a mean velocity can be calculated.
By definition, their ratio is the turbulence intensity. In Fig. 2 axial variations of the
normalized azimuthally and radially averaged turbulence intensities, evaluated from the
fluctuations in axial velocity, are represented for the different operating conditions explored.
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In absolute values (not shown), the axial turbulence intensity generally increases with
an increase in gas velocity and is higher for the glass beads than for the PVC particles. After
normalizing with the highest value attained at each experiment, the axial turbulence intensities
profiles become similar for the lower gas velocities both, for the light and heavy particles. The
lowest values are found at the central region of the reactor. As the gas velocity is increased,
the turbulence intensity is larger all over the reactor but particularly in the upper half and the
axial profile is slightly different for the heavy and light particles.
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3.2. Analysis using Qualitative Dynamics Tools (QDT)
The interconnectivity of particle trajectories starting from very close points in the (x, v,
y, vy, z, vz) state space, can be calculated from RPT experiments to analyze their divergence.
By computing a mean divergence rate of trajectories, a local index of the information loss rate
(ILR) can be estimated [10]. Longitudinal and radial profiles of azimuthally (and radially or
axially, respectively) averaged ILR are shown in Fig. 3 for the three-phase experiments.

0 uG=0.03m/s-GB
*uG=0.07m/s-GB
uG=O. I m/s-GB

o.8
0

0 u=0.01 Om/s-PVC
AuG=0.025m/s-PVC

A

A

10.4

A

0.6

u=0.01 ni/s-PV i
L u=0.025nVs-PVC

A
&

A
0
0

0
O 0

A

uG=0.03m/s-GB
uG=0.07m/s-GB
A uG=O. 11m/s-GB

0.8

0

0

0.4

0

0,2

0

0

A

0
0

0

0

0

0.2
Azimuthally and radially veraged,
axial distribution

Azimuthallyand axiallyaveraged
radial distribution

0

0
0

0.2

0.4

0.6

0.8

Z/Z

i

0

0.2

0.4

0.6

0.8

Fig. 3 Longitudinal and radial variations of local indexes of the information loss rate,
estimated from the divergence of close trajectories in the (x, vx, y, vy, z, vz) state space.
No definite trend can be inferred &om the axial and radial profiles obtained and the
variations are small. The only recurrent trend observed is an increase in the ILR from the
experiments performed in the homogeneous flow regime (the lowest gas velocities) and the
ones in the heterogeneous flow regime or in the transition. To evaluate if a relationship exists
between the axial turbulence intensity and the ILR, azimuthally and radially averaged values
of these parameters have been represented (one against the other) in Fig. 4.
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Fig. 4 Influence of the axial turbulence intensity on the information
loss rate. Solid lines are only to guide the eyes.

72

For low liquid velocities, a similar positive influence of the axial turbulence intensity on
the information loss rate is found. For larger gas velocities, this trend disappears for both solid
materials.
CONCLUSIONS
Spatial features of the solids dynamics in a 313-three phase fluidized bed have been
inferred from radioactive particle tracking experiments carried out with light and heavy
particles and in different flow regimes. The following conclusions can be drawn
- Tracer fast ascending path occurrences and characteristics depends markedly on gas flow
rate and could provide an indication of a flow regime transition.
- The longitudinal profile of the axial turbulence intensity is similar for low gas velocities and
is lower in the central region of the reactor.
- The information loss rate is lower at the homogeneous flow regime and has a positive
relationship with the axial turbulence intensity for low gas velocities.
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NEW TRACERS AND DETECTORS

PLO500205
SIMPLIFIED SPECT CAMERA FOR FLUID FLOW MONITORUNU
Leszek Furman, Tomasz Prus
Facully qfPhysics & Nuclear Techniques, AGH University Qf Science and
TechnologyKrakow, Poland
Abstract: A simple, Single Photon Emission Computed Tomography (SPECT) camera based
on NOJI) scintillators/detectors, for quantification of multiphase opaque flow fields is
presented. The authors intended to make use of the scintillation detectors commonly applied
either. for industrial or laboratory radiotracer tests (RTT) and to design the simplified
hardware and user friendly software for fluid flow visualization. Nine detectors located
around the object collect the tracer information in a given part of the object defined by a
collimation system. As the image reconstruction technique the Filtered Back Projection (FBP)
is applied.
1. INTRODUCTION
The residence time distribution (RTD) technique gives the global picture of the flow
[1,2]. More advanced, the computerized fluid dynamics (CFD) method provides the flow map
of what happens inside the process and needs verification. Using tomographic techniques the
visualisation of the flow pattern inside vessels becomes possible. SPECT cameras are
generally very expensive and complex devices, that could hardly be used in hazardous
industrial environment. This is why tracer men feel the lack of tomographic systems. Many
tracer groups around the world possess the appropriate equipment: sensitive detectors, data
loggers and computer based data acquisition systems. The authors intended to make use of the
scintillation detectors commonly applied either for industrial or aboratory radiotracer tests
(RTT) and to design the simplified hardware and user friendly software for fluid flow
visualisation.
2. METHODOLOGY
The objective of the device is to measure temporarily the spatial distribution of the
flow (or a phase) labelled by radioactive tracers. Nine detectors located around the object
collect the tracer information in a given part of the object defined by a collimation system
(Figure 1). The detected signal for a single detector is given by:
pi Y hy xi
J
where: xj - emission rate per unit volume.
The projection coefficient hy takes into account the detector response, attenuation through te
flow, the measuring geometry, scattering, etc. This discrete projection operation can be
defined as a matrix product
P = HX
(2)
where H is called projection operator.
Theoretically, direct methods exist to solve the system 2 Because XI 1P, the method
consist in the determination of the invert of . The method has several disadvantages: eeds
power-full computers, I 1may not exist, may not be unique, may be ill-conditioned e.g. small
changes in the noisy data P may produce large differences in result
Although any
different algorithms for SPECT image reconstruction exist, the authors intend to try out the
Filtered Back Projection (FBP) technique at first 3]. The FBP algorithm was preferred for a
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long time because it was computationally faster. It requires filter optimization 41 in order to
provide best image noise and image resolution.

xi

Ps
p7

IZX4)

P5
p4

Pi

P2

P3

Fig. 1. Principle of projection at angle 00, 600 and 1200. Detector pl can receive photons from
pixels X2, X9, X4 X Value recorded by each detector is sum of values of pixels that project
onto that detector. Example: pi h1,12X12+h1,9x9+h1,4X4+h1,1x1.
3. HARDWARE
The measuring system is based on gauging - data processing units VMU that may log
data from four scintillation detectors each. The detectors are equipped with 2 NaJTl
,scintillators, 12/1000V DC-DC converter, preamplifier and discriminator. Laboratory setting
for the detectors is 20 keV threshold value. The threshold may be adjusted by internal multiturn pot. Readings from all those channels that the user has set to log are stored at regular
intervals. Data are recorded as 16 bit numbers and can be fed to computer during logging as
well as after the ed of logging run. Stored data can be transferred to any computer with
RS232C serial interface.

VMU
Fv-mu
Fig. 2 The SPECT based on 3x3 NaJ scintillation detectors.
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The additional output of the VMU delivers standard TTL pulses, hich directly drive the
"Counters' Card" (PC plug-in card) for high sampling rate measurements. Sampling time can
be then as short as I ms. This feature is utilized for SPECT [5].
The essential for SPECT is collimation system. Each detector should "see" the narrow region
of the slice and attenuate enough the photons coming outside the region. Location of any
scintillation (the particular detector) allows one to find out direction of detected photon but
not to know distance between detector and the emission place. On the other hand, the
narrower the region the poorer sensitivity of the system. The diameter of a single collimator
should be small enough in order to be able to situate detectors as close to each other as
possible. This is in turn limited by the diameter of the scintillator. Having all this in mind, we
have calculated the length of the lead collimator (Figure 3 using absorption aw (Tc-99,
140,5 keV, mass absorption coefficient 234 cm 2/g) and assuming the detector can "see"
object of 10 cm diameter at 50cm distance. Figure 3 shows the assumptions for collimator
design. Wall thickness of 17 mm gives one hundred times attenuation of the recorded
radioactivity.
L

50c 2 r
(10cm 2 - r

bucM

L

N,

Fig. 3 Assumptions for collimator design.
Following computer simulations validated te construction shown in Figure 4 Reduced wall
thickness allowed considerable weight reduction.
41;

R
r

d

Fig. 4 Final collimator design (R

74 mm, L

200 mm, d = 20 mm, r =

mm).

4. RESULTS
Preliminary calibration results of the SPECT system are shown in Figure 5. The data
were collected using small TC-99 source. The source was placed on the observed slice using
lcm by 1cm mesh. These are raw data that illustrate the spatial resolution, sensitivity,
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attenuation, signal to noise ratio, etc. at 40 cm distance from the detectors. Such data. will be
utilized for calculation of projection operator H.
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Fig. 4 Raw data collected at 40 cm distance from the detectors, every I cm, sampled every
15s. Detectors placed at -8, 0, and 8cm.
The spatial resolution for Tc-99 tracer applied and the detection/collimation system described
is about 25 percent of the object diameter 35 cm). The authors believe that achieved
parameters of the SPECT system allow identification of flow fields inside hydrocyclones and
heat exchangers - the objects being investigated by CFD simulations at present.
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MOLECULAR IMPRINTING A VALUABLE TOOL FOR TRACER ANALYSIS?
Claus Galdiga and Tor 13jorinstad
Institute for Energy Technology, PO.Box 40, N-2007 Kjeller, Norway
ABSTRACT.

The

continuous

development

of

classical

analytical

istrumentation,

such

as

Spectrophotometers, Mass Spectrometers, and Scintillation Counters etc. through the years
is leading to a more powerfid Analysis that is capable to determine Tracer Compounds at
lowest concentrations even in complex matrices.
On the other hand a new technology receives moire and more attention: Molecular
Imprinting. In this technique template molecules form complex structures with suitable
functional monomers, which in a second step react with a cross-linker to form the
imprinted polymer. After removal of the template molecules, this polymer contains empty
recognition sites that are capable to selectively rebind template molecules from complex
matrices. The Molecular Iprinting Technique enables the generation of Recognition Sites
for (m)any type(s) of molecules. Potential Applications of Molecular Imprinted Polymers
in Tracer Analysis are:
-

Selective Stationary phases in Chromatography/Electrophoresis

-

Selective Sorption materials in SPE
Selective Membranes

-

Coatings in various types of Sensors

In consequence "Molecular Iprinting" is capable to farther enhance the performance of
conventional analytical techniques,
And - even more important - "Molecular Imprinting" makes it possible to design tailormade Sensors for given tracer molecules.
The intention of tis contribution is to present Molecular Imprinting as a valuable tool for
Tracer Analysis. The concept will be presented and potential applications will be
illustrated by examples from the literature.
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Industrial Radionuclide Generators, - Status and Perspectives
by
Tor Bjornstad
Institute for Energy Technology, N2027 Kjeller, Norway and
Nuclear Chemistry, University of Oslo, N-0315 Oslo, Norway
Abstract:
RTD measurements of mass flow and study of mechanisms and efficiency of
industrial processes depend strongly on the propertiesand behaviourof the
radiotracer used. Such properties are radiation type and energy and half-life. In most
cases a gamma emitter with E > 300-400 keV is desireable. The half-life should be
short to maximise the public acceptance of the method and minimize the dose level
andwasteproblems,butsufficientlylongtomasterthejob. Itsbehaviourismore
related to the stability of its chemical form: Ions may be subject to sorption,
complexes may degrade etc.
Today, the availability and general spread of the most optimal primary radionuclides
for suitable tagging purposes is hampered due to limited access to nuclear reactors
and suitable particle accelerators. On this background, radionuclide generators with
longer-lived mothers and short-lived daughters are of special interest.
During the two last decades there has been an extensive development of radionuclide
generators for medical use, but virtually none dedicated for industrial and technical
purposes. Hence, medical generators" are also applied industrially because of good
availability but in many cases by compromising on properties and behaviour of the
tracer. One example is the 99Mo-->99'Tc generator where the most common tracer
compound is 99mTcO4 which, in many situations, has a too low energy and too low
stability.

Example of a Radionuclide
Generator Principles
Aquedus solution
(saltinity, pH)

Aqueous Solution
+ dathter
.A.queou trater

ion
cofumn change
Mother nuclide
-Da U9.h-ter
- nuclide

The present article describes
various radionuclide generator
principles and the actual
availability of radionuclide
generator systems used for
industrial examinations today. In
addition, a ritical review is given
of existing mother-daughter
relationships, which can be
o generator systems.
evelope
Priorities for their development
are
based
on present
and suggested
future needs.
Examples
are
provided.
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NEW TECHNOLOGIES: FOR PRODUCTION OF RADIOPHARMACEUTICALS
AND OTHER MEDICAL PREPARATIONS
Zbigniew Bazaniak
Edward ller
Renata Mikolajczak
Radioisotope Centre POLA TOM
05-400 Otwock - wierk ear Warsaw, Poland
SUMMARY
The Radioisotope Centre POLA TOM belongs to te group of R&D institutions whose
profile of activities comprises, besides applied research work, also manufacturing of a range
of products based on implementation of the Centre's own developments.
The Centre possesses considerable experience in its area of expertise: forty-six years
of manufacturing of various radiation sources and radlophan-naceuticals, perforrning
metrology and analysis of radioactive aterials, which makes OBRI a unique R&D unit. The
Centre is the chief manufacturer and supplier of radiophan-naceuticals for nuclear medicine in
Poland, and also an active exporter with a market of several tens of countries.
The current trends in the Centre's activity assume combination of R&D work with
practical application of its results for production purposes. The undertaken research topics are
studied in co-operation with domestic and foreign scientific institutions.
Keywords: nuclear medicine, radiophan-naceuticals, medical

aterials

INTRODUCTION
POLATOM is the only R&D institution running a full scope of ork aimed at
development of technologies for production of various isotope preparations intended for use
in science, medicine, environmental protection and industry.
The research programme adopted by the Centre is based on actual needs of the arket
and incorporates the main trends observed world-wide throughout recent yars. The
programme has established direct links to such areas as nuclear medicine, radiotherapy,
radiochemistry and metrology of radionuclides. The tasks udertaken for execution under the
programme can be ategorised as follows, depending on their chief topic of interest:
• Physico-chemical investigations and development of technology of production of
radioactive preparations intended for medical diagnostics ad therapy
(radiopharmaceuticals),
• radiochernicals
• Research into the process of fixing radionuclides on small surfaces; development
of production methods for manufacturing of sealed radioactive sources.
As regards the metrology of radionuclides and methods for quality control of
radioactive preparations, the currently conducted research focuses on th.e following topics:
• Production of new standard sources of ionising adiation, Updating and improvement of
the measurement methods in use,
• Improvement of analytical methods pursuant to European standards.
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Current regulations in force in EU countries have found their reflection in the work of
the Centre in form of the GMP system implemented with respect to production of
radiopharmaceuticals.
The Quality Assurance system conforming to the ISO 9001:2000 standard is urrently
being implemented, and is intended to cover all fields of POLATOM's activity.
RADIOPHARMACEUTICALS
A new direction in the research work conducted recently at OBRI POLATOM
comprises techniques aimed at obtaining of the so-called IIId generation
radiopharmaceuticals. To the category of such preparations belong certain biologically active
substances including peptides, hormones, monoclonal antibodies and their isolated fragments,
labelled with various radionuclides, Their radioactive labelling makes them valuable tools
frequently employed for diagnostics of the central nervous system and diagnosis and therapy
of cancer (mainly of the neuro-endocrine origin). The specific inherent affinity of those
radiophan-naceuticals to certain cellular receptors is utilised in this method. It causes the
labelled substance to travel along the bodily circuits to finally settle within the cancerous
tissue.
The Centre conducts the research work in co-operation with many laboratories under
the European Programme called COST (Co-Operation in Science and Technology), and the
particular project entitled "Isotopic Tracers For Determination Of Biological Functions Under
'in vivo' Conditions", belonging to the major topic category "Biologically Active Peptides
and Isotope-Labelled Oligonucleotides".
As a result of such 'oint research effort a preparation called HYNIC-Tyr 3-Octreotide
has been synthesised and clinically evaluated. The preliminary assessment has confirmed its
suitability for diagnosis of tumours of neuro-endocrine origin, particularly turnours located in
the abdomen, typically defying detection with other methods.
Another new direction of research work conducted at the Centre is the practical
application in medicine of some P-emitting radiotracers, such as itrium-90, samarium-153,
rhenium-188 and lutetium-177, whose physical characteristics make them usable in medical
isotopic treatment, particularly in the cases where conventional methods fail to yield a desired
result.
In order to increase the effectiveness of such therapy ad, at the same time, reduce the
overall radiotoxicity of the preparations for the patient's organism, the isotopes are
administered in forin of lasting complexes with organic substances (chelates).
Such an
approach facilitates deposition of the radionuclides in cancerous tissues and accelerates their
removal from the circulating blood.
Within the same topic group, research is being perforined on development of
radiopharmaceuticals known as EDTMP-1"Sm and EDTMP- 177 Lu, used for palliative
radiotherapy of cancer metastases to bones,
It is also planned to develop a method for labelling of HEDP with the Re- 188 isotope
obtained from a 188W / 18Re generator, of POLATOM's own design. The carrier-free Re-188
isotope produced by the generator features 16.9 hrs. half-life and the gamma-radiation energy
of 155 keV. Thanks to the nature of gamma-radiation, cumulation of the Isotope in tissues can
easily be controlled, and it is not necessary to perform ancillary examinations with use of
other nuclides. The Re-188 P-radiation penetrates the tissue to a depth of approx. mm,
which enables destruction of even large tumours. Similarly to other radionuclides applied for
radiotherapy, Re-188 can be supplied to diseased tissues in form of various compounds, e.g.
with antibodies or other substances capable of selective accumulation in certain tissues.
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The Re-188 isotope obtained from the tungsten-rhenium generator finds still broader
application to removal of non-surgical metastases of breast, lungs and prostate cancers. Apart
from that, it can successfully be applied during operation of unclogging of corollary vessels,
when it prevents their re-clogging.
Another project undertaken at the Centre has resulted in development of technology
for production of the itrium-90 isotope. Launching the production of itrium-90 in Po an wi
enable execution of a research programme aimed at obtaining of a number of
radiopharmaccuticals labelled with that nuclide. In medicine, such preparations are applied to
treatment of knee joint inflammation as well as nternal treatment of cancers of neuroendocrinological origin.
Modem nuclear medicine shows great iterest in radiopharynaceuticals incorporating
the odine-123 isotope, due to its relatively short half-life and the fact that 1123 emits only
gamma radiation of energy of 159 keV. This radiation characteristi eables obtaining of
high quality plenary images and recording of the SPECT /Single Photon Emission Computer
Tomography/ images. Wdely available medical apparatus can be used for studying of the
images thus created.
1-123 is a cyclotron isotope, and medical diagnosis based on 123 - labelled
substances depends solely on import of the nuclide. Nevertheless, the Centre has decided to
start investigations on application of 1123 to create a scientific basis that should facilitate its
'de usage after launching do estic production of cyclotron
wi
m 1
isotopes.
The MIBG- 123, preparation was developed in the first place.
It is used for
scintigraphic localisation of chromoabsorbing tumours occurring in adrenal gland and outside
of it, malignant metastases of pheochromocytoma in neoblastoma imaging in children, and in
assessment of the adrenergic system of the heart. Te work at obtaining the 123 1-ci-methyltyrosine employed for diagnosis of brain turnours, particularly recurrences after a surgical
operation is now in progress. Preliminary investigations of biological distribution of the
preparation have been conducted on animals. They seem to confirm the expected
phan-nacokinetic mechanism of the sbstance.
The Centre is working almost continually at optimisation of the technology for
production of radiophamiaceuticals and other peparations, with simultaneous quality control
conformant to the European Phan-naeopoeia.
SEALED RADIATION SOURCES
Sealed (encapsulated) radiation sources constituting the core of brachytherapy a
method involving application of such sources directly to the cancerous tissue, are in common
use world-wide. Dimensions of the therapeutic sources of radiation, both of the radioactive
core and inactive casing, amount to a fraction of a rnillimetre to single millimetres.
POLATOM has been working at development of ophthalmic applicators based on ruthenium106 and odine-125. The ruthenium-106 applicators sed for treatment of the yeball
melanoma have been developed at the Centre uder a project subsidised by the national
Committee for Scientific Research (Polish: KBN - Komitet Badai Naukowych). Such
applicators have been successfully administered to 28 patients of Collegium Medicum,
Jagiellonian University, Cracow. Development of the technology for production of grain-free
ophthalmic applicator of iodine-125 won for its authors Gold Medal of 51 Fair of Invention,
Research and New Technologies "EUREKA 2002" in Bussels, besides a distinguished
mention by the Panel of Judges and a cup from Belgian deputy Prime Minister and Foreign
Minister.
New types of rhutenium-106 applicators of more complex shape ave also been
constructed. Such applicators can be used in a direct vicinity of the ophthalmic nerve. There
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are plans to develop, as the next step, bracbytherapeutical sources for treatment of
endocerebral and prostate turnours.
METROLOGY OF RADIOACTIVE MATERIALS
The research currently conducted in the field of radioactive materials metrology
focuses mainly around improvement of techniques of determination of radioactive impurities.
Another important direction comprises improvement of methods for absolute measurement of
activity of the preparations produced at the Centre. The measuring techniques must ensure
credibility of detection of x, P and y-radioactive impurities present in medical preparation at
extremely low levels, as required by the standards of European Pharmacopoeia. The Centre's
participation in projects related to measurement of P-ernitters continues in parallel to
development of measuring techniques based on liquid scintillators (LSQ and an increase in
their accuracy. The development of absolute measurement methods regards, in particular, the
TDC method (Triple-Double-Coincidence). It has now become particularly important, as the
Centre has been entrusted with the permanent depository of the state-approved standard unit
of activity of radioactive nuclides.
The Centre seeks confirmation of its competence and expertise by participation in
international comparisons of radioactive nuclides activity organised by EROMET
(European Organisation of Measuring Techniques), International Bureau of Measures and
Weights in Sevres near Paris and American National Standards Institution, USA.
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PLO500208
PORTABLE INSTRUMENT FOR ACQUISITION AND PROCESSING DATA FROM
RADIOMETRIC EXPERIMENTS PERFORMED IN THE FIELD AND
INDUSTRIAL CONDITIONS
P. Urbafiski, J. Mirowicz, A. wczarezyk, P. Piefikos, E. wistowski, B. Machaj,
Instilute ol'Nuclear Chemistry and Technology, Worsui4,, Poland
Abstract. To facilitate radiotracer investigations in feld or industrial environment a battery
operated FIR I Field Industrial Radiometer has been developed. The radiometer is equipped
with 4 splash-proof Nal(TI), 05WO mm scintillation probes operating in counting mode, 4
water-proof GM probes, I splash-proof spectrometric scintillation probe Nal(TI) (D5Ox5 mm
equipped with 256 channel analyzer. The detectors are connected to controller by means of
4 water-proof connecting cables I 0 m long, or 4 splash-proof connecting cables I 0 m long.
Pulses originating from gamma radiation are periodically counted and stored in non-volatile
memory. The measured count rate against time is displayed on graphic dsplay. Radiation
spectra measured with spectrometric probe are also stored in the memory and are displayed on
graphic display. Total count number in selected range of energy of the spectrum can be
computed. Stored in memory measuring data ae transmitted to an external computer
employing serial port RS232 .
1. INTRODUCTION
A considerable part of radiotracer investigations in industry is ivolved in flow of
medium trough such istallations as cemical reactors., furnaces, settling tanks or mixers.
On base of such measurements technological processes and operation of industrial devices
can be optimized. In case of a field environmental investigation a flow of wastes can be
determined which allows to assess self-purification process and determination of te point of
industrial and communal waste deposition. Investigations of rubble movement in turn, allow
to undertake appropriate activities in maintaining hydrological technical objects (rivers flow
control, protection of storing reservoir against sliming, seaside erosion etc.). The radiotracer
methods of investigations are especially useful in all the places where the environment can be
influenced and formed by men.
To facilitate such radiotracer investigations a battery operated survey instrument FR-1
Field Industrial Radiometer has been developed and is presented i the paper. The radiorneter
is equipped with 4 splash-proof scintillation probes, 4 water-proof GM probes, I splashproof spectrometric scintillation pobe euipped with 256 channel analyzer. The detectors
are connected to electronic unit by eans of 4 connecting cables 100 m long. The radiometer
is placed in 4 carrying cases. Eight drums with connecting cables, each 100 m long,
complete fitting of the FIR-] radiometer. A car borne version of the FIR-1 radiometer is
available in case when ore tha 4 measurino channels, r long connecting cables Lip to I 00
rn. are needed,
2. BLOCK DIAGRAM
Block diagram of te FIR-I radiometer is shown in Fig.
Four scintillation or four
GM (Geiger Mueller) probes operating in pulse counting mode (DI-134) and one
spectrometric scintillation probe (D5) are connected to the controller (electronic unit). The
pulses from counting channels are counted by microprocessors programmable pulse counters
(PPS) and are stored in controller memory. Measuring results of one selected channel against
time are simultaneously displayed in form of a diagram on the display of the controller. In the
same manner operate the GM pobes (DI-D4) if they, istead of scintillation probes, are
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connected to the controller. When the spectrometric scintillation probe is activated it
measures radiation spectrum and after the measurement is finished the results of measurement
are transmitted to the controller memory. The spectrum stored in the memory can then be
displayed on the controller display. All measuring results stored in the memory are sent, on
request, to an external computer through RS232 serial port. Transmission speed is 3 400 b/s.
All electronic circuits of the controller are fed from 6V/12 Ah battery. To ensure separate
(isolated) 12 V supply voltage for the measuring probes dc converters 6 to 12 V are used (not
shown in Fig. 1). Fully charged battery ensures 24 hrs continuous operation of the monitor.
The battery is charged from an external battery charger.
Scintillator or GM
detectors

MEASURING
PROBES

ELECTRONIC
UNIT

MCA

FRS
PPC

to external
computer

up

PPC

-EP-PC
<

ains
30V

Fig. 1. Block diagram of FIR- I radiometer. DI ... D4 - scintillation or GM detectors, D5spectrometric scintillation detector, MCA - 256 channel pulse amplitude analyzer, E - pulse
discriminators, PPC - programmable pulse counters, uP - microprocessor system, DIS graphic display, KBD - foil keyboard, RS - RS23)2 serial port, CVT - battery charger
The DI -D4 scintillation probes operating in pulse counting mode measure pulse count
number from gamma radiation, at fixed discrimination level, during programmed counting
time. Scintillator Nal(TI), (D5Ox5O mm is used as radiation detector. Inside housing of each
of the probes high voltage power supply, discriminator, and line driver are located. Special
design of high voltage power supply and high voltage divider for the dynodes of
photomultiplier tube (PMT) ensures low power consumption 4 mA from 12 V dc supply
voltage). Insulated 12 V dc for each probe is fed from the controller. Line driver electronics
permit for cable connection between the probes and the controller up tolOOO m long.
Similarly to the scintillation probes, the GM probes operate in pulse counting mode. Inside
the GM probe housing are placed GM counter, HV power supply and line driver.. The
spectrometric scintillation probe (D5) with Nal(TI), (D5Ox5O mm, inside of the housing
contains 256 channel analyzer, microcomputer, high voltage power supply, and RS485 serial
port electronics.
Fast electronics of the monitor enables activity measurement up to 30 000 c/s.
Counting time is programmable from 0.125 - 120 s. Up to 20 series of measurements for each
channel (131-134) can be stored in memory, each series containing up to 1024 readings. Each
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reading can contain a number Lip to 3) 600 000. The measurements are autornatically repeated.
Each channel is individually pogrammed.
Counting time of the spectrometric probe with 256 pulse channel analyzer is programmed
from 10-300 s, dead time is 17 ts, and maximum count number in a each cannel is 65 535
counts. Up to 10 radiation spectra are stored in onitor memory. Cable 10 rn long connects
the spectrometric probe with controller uit. Example spectrum of Cs-1317 measured with
spectrometric probe is shown in Fig. 2.
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Fig. 2 Example differential spectrum of Cs-137 radiation measured with spectrometric probe
Detailed length ad type of connecting cables between te probes ad FIR-I
controller-, for a standard set, are shown in Fig. -"). In case longer connections for scintillation
probes, or GM probes ae needed, the distance can be prolonged tip to I 00 in with cables
100 in long.

4 SCINTILLATION COUNTING CHANNELS
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s D Cj
3 .
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water
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100 M
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splash
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,Om
SPECTROMETRIC
CHANNEL

splash
Proof

Fig.
Connecting cables between detection probes and FR-1 controller in standard
measurin- set. SCI-SC4 - scintillation probes, GMI-GM4 - Geiger Mueller probes, SP spectrometric scintillation probe. Four upper sockets connect 4 scintillation or 4 GM probes.
The lowest socket is for connection spectrometric probe only..
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3. PERFORMANCE
Operation of the radiometer and measurements are carried out under a control of
microprocessor program. The program checks up if any probe is connected to the controller,
and if so, what is the type of the probe (scintillation or GM probe). If during the
measurements some probe is disconnected or damaged, high voltage of the probe is
disconnected and a warning is displayed. If after the monitor is switched on the battery
voltage is lower than 5.5 V a warning is displayed and start of measurements is disabled. The
program enables individual programming of measuring parameters of all the probes. The
measuring results are displayed in a form of diagrams on the monitor display. Displayed
diagram, if requested, are smoothed employing 3 point or point method. Eight markers are
accessible to the user to denote selected readings when the measurements are carried out.
Comparison of two measurements carried ot i two selected channels is possible. When the
monitor is on, a "watchdog" circuit controls correctness of operation of the monitor, and the
battery voltage is under constant control.
General view of the FIR-1 controller is shown in Fig. 4 The radiometer is very well
suited for registration of radiation from isotope markers introduced into investigated objects
[1,2]. Some experimental investigations were carried out with the use of FIR-1 radiometer.
An example of application of the radiometer in radiotracer investigations were investigation
of dynamics of liquids flow in a model channel equivalent to a settler tank of petrochemical
Fig. 4 General view of
the FIR- I controller.
Display, keyboard, and
on/off key are located on
the tilted part of front
plate. At the bottom to
the left RS232
serial
port, ad battery charger
sockets are seen. Five
sockets for connection 4
counting scintillation or
GM probes, and one
spectrometric probe are
located at the rear plate
of the controller housing
waste. The task of the investigations was optimization of computational fluid dynamics
(CFD) on the base of experimental residence time distribution. (RTD). Four counting

CFO

Fig. 4 Comparison of calculated and
experimental residence time distribution
function.
The tracer used in the
investigations was Br-52.
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detection probes situated along te channel were used in te investigations. The results of
measurements and computation of RTD are shown for illustration in Fig. 4 3] indicating that
the methodology of computation of CFD has to be improved.
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1. ABSTRACT
This paper presents studies concerned possibility of application of sulfur isotope ratio to
investigate the sulfur pollution, coming from coal combustion process. The samples of hard
coal and lignite, slag and ashes were taken from power station Kaweczyn and Belchat6 to
determine sulfur isotope ratio changes in the products of coal combustion process.
Additionally, sulfur from outlet gas was absorbed to determine sulfur isotope fractionation in
desulfurization process. Sulfates from outlet gases are enriched in light isotope 32S in
comparison to coal which was used in power plants. Fractionation of sulfur isotopes between
inlet and outlet gases was observed.
The stable sulfur compositions of sulfur compounds of industrial origin, present in
atmosphere, biosphere, hydrosphere, groundwater, soil, etc., may differ from those for natural
sources. Sulfur isotope ratio can be treated as en environmental tracer, and may be applied to
study the sulfur pollution distribution from coal combustion process, in the environment.
2. INTRODUCTION
Power generation in great extend is based on the fossil fuel combustion. These fuels contain
sulfur and are the main anthropogenic source of sulfur, mostly emitted to the atmosphere as
sulfur dioxide. Sulfuric acid which is the product Of S02 oxidation and reaction with
atmospheric water, the phenomena called acidic rain occurs. S02 eission has a great impact
on environment and human health conditions. Therefore different technologies have been
applied for air pollution control. Tere are no other methods beside sulftir isotope ratio
measurements to investigate fate of anthropogenic sulfur (emission and desulphurization
products) in the atmosphere and environment 1,2,3,4].
The first undertaken investigations were concerning characteristic of the Polish coals [5]. he
received results (614S od 6,62 do +1 5,88%o) suggest that the sulfur in coal originates from the
sulfur being originally bounded by plants and depleted in the isotope 34S. In some deposits
isotopic composition is similar on different depths of the whole region, while in the other, this
composition can even change on the deep of several meters 6].
3. MATERIAL AND METHOD
Coal used in Kawqczyn Power Station is the hard coal origin from Upper Silesian Basin of
Upper Carboniferrous age and has variable of sulfur content from 054 to 086%. Upper
Silesian Basin is located in the south of Poland around Katowice and straddles the border with
the Czech Republic. It is the most important coalfield, comprising 103 recognized deposits
and covering an area of 4500 krn.
Belchat6w Power Station is situated on the south edge of the Szczerc6w valley, on the GreatPolish Lowlands. Lignite deposit, exploited in the near open pit is placed not very deep and
that is the reason why a strip mine was built here. Lignite characterizes with considerable
variability of sulfur content (from 069 - 083%).
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4. 814SPIS IN COAL COMBUSTION PROCESS
Each form of sulfur was prepared by extrac .tion 7] of solid samples collected at power plant
and was transformed into a stable compounds, which can be subsequently converted to a gas
phase SO2) for mass spectrometric analysis [8]. The obtained results are presented in tables I
and 2.
Table 1: Sulfur isotope ratio 34S/32S in particular form of sulfur in different stable samples
[%o] from Kawqczyn Power Station.
614S/32S [%O]
coal
7,45 ± 004
9,78 003
15,83
,07

organic sulfur
pyrit sulfur
sulfate sulfur

slag
8,07 ± 007
0,8 ± 0,05
0,94 ± 002

ash
29,35 0,03
-4,09

0,02

Table 2 Sulfur isotope ratio 34S/32S in particular form of sulfur in different stable samples
[%o] from Belchat6w Power Station.
834S/32S [%.]
lignite
7,81 0,03
-4,60 0,03
-6,14 0,03

organic sulfur
pyrite sulfur
sulfate sulftir

5.

slag
1,01 ± 004
0,82 ± 004

ash

0,59

0,03

4S/12S IN DESULPHURIZATION PROCESS

The desulphurization process was checked in the both power stations. Sulfur froin outlet gas
was absorbed in hydrogen peroxide solution 9] (Fig 1):
H20

S02(p,) +

H20

H2SO3

inlet

80%
lzopropanol

H2SO4

outlet

V
3% H202

empty

Fig. 1. Scheme apparatus for S02 absorbed..
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The sulfate ions produced in this way were quantatively recovered as BaSO4 by precipitation
with BaC12 solution [IO].
5.1. KAWkCZYN POWER STATION
The plant for desulphurization process is installed on a bypass of the main flue gas stream
from boiler VvT- 120 [I I]. The flue gases are cooled down in a spray cooler working in a drybottonf' condition and then irradiated in two steps in the reaction vessel. Gaseous ammonia is
injected by nozzles upstream of flue gas irradiation. The by-product is collected 'in a bag
filter. The product of the desulphurization process is a mixture of (NH4)2SO4 - 95%, NH4NO3
- 5%.
Table 3 834S/12S flue gas and product from desulphurization process [Y0] from Kawqczyn
Power Station.
834S/12S [%,I
Inlet gas

Separation

Outlet gas
-5,8 ± 002

2,59 ± 002

Product

factor - oc

3,05 ± 002

0,992

5.2. BELCHATOW POWER STATION

Product of the process of flue gas desulphurisation is gypsum, which is product "Wet" lime
and gypsum technology. The flue gas is purified in the absorber by a suspended limestone

flowing in counter-current. Sulfur dioxide, coming in together with flue gas, reacts with
calcium bicarbonate, the main component of the limestone, delivered to the absorber in the
shape of a solution, which effect is arising of calcium sulfite. After oxidation and
crystallization, gypsum arises. The gypsum is removed as by-product in desulphurization
process.
Table 4 614S/11S flue gas and product from desulphurization process [%o] ftom Belchat6w
Power Station.
614S/32S
Inlet gas
-1,33 ± 003

6.

Separation
Outlet gas
-4,88 003

Product
1,21 ± 003

factor - cc
0,996

CONCLUSIONS

The obtained results (Tab. and Tab.2) show small difference
isotopic composition
between coal and lignite. Lignite are characterized by negative 34S pyrite sulfur and sulfate
sulfur while hard coals have positive 834S values. However, both values, are in range from 6.14 to 15.83%o and suggest that sulfur originates from sulfur originally bounded by plants
and is depleted in the isotope 34S. Organic matter produced from sea plants is a source of
material forming the fossil fuels. This essential part of the process was perform by bacterial
action, which transformed organic material and produced F12S and S, which were then
introduced into the layers of peat coal.
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In the coal combustion process take place fractionation sulfur isotopes. During combustion of
lignite, enriched in heavy isotope 34S slug and ashes occurs. Pyrite and sulfates in slag and
ashes have depleted 634S values vs. 534S of coal.
As show obtained results in table 3 and 4 sulfur in outlet gases is depleted in heavy isotope
34S . However, products from this process are differ (gypsum and ammonium sulfate), 634 S are
enriched in both desulphurization process.
Many studies have been carried out in Europe 2 3 4 12), the Arctic 13), and
America 14) to use sulfur isotope as a marker of anthropogenic sulfur in the environment.
This method may be applied to investigate of different air pollution control technologies as
well, for example method can be used to establish further fate of by-products e.g. elution of
gypsum from landfilled waste, monitoring of water and investigation of ashes leaching.
However, introduction of desulphurization units has changed isotopic ratio of sulfur in the
outlet gas streams. Normally, S02 left in this flue gas is depleted in the heavy isotope 34. This
phenomena should be taken into account during the preparing of sulfur balance for the
country and the region.
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Abstract: Great technical and economical benefits can be obtained by applying radioisotope
technologies 'Lo various industries. The International Atomic Energy Agency (LAEA) has
contributed to the development of radiotracer and sealed source technology as applied to
industry and environment through coordinated research projects (CRPs). The mature and
,,Competitive techniques have been transferred and implemented to developing countries
Through the Agency's technical co-operation TQ pojects. The paper presents the main
achievements in radiotracer ad sealed source technology promoted by the LkEA as well as
the perspective of the technology transfer to developing countries.
i. INTRODUCTION
Radioisotope technologies, as radiotfacers and radioisotope sealed sources, have been
widely used i various industries to optimize processes, solve problems, improve product
quality, save energy and reduce pollution release. Their technical, economical and
environmental benefits have been well demonstrated and recognized by industry ad
environmental sector.
Rp4iotfacel
i a uique too] in many cases for extraction valuable
information about industrial processes, thereby contributing significantly to improving their
performance. Radiotracers have distinctive advantages for providing reliable data, which
zannot be obtained by any other techniquc.
Economic benefits of the use of radiotracers and sealed sources in industry an over the
world are anually estimated around several hundred million $US and are derived fi-orn:
Troubleshooting: in te form of savings associated with plant shutdown minimization ad
loss prevention.
Process optimization: in the form of that performance improvement either in throughput or
in product quality.
2. COORDINATED RESEARCH PROJECTS
The Agency supports research mainly through CPs wich bring together research
institutes in both developing and developed countries to collaborate on the research topic of
interest. ne research that is supported
courages the acquisition and dissemination of new
knowledge and technology generated through the use of nuclear technologies and isotopic
techniques in the various fields of work covered by the Agency's mandate. The agency
organized following CRPs during last severa. years in the field of tracer and sealed source
application i industry.
2.1. CRP on Nuclear Methods in Monitoring Wear and Corrosion in Industry (19921996)
Thin Layer Activation (TLA) method has been developed and applied in routine service
for monitoring wear, erosion and corrosion in a wide ange of process idustries. TLA is of
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considerable advantage for continuous monitoring of corrosion in pressure vessels, reactors
and digesters where electrochemical methods do not work well, and where there may exist
potential hazards if intrusive probes are used. The major TLA applications are:
* In pulp and paper industry for orrosion monitoring of pulp making digesters,
* In petrochemical industry for lifetime estimation of pipelines and heat exchangers,
* In hydroelectric power industry for monitoring of abrasiveness of volcanic ash laden water to
the wear of turbine blade of generator,
o In mechanical and car industries for piston ring wear in engines, wear of railway rails, testing
of lubricant oils, wear of cutting edges of turning tools and bearing ball.
TLA method consists of three parts: lbelling or "activation" by iradiation of the coupon
in cyclotron or tandem accelerator, installation of the activated coupon in the processing line,
measurement of the radioactivity and its interpretation. There were calculated the TLA
profiles for major activation reactions induced by protons, deutrons, He-3 and alpha particles
with energy up to 30 MeV for many elements ad alloys.
The CRP contributed to better understanding of TLA method and to development of new
measuring and application techniques. 'Me techniques and expertise developed under the CRP
have been implementing in some developing countries. The TECDOC-924 "Me thin layer
activation method and its applications in industry" was issued in 1997.
2.2. CRP on Radiotracer Technology for Engineering Unit Operation Studies and Unit
Process Optimization 1997-2000)
The basic radiotracer methodology consists of accurate formulation of the experimenta
residence time distribution (RTD) curve and its utilization for system analysis. The technique
deals with tools to prepare appropriate radiotracers, inject them properly, measure the
radioactivity accurately, treat data with specific software, and extract the maximum of
information about the process under investigation.
'Me major objective of the CRP was the establishment of RTD as a standard tool for
tracer investigation of industrial processes. Under the frame of the CRP, demonstrative and
didactic experiments were uadertaken in ajor industrial processes: fluidized bed, sugar
crystallizer, trickled bed reactor, cement rotary kiln, floatation cell, grinding mill, incinerator,
wastewater treatment unit, and inter-well communications in oil fields, to validate the RTD
software and protocols.
Two RTD softwares have been validated and distributed to thirty tracer groups in
developing countries. Using these standard software tracer groups can extract more
information about the process insight for better designing and optimizing the processing units.
The CRP result was published as the 4-EA-TECDOC-1262, Radiotracer technology as
applied to industry", in 200 1.
2.3. CRP on Integration of RTD Tracing with CFD Simulation for Industrial Process
Visualization and Optimization (2001-2003)
Both tracer RTD experiments and computational fluid dynamics (CFD) simulations
have been used for investigation of industrial systems. 'Me RD tracing is simple and
provides global hydrodynamic parameters, but it is not able to localize and visualize flow
pattern inside the systems. The CFD simulation is more powerful for visualization of the
inside of a process. However, the CFD is a predictive analysis and due to lack of experimental
data it can provide mainly qualitative results. This is the reason why CFD models have to be
validated by tracer RTD experimental results.
CFD simulations together with tracer RTD experiments were carried out for various real
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industrial processes . including wastewater:'photo-reactor, ohmic heater, sugar crystallizer, jet
mixer, stiffed tank, porous media, hydro-cyclone, wastewater clarifier. In some cases there has
been a reasonable agreement between experiment (RTD) and modeling (CFD), but in other
more complex situations there are still discre pancies. his may, in part, be due to inadequate
Lurbulence models and/or numerical dispersion in the CFD calculations. This brings up the
question of the predictive power of the CFD-models at te present stage. The adoption of the
CFD codes according to concrete case studies is a continuous process that comes with time
and experience. When these problems are solved, it would be expected that the CFD
simulations would become more accurate and, therefore, even more important for industrial
process research and development. In particular, the visualization and fundamental
understanding of the processes in o lex industrial processing units through CFD
simulations will greatly benefit the tracer community and processing industry as a whole.
The lack of CFD knowledge and inexperience of using CFD codes might limit the
capability of exploring the use of CFD simulations. Therefore a CFD & RTD Educational
Package with lecture notes, tutorials, and both CFD and RTD software thyough a user-friendly
web-based interface as been developed as an output of the CRP through the cooperation of
the participants. The CRP participants recommended the Agency to follow up the progress
made by starting a new CRP on the use of radiotracers and modeling for the investigation of
multi-phase flow. A TECDOC on integrated RTD-CFD methods is under preparation.
2.4 CRP on Industrial Process Gamma Tomography 2003-2006)
'Me emission tomography is more advanced step in R&D
radiotracer methodologyThe real time radiotracer imaging technique for flow pattern visualisation inside vessels is
important for investigating multiphase flow systems. Idustrial process imaging is quite
similar to diagnostic nuclear medicine imaging. Single Poton Emission Computed
Tomography (SPECT) method is introduced in laboratory scale. two-dimensional imaging
with a gamma camera is also an attractive technique i development. Single particle tracking
technique has been developing, in particular to investigate fluidized bed reactors.
The emission tomography provides two-dimensional maps of the count rates which,
when properly interpreted, yield the radiotracer instantaneous concentration field, Coupled
with single radioactive particle tracking, which yields the velocity field, te techniques
complement each other and rovide unique means for quantification of multiphase flow
fields, which cannot be accomplished by ay other means. The validation of radiotracerimaging techniques for visualization of fluid patterns inside structures for industrial process
design and optimisation is the main objective of the CRP.
'Me multipbase flow systems, vastly used in industrial production of polymers, minerals,
pharmaceuticals, food and feed are the major targets of computer tomography (CT). Currently,
the system design is very conservative due to the lack of understanding of flow patterns and
phase distributions in processing vessels, and causes sub-optimal operation of industrial units.
Gamma tomographic techniques provide a good spatial resolution ad are well adapted to
harsh environments of many industrial processes. The process units could be designed and
operated more efficiently base on the information obtained by CT, and considerable savings in
capital expenditures and in operating costs would result.
The first Research Co-ordination Meeting (RCM) of the CRP convened in Vienna in June
2003 put together experts fi-om developed and developing countries to formulate and validate
simple practical CT methods for obtaining reliable quantitative information about multiphase
flows in industrial process vessels in order to improve and optimize their design and operating
efficiency.
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2.5. CRY on Validation of Tracers and Software for Inter-well nvestigations (20042007)
Radiotracer technology has become integrated part of multi-disciplinary investigation in
oil fields for oil reservoir evaluation. Radiotracer applications can be found in almost any stage
of the oil field development. In many operations, the application of radiotracer technology is
indispensable and irreplaceable.
There is a growing consensus that research in oil reservoir technology needs to be
increased i the future due to progressing difficulties in recovering remaining oil as the oil
reservoirs grow mature and enter into te tail production. There is also a growing interest in
developing smaller oil fields, which will not be economically feasible with traditional
technology. Petroleum reservoirs are complex structures, and tracers help unambiguously in
narrowing down interpretation possibilities.
The CRP aims to further develop and refine radiotracer methodology for oil reservoir
evaluation: to prepare, test and valiidate new tracers, analysis and field operation techniques,
as well as to iprove modeling and interpretation of tracer data. The research in tracer
methodology as applied to oil field production is becoming more transparent now due to the
need for new ideas and improved techniques for optimizing oil recovery from more and more
complex reservoir situations. In this context, the CRP may play an important role to coordinate the knowledge generation in this field, to guarantee the continuity of the technology.
For the effective transfer of the technology to developing countries, the target techniques will
be consolidated, developed further and validated though this CRP activities. Technical
documents will be also prepared to facilitate the up-gradation of the capability of tracer
groups in developing countries. The first RCM is planned to be held in Vienna in September
2004.
3. TECHNICAL MEETINGS AND IAEA PUBLICATIONS
The Agency programme in R&D on radioisotope applications is a product of all te
scientific community involved in developments and applications of the technology. Thus, the
Agency's vision for the future, the medium and long term strategic papers and the CRP
projects are results of many technical meetings and network cooperation of experts, groups
and institutions from developed and developing countries.
Presently, there is a lively activity in further development and use of radioisotope
technology. 'Me development in tracer technology is concentrated on various topics including
improvement in hardware and software as well as in introducing innovative technologies. A
number of meetings of different kinds were held to discuss and prepare technical documents
on specific subjects of radiotracer technology. The most important meetings are:
• Consultants' Meeting on "Technical Report Series: Radiotracers' and Sealed Sources'
Applications in Industry" (July 2000)
• Consultants' Meeting on Radiometric Cross-correlation Techniques for Flow Rate
Measurement in Multi-phase SysternsP(October 2001)
• Technical Committee Meeting on "R&D in Radiotracer and NCS Technologies" (June
2002)
• Consultants' Meeting on "Preparation of a Technical Report on Radiotracer Applications
in Oil Fields" (April 2003)
• Consultants' Meeting on "Preparation of a Technical Document on Low Activity
Nucleonic Gauges Design and Applications and New Radiotracers (May 2003)
• Consultants' Meeting on "Preparation of a Technical Document on Radiotracers and
Labeling Compounds for applications in industry and environment" (June 2004)
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The results of the meetings were published as the meeting reports. hi addition to the
publications mentioned above, the agency produced several other technical publications, such
as technical reports, brochures and manual dealing with tracer ad sealed source technology.
Computer Manual Series No. I 1, Residence Time Distribution Software Analysis, UkEA,
1996
Technical Report Series No. 393, Nuclear Geophysics and its applications, LAEA, 1999
IAEA Brochure, Radioisotope applications for troubleshooting and optimising industrial
processes, March 2002
IAEA Brochure, Tracer Applications in oil field investigations, February 2003
In addition to them te technical Report Series on "Radiotracer Applications in
Industrial Processing, Oil
Geothermal Reservoirs - A Guidebook" is now under
preparation and will be issued soon. The Guidebook seeks to inform both the radiotracer
specialists and non-specialist readers about applications and impacts of radiotracer technology
in modem industry. This monograph can be used as an introduction text of tracer
methodology in university curriculum of chemical engineering, engineering processing, oil
and gas reservoir engineering faculties.
4. TRANSFER OF TRACER TECHNOLOGY TO DEVELOPING COUNTRIES
Transfer of nuclear technology to developing Member States is one of the most
important activities of LkEA. The major radiotracer and sealed source techniques have been
transferred to developing countries through regional and national activities of the Agency's
technical cooperation projects. 'Me activities include the provision of training courses,
workshops, experts' services, fellowship trainings, scientific visits, equipments and
radiotracers. The main aim of the TC projects is to strengthen the capability of the tracer
groups and to enhance the awareness of the end-users in developing countries. The main
target end-users are petrochemical industry, mineral industry, oil production industry and
wastewater treatment sector. Following factors are important to assure the successful transfer
of technology:
• Existing infrastructure in the recipient country,
• Identified end-user for the transferred technology,
• Interaction between end-user, national tracer group, IAEA and the technology provider,
• Clearly defined goals, objectives and milestones for the transfer,
• Back-up for the transferred technology after the transfer.
The LkENs developing Member States are at different stages of these factors. Due to
the differences, in some of them radiotracer applications are still being promoted. In others,
they are at the stage of limited application while in a few countries some radiotracer
techniques are well established. It should be emphasized that IAEA regional projects (RCA
and ARCAL) have had a strong impact in the development of such techniques.
5. ISSUES FOR FRTHER DEVELOPMENT
Through the efforts of member countries and te
AEA activities mentioned above,
substantial development of industrial radiotracers and sealed sources applications has been
achieved and many important applications have been transferred to developing countries.
Some emerging tracer techniques, such as TLA and CFD/RTD, were refined and validated
through the CRPs and several other technical issues on tracer technology were discussed at
experts meetings. Many national tacer groups were established in developing countries and a
number of IAEA technical cooperation activities have been executed to strengthen their
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capability and to inform the technical and economical benefits of tracer technology to their
industry.
Further efforts to develop new techniques have to be continued to meet more
sophisticated industrial needs and to enlarge the technology applications in various modem
industries. 'Me activities for technology transfer also have to be strengthened to help more
developing countries to establish their tracer groups and to support existing tracer groups to
strengthen their capabilities for more tracer application in their industry.
Presently, there are some obstacles to the further development and smooth transfer of
radiotracer technology. Poor availability of tracer is one of the greatest barriers to the
application of radioactive tracer techniques in industry in developing countries. Even in
countries that possess radioisotope production facilities, the facilities are often dedicated to
medical radioisotope production, and the production of radioisotopes for industrial tracing is
not a pority. For the countries that do not possess radioisotope production facilities, the
situation is even worse since it is necessary to import the tracers. Even though, the tracer
groups have equipment, technique and manpower, many urgent applications are simply not
being carried out because of this problem.
Technologically, radiotracer technology is very attractive one, but in real experiments it
is often very difficult to conduct and to get reliable results, especially in harsh conditions in
industry. It is more difficult in developing countries, where the equipments are insufficient,
not reliable, old style (manual and non-remote operation), heavy and bulky.
Though the technical and economical benefits of radiotracers application are often very
large and many industrial engineers are now aware of it, but it is not always easy for them to
convince their decision-making managers, mainly due to insufficient information on the
radioisotope technology, and many other potential end users are t not aware of tracer
technology and its benefits.
Because of these difficulties radiotracer technology is greatly under-utilized, especially
in developing countries. Therefore, to assure continuous development of tracer technology
and wider application of the technology in industry all over the world, it is crucial and quite
urgent to solve these problems. Communal efforts of radiotracer society to remove the
obstacles should be exerted trough international cooperation and sharing of expertise. The
Agency can also play an important role through CRPs and TC projects to deal with the issues.

106

PLO500211
OVERVIEW OF RADIOTRACER EXPERIMENTS
FOR BETTER UNDERSTANDING OF WASTEWATER
AND WATER TREATMENT PLANTS IN LIMA (PERU)
Carlos Sebastian Calvo, Gerardo Maghella, Enoc Mamani
NuclearEnergy Peruvia Istitute (IPEN), Av. CanadaN' 1470, Aparlado 1687,
Linia 41, PERU
Philippe.Berne
CEA -DR T - LITEN-SA T - CEA/Grenoble, FRANCE
Patrick risset
CEA-DRT-LIST-DIMRI-CEA/Saclay FRANCE
Jean-Pierre Leclerc
Laboratoiredes Sciences du GMie Chimique-(MRS-ENSIC)
I rue Grandville,BP 451 54001 Nancy Cedex FRANCE
Abstract: 'Me objectives of this paper are to present an overview of possible applications of
the radiotracers for better understanding of water and wastewater treatment plants. Numerous
experiments have been carried out in different plants located in Lima. Four processes have
been investigated: demanders, flocculators, clarifiers and digesters. Depending on the studied
process, the experimental results have been interpreted at different levels of complexity: frorn
simple troubleshooting to the modeling of the flow behavior inside the process.
1. INTRODUCTION
The supply of water and te treatment of wastewater are of primary importance for the
future. This is even more crucial in the developing countries in which a large part of the
wastewater flows directly to the rivers without any treatment. Because of this the
improvement of the existing water treatment plants and wastewater treatment plants is very
important. The objective of tis paper is to show tough the example of Lima, an overview
of the possible applications of adiotracer experiments to understand and to improve the
treatment of water and wastewater. 'Me work is mainly focused on the experimental results.
Lima, the capital of Peru, is a large city of nearly nrillion inhabitants i which the treated
water comes from a big water treatment plant fed by the Rimac iver. After treatment the
water is distributed to most of the population through the water network system.
The paper presents radiotracer experiments that have been conducted in the water
treatment plant to study three of the main stages:
•
•
•

A desander, which aows removing the high density solid material and which is
composed of 12 compartments,
A set of flocculators,
The clarifiers located downstream the flocculators.

Unfortunately most of the wastewater is rejected without treatment. In a few places
local wastewater treatment plants aow to limit the pollution. T'hey are operated without
automatic control system. The knowledge of the flow behavior inside these plants is an
elementary step to improve the treatment. The paper also presents results obtained from tracer
experiments in an Upflow Anaerobic Sludge Blanket (UASB) digester located in a small
treatment pant near the University.
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2. WATER TREATMENT PLANT OF SEDAPAL
2.1.

Desander

The treatment plant, operated by the water company SEDAPAL, is fed by the Rimac
river from which the water is continuously pumped. The first treatment, after removing the
big objects that may be contained in the water, consists in removing the sediment, The water
coming from a large open channel feeds 12 separated tanks in order to remove the sediment
(see Fig. 1). The tanks need to be cleaned regularly to remove the sand settling in the bottom
The operators observed that the quantity of settling sediment is different from one tank to
another one.
For this reason, tracer experiments have been conducted separately in each tank. A
pulse of 3.7xI08 Bq (10 mCi) of Indium (13"In) has been injected at the inlet of each
compartment of the desander and recorded continuously at the outlet. The mean residence
times obtained for each tank are of the same order of magnitude, which reflects the good
efficiency of the channel of distribution. However it was unexpected to obtain such large
differences in the shape of the curves, as shown by Fig. 2 that represents the response
obtained for different tanks. These results have been confirmed by a second experiment. The
explanation is not straightforward even if this observation may explain large differences in the
solid deposition rate from one tank to another, observed during the cleaning period. It is clear
that the observed peaks indicate the presence of short cut with higher water velocity which
have been visually observed at the surface of the tank. However since the designs of each tank
are similar it is not clear why these short cuts appear.
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Fig. 1. Scheme of the battery of demanders in the SEDAPAL water treatment plant.
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Fig. 2 Typical example of outlet curves obtained for demanders 4 and .
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2.2.

Flocculator

The flocculator of the treatment plant is composed of 2 sets of 2 tanks in parallel In
each tank several baffles allow to increase the length of the trajectory of the water and to
improve the settling of the sediment. In oder to estimate the efficiency of the flocculator,
three parameters are needed: the settling velocity of the sediment, which can be estimated in
the laboratory, the fluid velocity, which can easily be obtained by dividing the flowrate by the
section of the tank, and the dispersion of the flow induced by the baffles. A pulse of I I x IO'
Bq 3 Ci) of Indium 3"In)
has been injected at te inlet of the flocculators ad recorded
continuously at the outlet. The Residence Time Distribution (RTD) has been measured in the
flocculator for different water flowrates. As expected, flow behavior is well represented by
the plug flow with axial dispersion model characterized by the Peclet number. Table I gives
the different values of the Peclet number and the dispersion coefficient obtained for different
operating conditions. The Peclet number is independent on the flowrate A correlation giving
the dispersion coefficient versus the flowrate is proposed o Fig. 4.
Outlet: Clear water

Outlet: Clear water

No I

N`4

[Till I
No2

Inlet: Water

N03

with a suspension of floes

Fig. 3 Scheme of the battery of flocculators at the water treatment plant.
Table 1. Mean residence time, Peclet number and dispersion coefficient in the flocculator for
the different operating conditions.
N'

Q(m3/s)

Volume (m)

I

I

1666

1661

32.6

0.0658

2

3.144

1611

512

33.1

0.204

3

1.724

1608

933

37.5

0.0986

1625

590

T
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Fig. 4 Dispersion coefficient versus liquid flowrate.
2.3.

Clarifiers

The plant has three similar clarifiers. Each clarifier is composed of several basins as
shown by Fig. 5. The water inlet pipe located in the center of the clarifier is divided into many
smaller pipes, which feed the bottom of each small basin. Ile clear water goes to the two
main canals by overflowing in a smaller channel, which separates each basin. A radiotracer
experiment has been made using several detectors. Two of then have been installed at the
outlet of two small basins to investigate the behavior of one basin. Four of them have been
placed at the four main outlets to model the behavior of each part and to estimate whether the
flow is well distributed in the different parts of the clarifier.
g
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;
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Fig. 5. Scheme of the clarifier at the SEDAPAL water teatment plant.
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Fig. 6 RTD curves obtained in the different outlets of the clarifier.
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Fig. 6 represents the different RTD curves that have been obtained for each outlet. They
are purposely represented in the same graph to show that the RTD curves are similar. This
result demonstrates that the flow ate is well distributed with a similar dispersion whatever the
outlet. Table 2 that gives the mean residence time and the variance for each curve also
confirms this.
Table 2 Mean residence time and variance for the several detectors located at the outlets of
the clarifier
Detector
Mean residence time (s)
Variance (s)

1

2

3

4

5

6

3029

3036

2930

3110

2990

2975

1.78 106

1.77 106

1.90 106

2.37

06

1.82

106

1.79

106

3. TROUBLESHOOTING AND MODELING OF A USBA DIGESTOR
Wastewater coming from a small group of habitations located close to the University is
treated by a small treatment plant. After removing the bigger objects, the wastewater is
supplied to a USBA reactor of 356 nl through two entrance chambers, each of them receiving
half the flow. From each chamber 12 pipes covering a surface of 27 rn each conduct the
water to the bottom of the reactor. The reacting zone is estimated to 263 M3 Th e biogaS is
collected in two pipes fixed to the gas chamber and is burned in a flare. The clear water flows
from the top of the digester to the bottom of two 37 M3 settlers. The dead volume below the
gas chamber is estimated to 56 rn. Excess sludge can be released to a sludge drying bed
located close to the USBA by 4 valves that allow to take the sludge from 4 different heights
(1 m 1.5 m, 2 m and 25 rn). Up to now, no excess sludge has been removed. The maximum
surface-load (at the max. flow of 10 Us) is 055 in/h.
Using tracer experiments, leakages have been detected. A more complex compartment
model has correctly represented the leakages and the flow behavior. An experiment has been
conducted in the UASB reactor, The reactor has been modeled by perfect mixers in series
with back mixing and a short cut, which may be due to some broken inlet pipe. Fig. 7 shows
the model and the different parameters, Fig.
compares experimental and calculated RTD
curves. The volume obtained using the model is 30
lower than the geometrical one, which
reflects a very important dead volume due to te low flowrate in the inlet pipe that is ot
sufficient to guarantee mixing.
V= 140L J=5
-r 700 s Q = 02 L.s-1

I

Pw

PI

0

V= 146000L J=4 a=3
, = 2000 s Q = 73 L. s-1
Fig. 7 Model of the flow behavior inside the digester.
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Fig. 8. Comparison between experimental RTD and simulation obtained with the model
represented by Fig. 7.
4. CONCLUSIONS
This paper presents an overview of several applications of radiotracer experiments for a
better understanding of water and wastewater treatment plants. It shows that radiotracer
experiments may be used for in the different steps of the treatment to investigate numerous
problems. The results present new applications that complement the numerous previous
studies [1, 21 in this field of applications.
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Abstract: Radiotracer experiments were carried ot o

a cylindrical 2-stage anaerobic

sludge digester in order to investigate the improvement of its efficiency by means of RTD
(residence time distribution) measurements before and after cleaning lip the inside of the
digester. Te tracer was Se-46 in an EDTA solution which forms such a stable complex
compound to keep the isotope from being absorbed onto the surface of the ppelines or the
wall. It was injected into the digester by pressurized nitrogen gas and its movement was
monitored by Nalffl) scintillation detectors installed around the digester and recorded for a
month by a 24-channel data acquisition system specially developed for radiotracer
experiments by the Korea

racer Group of KAERI. The experimental data was analyzed

for the MRT (mean residence time) and other parameters caracterizing the flow behavior.
1. INTRODUCTION
The operation efficiency of the digesters in wastewater treatment facilities are
strongly affected by the microorganism's condition, chernical composition of sludge which
is fed to the microorganism and the dynamic behavior of te sludge iside the digester. Tile
purposes of the digester pcess are to reduce the or-anlic contents by the biological
decomposition process producing methane gas which can be used for self-heating to keep
the temperature stable for te microorganism livin

i

the digester. A hydrodynamic

investigation can reveal the flow pattern of the sludge in a digester system and it can be
performed by a radiotracer study without shutting down the pro .cess. Particularly the ratio
of the effective volume that takes part in the mixing of the Sdge in a digester can be
precisely estimated by a radiotracer stud' . After a long operation te
digester is gradually decreased ad the

effective

Vlume

of a

aterial in te stagnant zone having different

density and physical character istics should be removed, The deterioration of the sludge
flow is even

ore sriouslin a cylindrical 2-stage system which has only a gas bubbling

mechanism in the primary digester and none in the secondary digester for te mixing.
The digester systern had been nvest gated by radiotracer experiment two years ago
and it

as recommended to remove the stagnant material frorn it to recover its function.

Right after the cleaning up another radiotracer experiment was carried out to quantitatively
evaluate the improvement brought about by the cleaning work. The result is also expected
to be a reference for the future testing of the system after long operation.
2. METHODOLOGY
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In order to track te fate of a tracer i digesters each of wich has tile capacit of
-life of the radio's
P&ShOUld he Jong ad the Yan-irria rieroy sould be
4,980m , the alf'
I I
ZD

high enough to be detectable

fter being

ilUtCd

for a Iona period and simultaneously te

radioisotope eeds to be stable without beirig absorbed onto particles. Sc-46
the radiotracer due to its lng

alf-life

"71,

83.8days) ad

as Chose as

arrima energy (0.889MeV,

1.12IMeV) and it was poduced in the research nclear reactor in KAERL HANARO by
45
/)4(,S
TA as chelating reagent Which forms a
th
Sc(n ,
c reaction and dissolved by ED
chemically stable complex compound. The radiotracer solution was injected into the
diuester system b pressurized N) gas rernotcly operated as in Fig. 2.

47

V

C-ojWun
Tr.K-,r Ird

Fig. I. The diagram ofthe cylindrical 2-stage sludge dgester.

Fig.2. Radiotracer in'election system.
Unlike the oval type digester made of steel. the
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all of te cylindrical dgester is I m

thick concrete which gamma radiation can hardly penetrate ad reac te radiation probes
installed on the outside of the digester. It is ot practical to obtai ay nformation fo te
tracer beyond the concrete wall. Inlets and outlets of the digesters are at places where
2x2inch Nal(TI) scintillation detectors were installed for the tracer measurement. For one
month, the measurement data was collected by a module-type rate meter and a 24-channel
data acquisition system developed by the Korea Tracer Goup in KAERI ad shown in Fig.

IN
7`7Z

Fig.3. Module type rate meters and 24-channel data acquisition system of the radiotracer
studv.
The responses of te radiation pobes to te radiotracer were simulated with te
numerical models consisting of the theoreticall poposed unit, CSTR continuously stirred
tank reactor). rhe parameters describing te characteristics of the nmerical model were
obtained for a comparison to obtain the hydrodynamic change caused by the cleaning work.
3.RESULTS
3. 1. Flow rate measurement
The responses from the first two radiation pobes after tracer rejection were used for
the flow rate measurement b the peak-to-peak ethod Te travel time of the tracer
between the detectors was 746 seconds and the flow rate was calculated by the following
equation were D is the distance between the detectors. 7.3m and R is the internal radius of
the pipeline, 0 I m.
;Tx R 2xD
0--=2,656171
7.46s
..).2. RTD measurement
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3

Iday

Over the period of the experiment the feed rate was kept constant at 471 m 3and the
recirculation was 2,160m 3 -The theoretical mean residence time is estimated at 1.89days
when it is assumed as a perfect mixer. In reality, however, the primary digester has nothing
but the gas bubbling mechanism for mixing the sludge and the secondary digester has
nothing. Therefore, the effective volume that contributes to the sludge distribution into a
digester would be shorter than that estimated above, The RTD profiles obtained from the
outlets of the digesters are shown in Fig. 4 Te curve from the overflow outlet of the
secondary digester fluctuated due to the flow varies along with the operation condition but
the pattern could still be understood enough to be analyzed. At the position on the way to
the dewatering process the radiotracer concentration came back to the background level
periodically

because another digestion unit neighboring those under investigation

discharges sludge to the dewatering process through the same passage and the sludge is
flowing backward to those detectors.
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Fig.4. The response curves of the installed detectors to the radiotracer injection.
Fig.

shows the information regarding the dynamic behavior of the tracer-labeled

sludge after it was introduced into a digester and the tracer was first observed at the outlet
toward the dewatering process 16 hours after it was injected and the concentration reached
a maximum in 4 days. The break-through time and the maximum concentration time before
and after the cleaning-up are summarized.
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Fig.6. RTD Comparison between Before and After the Clean-Up.
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In order to compare the flow patterns before and after the cleaning work, the RTD
curves from each experiment are plotted in Fig. 6 The variance, the dspersion time
distribution, has been greatly reduced after the cleaning and it means that the sludge flow
has been activated more by usin g the volume of the digester more effectively. This
phenomenon

matches

the change

of the break-through

time and the

maximum

concentration time.
3.3. RTD analysis by perfect mixer models
The parameters characterizing the flow dynamics in an industrial process can be
estimated by simulating te RTI) results from te numerical models using several simple
mathematical models such as a perfect mixer which is an ideal unit proposed to simulate
the flow in industrial processes. In Fig. 7 the simulated RTD curves from perfect mixers in
a series with exchange volume are plotted along with the experimental results. As the feed
rate and the circulation rate are controlled by mechanical pumping there is no difference in
-r before and after the cleaning but the K-value, the ratio of the associated extra volume to
the model volume has been increased by 25 times after cleaning. It can be concluded that
the effective capacity for the sludge circulation including the secondary digester was only
40% of the current value. The rnean residence time of the secondary digester has also been
increased by 23 times after cleaning as shown in Fig.

.

BEFORE

...
...
..
.......
"10

3111

MRT

6.7

days

!K=V2
KBEFOW
fib-oh

0.4

KAMR

E:6

. ...
...............
.. .....

..... .......
............

Fig. 7 RTD Simulation for the Profiles obtained at the outlet of the primary digester.
The digestion process was simulated by making use of the perfect mixers in a series
with exchange volume in order to analyze the mixing characteristics of each digester
separately for the influences on each other by the circulating sludge and the results are
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plotted in Fig. 9 In addition to the small improvement of the MRT of the primary digester
the MRTof the secondary digester has been remarkably increased.
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Fig. 8. The results of RTD analysis on te secondary digester.

3

4
L

FB FOFF

C19 721

-1.

mS

2.3
91
i-

lb :16

%-,A C

i.3

Fl-,.9.'rhe Simulation of the digesterpl-OCeSS sing a numerical model.
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3.4. RTD of a circulation system
In order to improve the mixing characteristics of a cylindrical digester having no
mixing mechanism, two cylindrical digesters were coupled, thus some part of the sludge is
sent back from the secondary to the primary digester. It can be confirmed by a
mathematical investigation.
The radiotracer concentration, C(t), and the mean residence time, -r, of a system
composed of two perfect mixers in series, which has a volume V are
2

-1

V

C(t)=-v2 t e

and

2-Q
Primary

Secondary
(14.11 0

Q
HXCI
Fig. IO. The flow diagram of circulation system.
When a part of the outflow is reintroduced at the input of the system as shown in
Fig.10, then C(t) and -rare rewritten as the following.
Q2

I

C(t)=(I+H)
(e
V- 2 (-l -+HH

4

'(1+H)-,1(1+iiiiP

e

-(--(1+H)+j1+H)H)t
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Fig. I 1. The change of C(t) by circulation flow.
It can be seen, however, that the MRT of the system is independent from the
circulation flow. The C(t) function in which H is O.3) was plotted and compared with the
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same reactor without a circulation flow (H=O i Fig. I 1. The role of the crculation is to
improve the mixing caracteristics ofthe reactor tat as o inixer and to make te system
have the higher value for the tank number in the numerical simulation. Therefore, the
decrease of the MRT of the secondary digester will give a crucial impact on the digester
system. As a result, the effective volume of the secondary digester plays an important role
in the digester sstem.
4. SUMMARY
After the cleaning of the digesters the variance has been decreased and the sludge
dynarnics was activated as a result of the increase of te effective volurne. Particularly the
MRT of the secondary digester wich as no mxing mechanism has been increased by 3
tirnes. The dynamic behavior of the primary digester is strongly affected by the status of
the secondary digester due to the circulation flow Crculation improves the mixing effect
without changing the rean esidence time of te system.
On the basis of the MRTs. the effective capacities of each digester are summarized in
the table below. In addition, the break-through time ad the maximum concentration time
at the outlet of te secondary digester leading to the dewatering process have been greatly
delayed, thus the sludge has more chance to be decornposed by the microorganisms in the
di-ester than before.
Table 1. Summary of the results.
Items
MRT

theoretical

(day)

experimental

Effective volume atio

Before dredgill(I
primary
secondary

After dredging
primary
1 secondary

1.95

1.89

1.37

0.4

1.6

1

70%

20%

85%

85%

CONCLUSIONS
The radiotracer study o cylindrical digesters revealed the change of the
hydrodynamic characteristics after removing the stagnant wich was accumulated during a
long operation. It is evident tat the esults from the radiotracer study can be used as a
reference in the diagnosis of the efficiency of a digester system during its normal operation.
Even if the stagnant aterial doesn't form a real dead volume
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Abstract: Residence Time Distributions (RTD) in an aerated sludge channel reactor pilot has
been measured for various operating conditions and geometrical parameters. The
experimental RTDs have been successfully modeled by the plug flow ith axial dispersion
model. From these results, a general correlation of the axial coefficient dispersion has been
determined in order to predict the efficiency of the reactor.
1. INTRODUCTION
The channel reactor, aerated by air, is one of the most widespread reactors for aerobic
treatment in wastewater treatment plants. In most cases, the design of this type of reactor is
based only on the residence time for a given flow-rate. he shape of the piece of land
available for the implementation fixes the shape, of the reactor. Unfortunately, the flow
behavior can be strongly different from one shape to another, which results in an
unpredictable efficiency of the reactor. To overcome this difficulty, a pilot-scale reactor has
been designed to determine the Residence Time Distributions in an aerated channel for
various geometrical parameters ad operating conditions. Width, length and water height can
be modified easily. 'Me reactor is aerated from its floor by an air diffision system. The effect
of gas and liquid flow rates has been also investigated. The tank has been modeled as a plug
flow reactor with axial dispersion model and a general correlation has been obtained to
predict the axial dispersion coefficient as a fimction of the gas and liquid velocities and of te
geometrical parameters of the reactor.
2. MATERIALS AND METHODS
The pilot-scale channel, of rectangular section and of maximum width w 02 m (the
width can be asily modified) is built in transparent material (Plexiglas). Its total unfolded
length L is 360 meters. The height of liquid (H) may be adjusted at different values. One wan
of the reactor is fitted with stainless steel tubes in which holes have been drilled for air
injection. 'Me airflow rate is measured (Qc,) with a flow meter and can be varied between 694
10-4 M3. s-1 and 301
0' m'.s-'.

liquid i

..........
........ ...... ................... .. . ...
................ .............................................
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Y
different possible
liquid outlets
Fig. 1. Schematic view of the pot channel.
123

For te measurement of the Residence Time Distributions, tracin
s have been
carried out by injecting pulses of a solution of sodium chloride, the concentration of which is
monitored with a conductimetric probe [1]. The tracing experiments are analyzed using the
software DTSPRO 42 2].

3. RESU-LTS AND DISCUSSION
Several experiments m under various operating conditions showed that the flow
behavior is well represented by the plug flow reactor with axial dispersion model (equation )
which contains two parameters; the mean residence time ) and the Peclet number (Pe):
Pe=UL (1)
D
Where:
L is the reactor length n),
u is the average velocity of the liquid phase inside the reactor (rn.s-1),
D is the axial dispersion coefficient i.§-).

The experimental Peclet number and the aal diffusion coefficient were determined
by fitting the experimental response to the injection of the tracer to the theoretical response of
the model to a pulse. Figure 2 shows a typical comparison between the experimental data and
the simulated curve obtained with the plug flow with axial dispersion model. Similar good
agreements have been obtained for a the operating conditions tested during this study.

E(t)

0,639

0,02
0,015
010i
010M
0

*Aik
low

3M

mm

4M

%W
(min)

Fig 2 Typical example of comparison between experimental Residence Time Distribution
(E(t)) and plug flow with aal dispersion model w--O. 18 m, H=0.2, L=3.6 in).
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Fig. 3 Axial dispersion coefficient versus height of liquid for various gas flowrate per unit
length of reactor
cIL), w0.08 m and L=3.6 m.
Several preliminary experiments showed that in the range of standard

operating

conditions, the axial coefficient dispersion is independent on the liquid flowrate 3 Because
of this only the gas flowrate effect has been investigated. Figure 3 shows the axial dispersion
coefficient versus height of liquid for various gas flowrate per unit of length of reactor
obtained for a small width (w--0.08

). The axial dispersion coefficient strongly increases

with both height of liquid and gas flow ra e. For each value of the gas flowrate a
relation allows the representation

of the influence of the height on te

empirical

axial dispersion

coefficient (equation 2.
D=aH

b

(2)

Mere:
L is the reactor length (m),
"a" and "b" are two empirical coefficients
D is the aial dispersion coefficient (m2.s-1).
For the small width, "a" varies from 00024 to 00057 depending on the flowrate whereas "b"
varies from 0. 77 for the lowest flowrate to 0. 90 for the highest one.
Figure 4 is smilar to figure 3 but with a wider reactor (w--O. 18). The quantitative
evolutions are comparable but the effect of the gas flowrate is much more important than the
effect of the height. Equation 2 can still be applied but "a" has a smaller order of magnitude
(from 000056 to 000096) whereas the exponent "b" is strongly different too, varying from
0 12 to 021.
Several experiments conducted with various values of w lead to the similar results.
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Fig. 4 Axial dispersion coefficient versus height of liquid for various gas flowrate per
length of reactor QGIL), w--O 18 m and L=3.6 m.

unit

been taken into account to derive a general correlation.
Unfortunately the conclusion is not straightforward when taking into account a the
parameters. Figure represents the axial coefficient dispersion versus the gas flowrate per
unit of length for various widths and heights of liquid. The effect of the geometrical
parameters can be taken into account step by step. As an example for
c, the aal
All experiments have

coefficient increases with the width of the reactor, whereas for H=13 cm it seems to decrease
with the height. In fact the global shape of the reactor affects the axial coefficient dispersion
but the effects are not cumulative.
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Fig. 5: Axial dispersion coefficient versus gas flowrate per Unit
various geometrical parameters.
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length of reactor (QGIL), for

Based on the numerous experimental data, a sen--empirical coff elation has been determined
(equation 3 for a large range of both operating and geometrical parameters.
0,5

D = 0.2032.w - 00138569).

G
(I 00.H)4.73.10_'w_' (3)
L
The relation may be often simplified when w is high enough to give:
0,5

D = 0.2032.w. QC,
.(I OO.H) 4.73.1 0-1W-2 (4)
L
At the industrial scale i.e. for high values of w and H the correlation may be further simplified
(equation 5). It should be noticed that previous correlations from literature 3,4] are smilar to
the simplified relation 5. This relation allows a proper scale-up of industrial reactors,
However, although the physical meaningful of different terms of relation 3 are not
straightforward, it can be used to design reactors at the laboratory scale. It seems that at
industrial scale dispersion coefficient is mainly depending on the gas flowrate per unit of
length and on the width. When te scale is smaller, the effect of the ize cannot be neglected
and should be taken into account by a global "shape factor".

D = 0.2032.w.

QG

0.5

(5)

CONCLUSIONS
Residence Time Distributions have been obtained in an aerated channel reactor for a
large range of gas and wastewater flow-rates and geometrical parameters. For an the
operating and geometrical conditions, the RTD has been modeled by the plug flow reactor
with axial dispersion model. In all cases, the axial dispersion coefficient has been estimated
from the RTD curves. A general correlation has been determined to estimate the coefficient
dispersion as a fimction of the geometrical parameters and operating parameters. For the
industrial reactor, for which the height and the width are large enough (several meters), a
simplified correlation may be used.
NOTATIONS
a, b:
D:
H:
w:
L :
Pe
QL

Q(;:
U:
V:

Empirical parameters in equation 2)
Axial dispersion coefficient m2.s-)
Depth of the reactor (m)
Width of the reactor (m)
Length of the reactor m)
Peclet number
Liquid flowrate (m3.s)
Gas flowrate (m3.s)
Average velocity of te liquid (m.-')
Reactor volume (m)
Mean residence time (s)
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Abstract: Many installations of wastewater treatment such as equalizers, clarifiers, settlers
and aeration tanks were investigated using tracer (Br-82, fluoresceine) method. The residence
time distribution functions of water in each installation were obtained. The models of flow
pattern on the base of traces experiments data were proposed.
For validation of this models appropriate numerical calculations with CFD methods
application were done, The correctness of CFD data were checked during the tracers
experiments on laboratory models of rectangular settler and aeration tank. The experimental
and numerical residence time distribution functions (RTD) were compared for different
technological parameters of process (apparatus geometry, flow rate, location of input and
output).
CFD calculations were carried out using numerical codes of FLUENT Software.
Numerical RTD function was determined by DRW (discrete random walk) techniques.
The agreement of numerical and experimental results was obtained.
1. INTRODUCTION
During the last 20 years the well-established methodology and appropriate software for
carring, on the tracer and radiotracer experiments were elaborated. In many countries the
numerous tracer investigations of industrial apparatus and environmental processes were
carried out. In all cases the fundamental function - residence time dstribution (RTD) - is
determined for unit under investigation. The RTD function directly depends on structure of
materials flow inside of vessel.
The catalogues of most frequently applied models used for description of flow patterns
in different tanks were prepared [I].
Unfortunately the one RTD unction can be described frequently by several different models
consisting of different combinatio ns, and connections of such elementary units as perfect
mixers, plug flow with dispersion, recycle loop, transportation delay etc.
It means that the choice of appropriate model describing the flow structure inside the tank
needs same additional knowledge about occurring physical processes. This additional
information time to time can be obtained during the tracer experiment itself by localization of
detectors in the volume of tank and correct interpretation of detected signals. But it is not sure
and universal procedure.
Other way for validation of proposed - on:the base of obtained RTD function - flow
structure is comparison with independently calculated by Computational Fluid Dynamics
(CFD) method flow pattern. In many cases the calculations can be done for real tanks and
experimental RTD function can be compared with RTD function obtained numerically.
The objective of this study is presentation of results obtained in tracer investigations of
two laboratory installations:
- rectangular settler for activated sludge sedimentation;
- aeration tank for biological treatment of wastewater;
and comparison of this data with results obtained for the same apparatus with CFD method
application. All the numerical simulations were carried out using the CFD software,
FLUENT version 6 .
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2. EWESTIGATIONS OF RECTANGULAR SETTLER
The tracers experiments and CFD calculations were carried out on simple model
installation presented in fig. 1, which for no active air flow present the model of industrial.
rectangular settler in scale 1: 8.
Detector 3

Detector 2

Detector I

tracer
injection
now
control

Water
output

Detector 4

flow
control
Air
Water

input

Pump
Fig. 1. Scheme of the model installation.
Dimensions of tank are LxWxH = 4.95x1.3x0.45 m where L
length, W
width,
H - height. Volume of water in tank V = 293 m. For water flow rate Qw'in the range
1- 38 m/h and for different localization of baffles' inside the settler and different system of
inflow (overflow or immersed) tracer experiments were done 2]. As tracers the radiotracers
Tc - 99 and Br - 82 and color tracer fluoresceine were used. The signals from four immersed
scintillation detectors were recorded by multipoints measuring system FIR - . Discretization
time for detector - 4 (output signal) was 10 s/per channel.
The dependence of fluoresceine concentration on the output of settler versus time was
recorded by TURNER fluoremeter. Comparison of RTD fimetions obtained during parallel
simultaneous injection of Tc - 99 and fluoresceine (g.2.) indicates that the phenomenon
sorption/ desorption of Tc - 99 on the walls of tank is observed, so Tc - 99 is not appropriate
tracer for this kind of measurements.
Mean residence time for Tc - 99 as a tracer was bigger than theoretical residence time
T = V/Q where: V - volume of tank, Q - flow rate, that is impossible from the physical point
of view. For Br - 82 this phenomenon was not observed.
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Fig.2. RTD functions obtained for fluoresceine and Tc-99 as a tracer for Q = 286 rn3/h.
For a given tank, applying the 3D numerical codes of FLUENT software - for stationary
and incompressible case, the appropriate system of three Navier - Stokes equations and
continuity equation (1),

aul
UI I
Gx

I

ap

+v

a2U

I i = 12,3

2

au,
axt- =0
boundary conditions and additional relations describing turbulence of flow were solved.
Taking ito account that for Q = 3 m3/h and for thickness of water layer on input shell - mm
the velocity of water at the input of tank is about 0 13 m/s we have the turbulent flow so for
calculations the standard k - model of turbulence was used. The applied number of cells in
rectangular grid was 445952.
In the case under investigation when total sediment contents is less then I g/I the
relation between Graschofe (Gr) and Reynolds (Re) number is
Gr
Re 2

Aogh
PV2

<<

where: p - density of wastewater, h - height, v - velocity, g - acceleration of gravity;
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so the convective currents connected with differences in density of wastewater during the
sedimentation process can be neglected (as a first approximation).
The Froud number is less than 210-3 so the free surface can be approximated by the flat sp
wall (without friction).
As a result of calculation the velocity field in tank was obtained- The contours of fluid
velocity in two sections of settler with baffle located 0.1 rn before output for flow rate f
water Q, 2.96 M3 /h are presented in fig. 3.

Fig. 3 The contours of water velocity for two sections of settler (with flat bottom and baffle)
for water flow Q = 296 m/h.
The water axial velocity component profiles in cross sections located 1 2 3 and 45 m from
input of tank are presented in fig. 4.
pool

7
IM

2m

3m

4.5 m

Fig-4. Profiles of axial velocity component in cross sections located 1 2 3 and 45 m. from
water input.
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The presence of back-flow, wich include about the half of tank volume is observed. The
parameters model presented in fi-.5 were VI, V V.; - the Vlumes of perfect mixing units,
V4, V - PIU-C' flo
Uts, r - backflow rate, was poposed for flow structure description.

rQ
V3

Q

V4

V2

V,

(r+l)Q
Vj=0.069m", V2=0-903 I'l, V3= 1.174ni", V4=0-91- I', Vz;=0.01 n,
r 3 3 64.
Fig. 5. Model of water flow in settler with flat botto
Q = 296 M3/11

ad baffle located o I i frorn output or

The values of model parameters were obtained mnimize the surn
between experimental and

of square deviations
odel RTD functions. Comparison of both1curves is presented il
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On the base of calculated velocity field in tank, using the Lagrangian method of fluid
particles trajectory DRW (discrete random walk) the numerical RTD function (distribution of
residence times of a few thousands of particles injected -instantaneously in input of tank) was
calculated. The comparison of both numerical and experimental (with Br-82 radiotracer
application) RTD functions is presented in fig.7. Taking into account a assumptions
concerning the numerical calculations accordance of both curves is acceptable.
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Fig. 7 Comparison of experimental and numerical RTD functions for settler with flat bottom
and baffle.
The similar experiments and calculations carried out for different geometry of settler
(bottom
inclination imersed input of water, baffles location etc.) gave possibility to observe
m
the influence of technological parameters on the flow pattern.
3. INVESTIGATIONS OF AERATION TANK
The effectiveness of wastewater treatment processes strongly depends on the efficiency
of aeration tank in which the degradation of pollutants as results of biological reaction takes
place. The kinetic of these reactions depends on the conditions of oxygen transport between
liquid and gas phases. On the other side the 02 transport is determined by both liquid and gas
phase flow structure and their interactions. The review of the last investigations concerning
experimental and CFD simulations of bubble columns is presented in 3 The objective or'
present study is presentation of some results obtained during tracer investigations and CFD
simulations of model (in scale 1 10) installation of aeration tank with bubbling system. The
scheme of tank is presented in fig. 1. The dimensions of tank are the same as in previous case
- model of settler. On the tank bottom the system of five immersed perforated pipes was
installed. The diameter of sparer holes was 1.5 nun, distance between holes cm, the
number of holes in one pipe - 20. The distance between pipes - 097 m. All the tracers and
numerical calculations were carded out for the constant water flow Q = 27 m 3/h and air flow
rate at interval
- 1 rnlh 4]. The input of water was over-flow. At the water output the
baffle, located 01 m from exit of tank, was installed. Using the radiotracer Br-82 and color
tracer - fluoresceine the experimental RTD functions of liquid phase fo.r different air flow
were measuredNumerical simulations of flow structure for 2D case were carded out using Euler - Euler
model of water and air bubbles flow, standard k - model of flow turbulence and Schiller -
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Naumann drag coefficient. Te diameter of bubbles was equal - 3 min. As an example the
calculated flow structure and velocity field for air flow Q, -3
) M'/h is presented i fig. S.

Z' /Az

Fig. 8. Flow structure and velocity field in aeration tank for water flow Q
flow Q 3 m/h.

2.7

m3 /h

and air

Using the Lagrangian ethod the numerical RTD function was obtained, A comparison
of experimental ad numerical RTD functions is presented
fig.9. Te observed a reement
between both curves is very good.
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Fig. 9 Comparison of experimental and numerical RTD functions for liquid phase
(Q,= 27 m/b, Q., = 3 m/ h).
On the base of calculated flow structure the model of water flow in tank, presented in
fig.10, consisting of series of perfect mixing units with backflow was proposed.
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VI - ideal mixer volume, Vp - piston flow volume, h - back mixing coefficient,
Q - flow rate of water.

Fig. 10. Model of water flow structure in aeration tank.
The comparison of experimental and model RTD ffinctions is presented in fig. I .
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The accordance of results obtained in experiments and by numerical
satisfactory.

simulations is

CONCLUSION
The tracers investigations and numerical simulations arried out for settlers and aeration
tanks models installations confirmed the usefulness of both applied techniques for
determination of flow pattern inside the unit under investigation.
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Parallel application of tracer ad CFD ethods permits on eciprocal validation of data
obtained by both techniques.
Application of CFD ethods permits to foresee te etFects of eventual changing of tanks
construction or flow rate o
flow structure without expensive field experiments.
The work was SLIpported by Polish State Committee for Sientific Research (KBN) - tyrant No
7TO9C 02221
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ABSTRACT.
The influence of fluid structure over the shape of the RTD curve at a pilot sugar
crystallizer has been tested by the radiotracer method. For Newtonian pure molasses
sugar fluid the pattern flux was close to a perfect mixing cells with backmixing model
with a back flow-rate ratio lower than one. In the case of the molasses transformed to
a non-Newtonian fluid the pattern flux approaches the same model but with extreme
values of the back flow-rate ratio (higher than one). A direct relationship was funded
between the back flow-rate ratio and the flow index of the tested fluids, showing that a
special attention has to be pay during data processing of the RTD curves for noNewtonian fluids.

Introduction
The last step in the crystallization process at a raw sugar factory takes place at the socalled low-grade exhaustion crystallizer. Sugar crystallization is really a complicated
process because involve two phases (crystals and the mother liquor commonly known
as massecuite) that constantly are changing due crystal growth. The description of the
hydrodynamic characteristics of the massecuite fluid that flows within this type of
crystallizer using the tracer technique has been reported in several works 1-3/. During
the last CRP, experiments have been conducted in the industrial crystallizer. The
obtained results show that the presence of non-Newtonian fluid inside the crystallizer
leads an unexpected deformation of the RTD curve. The approach initially reported by
Griffith A/ following the same procedure developed by Niemi in the case of nonconstant flow-rate, by a normalization of the RTD by the apparent outlet viscosity to
smooth the fluctuations and to obtain a RTD curve closer to the expected one, is still
arguable and needs fialher validation. Although this empirical approach is debatable,
these results showed clearly the effect of the non-Newtonian characteristic on the RTD
measurement. Since such fluids are commonly used in the food industry, it is very
important to go further in this type of research, Precisely taking in account this last
statement, in the present work some preliminary results related to the influence of flow
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structure upon the shape of the RTD curve at a pilot sugar crystallizer are brought to
analysis.
EXPERIMENTAL
Pilot crystallizer
A sketch of the pilot crystallizer and geometrical parameters of the mixing system
investigated is shown in Figure 1. The unit was designed and constructed very close to
the "Blanchard" type exhaustion crystallizer almost common in the majority of raw
sugar factory in Cuba. It is a U orizontal half cylinder (l2OOx35Ox270 mm) divided in
three compartments by two vertical baffles. The fluid passes from one compartment to
other oe by overflow. The ipeller is composed by 30 curved blades along the shift
(10 for each compartment) disposed with an angle 36' to avoid the formation of
stagnant zones. In addition, it is equipped wit a water jacket for temperature
regulation.

Vessel length, I1500 mm
Vessel diameter, 0 = 350 mm
Liquid height, HL= 165 mm
F. 1. View andgeometricalparametersof the pilot crystallizer.
The baffles were designed also to have a space without agitation for the installation of
the viscometer spindle, conductivity cell and other measuring devices. However, after
some preliminary test conducted with water, sugar syrups and molasses, it was shown
that the installed baffles were an obstacle for the free movement of some part of the
fluid entering into the unit and provoking backmixing effect. Then, the initial design of
the rystallizer was modified and the installed baffles were removed.
Fluids

Different fluids covering a ide range of viscosities 1,002 < t < 3,4x 10' mPa- s) were
used in tracer tests to obtain the RTD curves. The Newtonian fluids were water, mixture
of glucose syrups with various water concentrations, and molasses and C and the nonNewtonian fluids were molasses
ith different proportions of 3
solution of
Carboxyl Methyl Cellulose (CMC). The main Theological characteristics of the fluids
are reported in Table .
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TABLE 1. Fluidparameters
Fluids
Crystal
content M

Brix
M

Pol
(%)

Purity
M

Density
(kg/m3)

Flow
index
(n)

Consistency
(mPa s)

998
69,5
1344
50,40
69,7
1316
89,5
33,0
36,9
1475
Non-Newtonianfluids
Fluid A*
54,7
29,3
53,0
Fluid B * *
57,9
32,8
56,0
Molasses
3 solution Carboxyl Methyl Cellulose 4:1 w/w)
Molasses B 3 solution Carboxyl Methyl Cellulose 3:1 w/w)

0
0,980
0,958
-

1,002
262
918
43 952

0,788
0,845

359
593

Newtontanfluids
Water
Glucose syrup
Molasses
Molasses C

-

The apparent viscosity (consistency idex) of these solutions has been measured with
the Brookfield Pogrammable Rheometer using the properly spindle. The Newtonian
flow behavior of these solutions was described by the following power law equation:
g= KY n-I
The relation between the shear stress and the shear rate is easily obtained by:
KYn
where,
g; is the apparent viscosity of the fluid (Pa-s)
y; is the shear rate s-1).
-c; is the shear stress (din/cm
K; is the consistency P or Pa-s)
n; is the flow index (dimensionless).. This is a measure of the extent of Newtonian
behavior (n<1 non-Newtonian; _ I Newtonian)
'Me calibration of Brookfield Programmable Rheometer was done using the standard
fluid recommended by the suppliers that behaves itself as a typical Newtonian fluid
(Glycerin) with a viscosity of 954 Pas at 25T. Ile measurements show a good
accuracy and reproducibility in the apparent viscosity 957± 0 mpas; Relative Eff or
1.04%) and upon the Flow index 0.973 ± 00099; Relative Error = 102%)
Tracers
Taking in account that there is not any nuclear installation for the production of shortlived radioisotopes in Cuba, among the commercial radioisotope generators available,
two of them "Mo/99"Tc and 113Sn/ 13-In were chosen for this work.
Detection
Three collimated Nal(Tl) Ixl" detectors coupled to ratemeters (Miniken, Australia)
were used. Two of them were placed in fxed positions over the crystallizer or at its wall
and the third at the outlet. Signals from each ratemeter were recorded continuously to a
PC and the software D.T.S PRO was used for data treatment and modeling [5].
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RESULTS
Tracer tests with Newtonian fluids
Tracer tests were performed with molasses as standard for the comparison with onNewtonian fluids. Several attempts were done to insure the correct response of the
outlet detector in order to achieve the real DTR fimction of the system.
About 1,85 GBq (5 mCi) of "'-In (5 ml of the eluted solution) thoroughly mixed with
g of molasses
was suddenly injected at the unit inlet. The rotation speed of the
agitation system was fixed to 0314 rad/s 3 rpm) and the volumetric flow was situated
at 43 L/min. Samples were periodically drawn out at the outlet of the crystallizer and
measured at the APTEC system composed by a well-shielded scintillation Nal(TI)
2"x2" detector coupled to a multichannel analyzer.
In Figure 2 the RTD curves for the "on line" outlet detector D3 and the sampling
method are shown. They are quite similar which demonstrated tat the response of the
outlet well-collimated shielded detector describes correctly the RTD fimction of the
tested fluid within the crystallizer and therefore the pattern flux.
0

0 6Sam

pling

0 n line

0.0 4E (t
0.

20
0

20

40

60

80

10 0

Tim e,
m in

FIG.2. Comparison of RTD curve by "on line" and sampling methods (molasses )
The first attempts to fit the tracer response curve to a model of perfect mixing cells n
series, as it was achieved early in the previous tests performed before the redesign of the
crystallizer, did not succeed. The only way to fit the response curve to a model with a
physical meaning was assuming a model of perfect mixing cells with backmixing
(PMCB) within the crystallizer (Figure 3.
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(Newtonian)
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Flow index

0.95
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Tau
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20.61
88.2
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0.7

0.02
----------------

0
0

20

40

60

so

100

Time (min)
Fig.3 Fitness of the RTD curve to PMCB model.(Fluid Molasses B)
Almost a similar picture show the response curve obtained by an also well collimated
detector located lateral to the outlet of the pilot crystallizer which reinforce these
preliminary results.
The relative high value of the back flow-irate ratio (alpha) seems to have relation with
the fact that in the redesigned crystallizer measures are performed at the outlet of the
unit where the fluid is forced to exit through a narrow gate and not by overflow. From
our point of view, it seems logic that a part of the fluid has to recirculate or has to go to
a backmixing process before leaving the rystallizer.
Tracer tests with non-Newtonian fluids
Following the approach described in 61, different proportion of a 3
solution of
Carboxyl Methyl Cellulose (CMQ was added to the molasses
in order to achieve a
non-Newtonian fluid (flow index less than 1). This procedure provoked the dilution of
the original molasses
with the corresponding reduction of the apparent viscosity
(consistency) and Brix. For these reason only two non-Newtonian fluids were prepared
with the composition shown in Table .
Under similar conditions (, rpm, and temperature) as mentioned above for pure
molasses
a preliminary test was performed employing the Fluid A. In order to
validate once more the response of the detector, samples were drawn periodically.
Again the RTD curves obtained by both methods are quite similar, and te experimental
response curve fits to PMCB model (Figure 4:

In order to compare this result with the Newtonian Molasses
fluid, in the fitting
process to a PMCB model we fix the number of cells to the same values =10) and
search for the value of the back flow-rate (alpha) that better adjust to the experimental
RTD curve. In a first approximation these results were unexpected due that show a very
markedly difference between the Newtonian and no Newtonian tested fluids upon the
shape of the RTD curve.
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Fluid A (Non-Newtonian)
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Flowrate Q
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89.25
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Fig 4 Fitness of the RTD curve to a PMCB model (Fluid A)
Due that the great difference between these two categories of fluid was not only in the
value of the flow index, but also upon the consistency, it was decided to carry out
another test with the Fluid B, with composition intermediate between the two extreme
fluids (Figure 5).

Fluid

(Non-Newtonian)

0.06 -

o

Flow index
Flowrate Q
Tau
Volume

Experim.
Klbdel

0.04

Alpha

0.85
3,5
5.5
89.2-5
4

0.02
0
0

20

40
60
Time (min)

so

100

L-.--

Fig. 5 Fitness of the RTD curve to a PMCB model (Fluid

)

Again the pattern flux is close to the PMCB model, with a back flow-rate ratio value
between the two extreme fluid.
With the aim to clear up this phenomenon, the RTD curves for molasses (n = 0952),
Fluid A n = 0788) and Fluid B (n = 0845) are plotted in the same graphic for
comparison (Figure 6. Tables 2 resumes the parameters derived from these curves
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Fig. 6 Influence of flow index n upon the shape of the RTD curve
Table 2 Test conditions and parameters of the RTD curves.
Fluid
Flow index
Flowrate Q
Tau
Volume
Alpha

Molasses

Fluid A
0.79

26.6
88.2
10
0.7

25.5
89.25

Fluid
0.85
3.5
25.5
10
4

6.2

These results indicate that with the diminishing of the flow index, and that is to say,
when the fluid has more non-Newtonian character, the pattern flow comes more closer
to a model with high values of back flow-rate or recirculation. In other words a high
degree of mixing is taldng lace within the facilities.
A very good correlation was found between the flow index and the back flow-rate ratio
value (Figure 7.
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Fig. 7 Correlation between the back flow- rate ratio and the Flow index.
Further test that could corroborate this markedly influence of the flow index on the
hydraulic displacement of liquids needs to be carried out, taking in account that nonNewtonian tend to be the rule rather than the exception in the real world. These results
represent a new challenge for the RTD specialist in the search of a numerical approach
to consider the flow behavior of non-Newtonian fluids.
CONCLUSIONS
I

The fluid structure has a sharp influence upon the shape of the RTD curves. In the
region of non-Newtonian fluid the hydraulic displacement in the pilot cystallizer
approaches a Perfect Mixirtg Cell with backmixing model with extreme values of
the back flow-rate value.

2.

A straight correlation was founded between the back flow-rate ratio and the flow
index, showing a dependence that must be taken in account for data processing and
modeling of the experimental outlet curves in RTD determinations.
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Abstract: Electrochemical procedures ave bee Sccessfully applied to the decontamination
of soils even frorn organic substances in last few years.
Feasibility and duratio of
electrochemical remedliation procedures depend on several parameters. Lab scale experiments
in the run-up to a real soil decontamination treatment can help to determine and evaluate the
influence of the most iportant parameters and can support in searching optimal rernediation
conditions.
A special semi-automatically operating experimental setup was developed and applied
to investigate the transport behaviour of pollutants in soils without sampling. The transport of
bromophenol in different knds of soils at several electrical field conditions was investigated.
For these investigations a small part of the bromophenol was labeled with tile radioactive
nuclide 82Br. A procedure for the synthesis of labeled bronlopheriol from phenol and
irradiated ammonium bromide i a single step was developed.
The experimental results for remediation of the investigated soils have shown tat,
generally, the transport of bromophenolate ions Ocurred towards anode direction. In some
cases, a transport towards the opposite direction was proven during the first trial period. From
the results, transport velocities could be calculated. The knowledge of transport behaviour
and velocities is needed for the planning of real decontamination processes and to predict the
necessary remediation duration.
1. INTRODUCTION
The remediation of contaminated soils by means of electrochemical methods has several
advantages. It can be applied in-situ, without expensive excavating of the soil. It is well
suited especially for cohesive soils with low hydraulic permeability and has been already
successfully applied t
ls Polluted even by organic substances.
Particularly in the case of organic soil pollutants, lab scale experiments are necessary to
evaluate the feasibility of an electrochemical procedure, to determine the optimal process
parameters and to estimate the duration of the remediation process. The application of
gamma radiation emitting tracers in these experiments bears a lot of advantages.
it prevents from taking samples for data acquisition
no loss of substance
the process under investigation is not disturbed
no chemical analysis is necessary.
Due to the high sensitivity of the measuring method, only tiny quantities of labeled
contaminants are required.
Therefore, the experiments can be executed with minor
contaminant concentration. In addition, the detection sample quantity can be minimized so
that reproducible, nearly one-dimensional investigation conditions can be implemented.
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2. METHODOLOGY
2.1.

Experimental setup

The semi-automatically operating experimental setup - a photo is shown in F
Iallows transport behaviour nvestigations for radioactively labeled compounds in four soil
samples to be carried out shmiltaneously and independently fron? each other. The soil
samples are included in four glass containers with rectangular cross sectional areas. The inner
dimensions of a container are 552 mm x 22 mm x 24 mrn (ngth x wdt x height). Only a
reg on with a width of about I cm in te middle of each glass container (labeled by twoblack
lines, see Fig. 1) contains soil with the radioactively labeled compound. The remainder of
each container is filled with soil containing non-labeled compound of the same chemical
concentration as in the labeled region. At the aode side of ach container a region with a
fen-th of about 50 mm is separated by a cellulose acetate membrane. This egion is intended
as a reservoir for electrolyte solution to compensate the lack of ions in the soil near the anode,
which was noticed during some preliminary tests.
The four containers are positioned in a special etal frame fixed on the carriage of a
spindle drive linear uit electrically powered by a stepping motor. A special programmable
controller allows toggle motions of the carriage at vlocities in a rancyc between 0 I and 2000
Lrn/s (= 036 mrn/h ... 72 m/h) below four slot collimated width: 10 mm) and well sielded
NaI(Tl)-scintillation detectors.
collimated a6'd 9hielde d Nal (TI) snt'

illation detectors
Y'

J

ntainers with contaminated soil
on the carriage of a iear- uni

Fig. 1. Photo of the experimental setup for the transport behaviour nvestigations of labeled
contaminants within electrical fields
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2.2. Synthesis for labeling bromophenol
Halogenated aromatic hydrocarbons are typical organic soil contaminants. Since the
nuclide 82 Br is a suitable radiotracer a brorninated aromatic hydrocarbon should be applied to
the investigations. Because of additional advantages, e.g. relatively low vapour pressure,
bromophenol was chosen as model substance.
The labeling procedure was developed as a sin-le step synthesis from phenol and
irradiated ammonium bromide containing 82 Br. This procedure can be used for the synthesis
of 40 mg radioactively labeled bromophenol, which is necessary for one experimental run
(simultaneous investigation of four containers).
For that, stock solutions of following concentrations have been required:
- phenol in tetrachloromethane:
0.080 mol/I
- potassium bromide in ultrapure water:
0.033 mol/l
- potassium brornate in ultrapure water:
0.042 mol/l.
To the 726 ml of the phenol stock solution, 475 ml diluted hydrochloric acid 3% ad
catalytic amounts of iron powder were added under stirring and cooling (about 'C, ice water
bath in a round-bottomed flask (50 ml)). The content of the apoule with the irradiated
ammonium bromide 2.7 mg) has to be dissolved in 94 ml potassium bromide stock solution.
After addition of 57 ml potassium bromate stock solution to the potassium bromide solution,
the mixture has to be added to the content of the round-bottomed flask. After about 0
minutes intensively stirring, the organic phase has to be separated and given ito a taper flask.
For removing water soluble byproducts, organic phase has to be washed two times by means
of about ml ultra-pure water. In a final step the organic solvent tetrachloromethane has to
be removed at 20 'C and reduced pressure of 40 mbar in a rotary evaporator. The labeled
brornophenol remains in the distilling flask.
Analyses by gas chromatography have shown that the synthesis product consists of
about 50% 2-bromophenol and about 50% 4-bromophenol. In addition, only small amounts
of phenol could be detected in the product; the quantity of multiple brorninated aromatics was
below the detection limit.
2.3.

Experimental design

To fill each glass container completely a soil mass of about 410 g is necessary. For the
preparation of inactive soil sample 1600 g dried soil were mixed with 16 g bromophenol
(800mg 2-bromophenol and 80rng 4-bromophenol) which was dissolved in about 230 ml
methanol. After mixing the methanol was removed from the soil by evaporation in a fume
hood under abient conditions during a period of about 24 hours.
To increase the
conductivity, the soil was mixed with 160 ml 02 in soda solution immediately before filling
into the containers.
For the preparation of adioactive soil sample. about 6 ml methanol were given into the
distilling flask containing the synthesis product (labeled bromophenol) before 40 g dried soil
were added. After all components were definitely mixed, the solvent was evaporated at 20 C
and reduced pressure of 40 rnbar. Finally, the dry labeled soil was mixed with 4 ml 02 n
soda solution.
A mass of about 400 g non-labeled soil was filled in each container. To keep space free
for the labeled soil a special facility was applied. This facility also served as a funnel to fill in
the soil containin- the radioactively labeled contaminant. After being completely filled, the
funnels were pulled out and possibly existing gaps between the soil charges were removed by
a purposeful light pressure onto the surface. Lastly, the containers were covered by glass
plates to avoid failures due to uncontrolled evaporation.
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Current discharge into the soil was realized by pairs of plate electrodes. The size of
each electrode was about 22 mm x 24 mm. The cathode was made of normal steel. The
anode was made of palladium to avoid its destruction due to oxidation processes and an entry
of iron ions into the soil.
Three kinds of voltages were applied during one experimental run: smoothed direct
voltage, one way rectified alternating voltage, and two ways rectified alternating voltage. A
current density of I mA/cml was chosen. The fourth glass container served as a reference and
was not connected to any voltage.
Two experimental runs shall be presented in more detail: one in sandy' and the other in
sandy' with a clay 2 fraction of 2%. Each run took to 10 days. To ensure a nearly uiform
statistical error for all measuring results, the data acquisition interval was doubled after one or
two days. The precise date for these changes was specified operationally in dependence on
the ongoing measured values.
The electrolyte in the anode reservoir was exchanged once a day because the pH-value
decreased due to the generation of hydroniurn ions by water electrolysis.
3. RESULTS AND DISCUSSION
3.1.

Bromophenol in sandy soil

In sandy soils, the labeled bromophenol always moved towards the anode direction
independently on the kind of voltage. Fig. 2 shows exemplarily the results of an experiment
fed with smoothed direct voltage.
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-60

-30

cathode

0

30

60

90

position in the

120

150

180

210

240

container [mm]

270

anode

direction

Fig. 2 Bromophenol in sandy soil: Measured and nuclear-physically corrected countrates in
dependence on the calculated position in the container fed with smoothed direct
voltage
Similarly to the experiments with ammonium bromide in sandy soils, the maximum
intensity of the countrate decreases during the experiment before it increases again near the
anode reservoir. The reasons for this behaviour are assumed identical to the case of
ammonium bromide transport behaviour: The decrease results probably from the axial
I sand from Kleinpoesna near Leipzig (particle size range: - 2 nun, sieve line A)
2blue clay from Friedland (montmorillonite)
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dispersion during the transport process while the increase near the anode reservoir is caused
by the tailback due to the resistance of the cellulose acetate membrane. Admittedly, the
a larger distance from the anode reservoir tan in te experiments with
tal'Iback occurs here
ammonium bromide. It is assumed that te resistance of te membrane is higher for
bromophenolate ions than for bromide ions. Since te entire soil is contaminated with
bromophenol - and not only te labeled region - the tallback of the unlabeled ions influences
the transport behaviour of the labeled ions coming from the centre of the container.
From Fig. 3 it can be seen that the influence of the voltage type on the transport
behaviour of bromophenolate ions is not significant. The curve offsets in Fig. 3 after an
experimental duration of about 72 hours have to be explained: They are caused by the
reduction of the toggle distance of the carriage. After 72 hours, the in transport occured
towards the anode direction, obviously. To save time for data acquisition, the region near the
cathode was no longer scanned. Although the measuring values from this region are only of
the dimension of the background radiation, the position of the centre of the logged tracer
concentration distribution relocates towards positions in anode direction. Since the ion
transport velocities are calculated from the rise of te curves, the offset does not influence the
results.
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Fig 3 Bromophenol in sandy soil: Time dependent displacement of the position of the tracer
concentration distribution centre of area for the investigated kds of voltage pathtim dagram).

3.2.

Bromophenol in sandy soil with clay fraction

Fig 4 shows exemplarily the results of an experiment with bromophenol in sandy soil
with a clay fraction of 2% fed with two ways rectified alternating voltage. Independently on
the kind of voltage the labeled substance moved towards the cathode(!) direction. Only dunng
the second experimental day the ion transport direction had changed towards the anode
direction.
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Fig. 4 Bromophenol in sandy soil with clay fraction: Measured and nuclear-physically
corrected countrates in dependence on the alculated position in the container fed with
two ways rectified alternating voltage.
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Fig. 5. Bromophenol in sandy soil with clay fraction: Time dependent displacement of the
position of the tracer concentration distribution centre of area for the investigated
kinds of voltage (path-time diagram).
In the liquid phase, bromophenolate ions can be transported either by electrornigration,
or - together with water - by electroosmosis. It is known that cohesive soils, e.g. clay, exhibit
favorable conditions for the electroosmotic transport phenomenon. Obviously, the small
fraction of clay is responsible that electroosmosis has influenced the ion transport more than
electromigration during the first experimental day. After a certain time, the soil moisture
profile in the container is nearly stationary so that the water transport due to electroosmosis
steadily decreases. As soon as the influence of electromigration prevails, the transport
direction of the anions changes towards the anode direction. The effect of the transport
direction change can be also seen well in Fig. .
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4. CONCLUSIONS
The experiments have show n thafradiotracer experiments ae favorably suited for lab
experiments to determine the transport direction and velocity of labeled contaminants. The
competitive influence of different electrokinetical transport phenomena like electroosmosis
and electromigration could be made observable.
Only a negligible influence of the voltage type could be found during the experiments.
Therefore oly easily producible and thus cheap kinds of voltages are sufficient for real
electrochemical remedlation applications. Lab experiments with radioactively labeled
contaminants are a suitable method to get useful nfori-nation about the transport direction and
velocity in the run-up of a commercial electrochemical remediation application.
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Abstract: Knowledge of hdraulic properties is a perequisite for studies of constructed
wetlands functionin,,.
Z_ Bromide ions ad tritium were used as tracers to derive RTDs for two
constructed wetlands: a reed bed with subsurface flow and a .emmi pond. Quantitative
hydraulic characterisitics mean travel tirne of water, dispersion number) ofthe wetlands were
evaluated from RTDs (Residence Time Distributions) by eans of a mathematical model of
wastewater flow.
1. INTRODUCTION
Constructed wetlands I are an-made areas inundated or saturated with water sed to
treat wastewaters of dfferent origin. Natural wetlands have been used for discharging
wastewaters for centuries while constructed wetlands are built in order to treat wastewaters
with some degree of control over prification processes. A complex interplay of blologicai
and physicochemical processes tat occur il wetlands reSLJ1tS In iprovement of water
quality. Construction, operation and
aintenance of constructed wetlands are relatively
simple and inexpensive comparing to the traditional waste treatment plants. Additional
benefits are wetland habitat restoration and biodiversity enhancement. Constructed wetlands
are apidly growing world-wide with several thousands of systems operatino in Germany,
LTK, Denmark, France, Nordic .countries, Poland, Czech Republic and other European
countries.
Treatment wetlands improve water quality through removal of suspended solids,
oraanics, utrients (N, P), pathogens (bacteria, parasites. viruses) and metals. Efficienc of
contaminant removal in etlands is primarily related to the extent of contact between
wastewaters and the reactive srfaces substratum, plants, detritus o which purification
processes occur. Zones of stagnant flow as well as peferential and bypassing flows limit the
opportunity for this contact. Apparent dspersion Of Slutes ill wetlands is connected wth
various mixinc, and transport phenomena which can also ifluence wetland performance
throuuh redistribution of contaminants, Oxygen and other Yases and heat. Ill subsurface flow
systems mixing is related to pysical phenornena tat are specific for flow in porous i-nediurn
while in ponds mixing is due to heat and momentum transfer ad water density changes.
Tracer techniques provide valuable Insights into the hydraulic aspect of constructed
wetlands ftinctionin . Examples of use of tracers to study constructed wetlands hydraulics
include- mixing i wetlands 2 iuence of substratum clog ino on transit times in ravel
cells 31, ifluence of pond poperties on flow patterns 4, 5, dependence of flow atterns oil
wetland geometry 6], testing of flow odels 7]. Hydral.11iC characteristics of a wetland are
inferred on the basis of an assumed hydraulic
odel from RTDs represented by tracer
breakthrough curves system responses to the instantaneous Injection of tracer).
This work pesents results of tracer tests ad the derived hdraulic properties for two
constructed wetlands in Poland: subsurface-flow sstem with 1hrcigmiles in Nowa Supta
cittsiralisand Lenina pond in Mnlow.
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2. STUDY SITES AND METHODS
Sub-surface flow constructed wetland in Nowa Slupia is an example of the most
common type of constructed wetlands in Poland. The wetland was constructed in 1995 in
order to treat municipal wastewaters. It is located in the Holy Cross Mountains region 2
5'
E - 50'52' N) at 250 m a. s. 1. The wetland consists of three parallel gravel beds 78 rn x 24 ryi
x 12 m each) overgrown with common reed 11hra"nfiles auvtziliv). Preliminary treatment is
provided by a sedimentation pond and an aeration tank. Polishing pond (volume of 750 M) is
used as a final treatment stage. The designed average diurnal flow of this system is 325 m 3d-1
and maximum diurnal flow is 450 in 3d-1. Wastewaters are distributed and collected through
perforated pipes. The cells are filled with three ayers of gravel of different granular sizes and
lined with I mm polyethylene.
The wastewater treatment plant in Mni6w is located to the west of the Holy Cross
Mountains 20'29' E - 1'O V N) at 264 m a. s. 1. It was built in 199' ) in order to treat
municipal wastewaters. The designed average diurnal flow rate of this system is 150 ml/l and
peak diurnal flow rate is 200 m3/1. The treatment system consists of two ponds in series. First
pond is aerated, second pond Fig 3 is free water surface constructed wetland with freefloating plants of the Lemnaceae.family. The aerated pond and the duckweed pond have areas
of 02 ha and 026 ha and depths of m and 24 m, respectively. Floating plastic barriers are
used in the second pond for control of duckweed. Within this study only hydraulic properties
of the duckweed pond were investigated.
In each of wetlands two tracer tests were performed. Bromide (KBr) was sed as tracer
in all tests and tritium was used in one test in each of wetlands. Bromide concentrations in the
effluent were determined by use of ion selective electrode, tritium activities were determined
by liquid scintillation spectrometry. Flow rates were measured by use of a calibrated vessel
and stopwatch each time when effluent samples were collected. in Nowa Shipla wetland tree
RTDs, corresponding to three wetland cells, were obtained in each tracer test.
Mathematical model used to derive RTDs from output tracer concentrations assumes that flow
occurs alone, one or more separate flowpaths. Transport of tracer along each flowpath is
described by one-dimensional advection-dispersion equation. Analytical solution (1 of
transport equation derived for injection and measurement in flux [8] is fitted to the measured
tracer concentrations:
A
0

,47c(l) Qv)( 1r)-'

exp

(I

,

4(1 I lx)(11,r)

where: C - tracer concentration, A - amount of tracer,
- discharge, - mean water travel
time, D- dispersion coefficient,
- rnean water velocity,
- distance from injection point
and - time from injection. In cases when more than one flowpath occurs fitting procedure is
repeated iteratively. Two parameters of the model are fitted: mean water residence time (C)
and dispersion number (I'i = 1) 11x).
3. RESULTS AND DISCUSSION
Fig. I presents results of tracer test performed in June/July 2002 with bromide in one of
Nowa Supla wetland cells (cell 3. Solid line represents RTD function fitted to the measured
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Fig. 1. Normalized outflow bromide concentrations (concentrations divided by injected mass
of Br-) and the fitted RTD curve. Nowa Slupia, cell 3 June/July 2002.
Table 1. Hydraulic characterisitics of Nowa Slupia constructed wetland derived from bomide
tracer tests: mean water travel time - c[hl, dispersion number - PI), water volume - V[M3
November 2001
Flowpath
1

Cell

Cell 2

Cell 3

2
3
4
1
2
3
4
1
2
3
4

66
179
346
98
162
339
97
195
325
-

June/July 2002

PD

V

0. 9
0.06
0.01
0.20
0,03
0.01
0.19
0.04
0.01
-

91
136
173)
10")
51
70
50
35
110
-

66
130
258
650
95
236
488
780
60
156
312
650

PD

V

0.05
0.03
0.04
0.04
0.16
0.03
0.02
0.03
0.13
0.01)
0.02
0.03

115
81
91
287
72
127
179
378
18
28
82
128

tracer concentrations. Occurrence of four flow components can be easily recognized on the
plot. The same number of flow components was found for other wetiand cells during that
tracer test while results of the first test, performed in November 2001, suggest only three flow
components in each of cells. Tabl I shows values of hydraulic parameters derived for all
cells of the constructed wetland from results of tracer tests with bromide. Mean water
residence time and dispersion number were fitted to achieve best agreement between the
experimental and modelled tracer concentrations. Water volumes V connected with all flow
components were calculated as:
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T' - O

(2)

Evaluated values of -rand V reflect distribution of flow among wetland cells and the
degree of saturation of substratum with water. From the viewpoint of constructed wetland
functioning longer residence times allow for better purification of wastewaters. Values of Pi.)
reflect extent of mixing processes that are related to heterogeneity of flow. Occurrence of the
fourth flow component and larger water volumes in all cells during the second tracer test are
related to bypassing flows and to flooding of cell surfaces. The specific flow conditions
resulted in larger variability of hydraulic proper-ties among wetland cells. Hydraulic
characteristics derived from tritium results are not presented in this paper but they were very
similar to those obtained from bromide data.
Fi- 2 sows results of the tracer test with bromide performed in Mnliow Lenina pond in
summer 2001. Following hydraulic characteristics were estimated.- mean transit time - 5.8
days, dispersion number - O.3, volume of mobile water - 3900 M3 . Actual volume of the pond
is 5100 m 3 so 24% of pond volume was not active in throughflow. Second tracer test
performed in Mniow with bomide and tritium In 1-002 gave very flat breakthrough curves
with low peak concentrations of tracers. This unexpected response of the system resulted from
density effects associated with injection of high density solution of KBr to the pond. Fig.
presents plot of bromide concentration in one of three cross-sections three weeks after
injections. Cross-sectional activities of tritium show very similar picture with apparent
vertical stratification of tracer in cross-section A. Tritium became attached to KBr solution
because both tracers were injected simultaneously after dilution in the same volume of water.

4.0
3.5
3.0
tM 2.5
2.0
1.5
a

-

A

i O

0.5
0.0
0

10
20
30
time from injection [days]

40

Fia 2 Bromide outflow concentration and the fitted RTD curve. Mni6w, summer 2001.

Development of density effects in constricted wetland ponds is favoured by flows
characterized typically by low Reynolds numbers 9]. Surprisingly the first test in Mniow was
apparently not influenced by density effects despite the fact that KBr solutions of similar
densities were injected in case of both tests, In June 2001 tracer was injected during passage
of an atmospheric front which brought significant drop in air temperature, rain and strong
wind. The meteorological phenomena could induce vertical mixing in the pond preventing
formation of stable salt solution layer.
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Fig. 3 Schematics of Lemna pond in Mni6w and bromide concentrations in one of crosssections, summer 2002.

4. CONCLUSSIONS,
Bromide and tritium proved equally useful as tracers of wastewater flow in two types of
constructed wetlands. Tracer tests gain important insights into functioning of constructed
wetlands in changing hydraulic conditions. Mean water travel times and active volumes of
water can be evaluated for all identified flow pathways. During planning of tracer tests wit'dissolved salts in ponds influence of density effects on tracer distribution must be taken into
account.
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DEVELOPMENT OF MULTITRACER METHODOLOGY
FOR TE CHARACTERIZATION OF PETROLEUM RESERVOIRS
Pereira, E.H.T. Moreira, R.M. Ferreira Pinto, A. M. Floresta, D. L.
CenterforDevelopment of Nuclear Technology, Belo Horizonte- 4. G., Brasil,
Abstract: Amongst other candidate tracers, the use of potassium thiocyanide labeled with 31S
(K 35SCN) has been investigated. This species is highly water soluble, temperature resistant,
and is not adsorbed in the extended solid surfaces of the formation pores. Being a beta
emitter, it minimizes radiological protection problems but requires sampling for activity
measurement in the laboratory. The paper describes the extraction of the elemental radiosulfur
fTom the KCI lattice and the development of an optimized route to synthesize the thiocyanide
that avoids lengthy and numerous inten-nediate reactions and separations. aboratory and
ongoing field tests designed to validate the tracer are also described.
1.

INTRODUCTION

When the primary production of an oil-bearing fon-nation decreases due to pressure
reduction, different fluids and particularly water, are artificially injected into the well to
reestablish or even enhance the previous production status. Treated water is injected into
wells to force the remaining oil to break through the production wells. That is to say that
injection and production wells are somehow interconnected. This technique, widely referred
to as secondary recovery, ay contribute to extract as much as 50% of the oil retained in te
geologic formation. Any technique aong at the improved knowledge of the injection fluid
behavior in reservoirs will certainly have a large economical significance. This is the reason
why the use of tracers has been increasingly widespread.
To be used as tracers in oil field applications, chemical compounds most comply with
the following basic requisites:
High solubility in the aqueous phase;
Null partition coefficient, that is to say, Kd = C,/C,,, = 0, where C.ii e Cat,-,
represent tracer concentrations in organic and aqueous phases, respectively;
Chemical non-reactivity related to modifications in pH. in carbonates and in
other existing dissolved ions;
Indifferent to bacteria] metabolism;
Unaltered at igh temperatures;
Resistant to the gamma radiation emitted by the radioactive isotopes of the
involved elements.
Tracers ijected into reservoirs are subjected to elevated dilution rates, thus calling for
very low detection limits. Thus, radioactive tracers come out as.a very suitable alternative.
The option to investigate K 35 SCN as a tracer was based upon the following premises:
•
•
•
•

high solubility in the aqueous phase [I
remains unaltered at high temperatures;
low adsorption on the solid surfaces of the reservoir;
beta etter, which implies greater safety and less radiological protection
problems;
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possibility of producing "'S in Brazilian research reactors, cutting off costly and
time-consun-ung importation procedures.
The radioisotope of sulfur , 35S (Eli n.
167 KeV, half life
secondary recovery operations dealing with old oil fields in Brazil.

87 days) suits many

Radioactive tracers are not introduced into the oil reservoir in its elemental form, but as
a chemical compound. Sulfur in the thiocyanide ion K35SCN is well tailored for the task.
Halides are good water tracers in oil reservoirs because they are usually present in oil-bearing
rocks; thus, anionic exchanges with the geologic formations are usually low. Presenting
chemical properties similar to those of the alides, the thiocyanide can be seen as a pseudohalide, which means low adsorption, plus the advantage of being seldom found in oil-bearing
fortnations 2].
This paper describes the methodology used to obtain the potassium thiocyanide labeled
S and its application in the characterization of petroleum reservoirs.

With 35

2.

METRODOLOGY

Potassium thiocyanide may be obtained by reacting KCN with 35S in reflux with
acetone or ethanol as shown in Equation 1. 35S is produced via the reaction 35C](np)'35 by
irradiating KCI under a neutron flux. The products usually obtained are Na.3'SO4 or 1_1'31 S04
[3]. The elemental 35S can be obtained by the reduction of the sulfate to H'35S and further
oxidation to elemental sulfur. This process implies a considerable amount of manipulation of
a radioactive substance 4].
EtOH
KCN

+

35S

K35SCN

aq.
In 1949 Wood [5] described the reduction of barium sulfate in solid state using a
hydrogen flux at 800'C-1000'C, producing barium sulfide which, by decomposition in acid
medium, resulted in the formation of the gaseous 1-12S. This acid gas, bubbled through a
solution of sodium hydroxide, produced sodium sulfide (Equation 2 which was finally
oxidized to sulfur by means of a K and Hi solution. This procedure adds the difficulties in
handling hydrogen to the manipulation of the radioactive material.
H+

H2

Ba35S 04
800-1000

Ul,)35S

NaOH o- Na?35S KI o

0C

35S

(2)

In 1960 Otto and Winand 6 discussed another method for the reduction of the
Na, 35 SO4. In this procedure the reduction is attained in a mixture of HI, formic acid and red
phosphorus, resulting in the formation of the gaseous HS, which is absorbed in a potassium
ferricyanide solution, leading to the precipitation of the elemental sulfur (Equation 3.
Na-_)35S 04

HI, P.
dc. ffirmico

lo

H

35S

K3[Fe(CN)6]

164

-

35S

(3)

In 1969 Shikata et al. 7 described the reduction of the sodium sulfate using a mixture
of H3PO4 and SnC12. The H2S thus obtained is oxidized to elemental sulfur with a solution of
potassium ferricyanide (Equation 4,
Na)35S
2

04

H3PO4 MD
S K3[Fe(CN)6]
SnCb
H' 35

35S

(4)

Nevertheless, in 1964 Chiotan et al. [81 had described a much smpler and safer method
for obtaining the elemental sulfur. It consists in the irradiation of KC1 in a vacuum-sealed
quartz ampoule. Next, the ampoule is heated to 500'C for
hours. During the heating
process, the sulfur sublimates, migrates out of the KCI lattice, and is collected on the internal
wall of the vial (Equation 5). The product is let to cool down, trichloroethylene is added and
refluxed in a Soxhlet apparatus for 3 hours. Refluxing with I % HC1 eliminates "P. The
solution is evaporated, and solid sulfur is obtained.
KCI

irradiation..

KCI*

CHCI=CC12

35s

(5)

Next the elemental sulfur is reacted with KCN under reflux with the addition of 80%
ethanol during 4 hours, cooled to abient temperature, the excess sulfur is filtered and the
solution dried in a water bath.
3.

EXPERIMENTAL

A critical step for the synthesis of the K35SCN is obtaining the 35 S. The option was to
develop a procedure based on the 35 S extraction and purification route described by Ciotan
et al. 8].
3.1

Sulfur extraction procedure

A small activity of 3
C was used for this test. The procedure consisted in the
irradiation of a certain aount of KC1 and S vacuum-sealed in a quartz tube (Fig.]). After the
irradiation the quartz ampoule is heated 500 C, to push the sulfur off the KCI lattice and
become more easily extracted. Then the flask is broken. For this operation use is made of a
specially designed apparatus that can be safely operated and effectively avoid losses (Fig.2.).
and 32 P are produced during the irradiation of KCL The mixture was refluxed with
trichloroethylene in a Soxhlet apparatus in order to separate 31S from bo'b radioactive and
inactive chlorine. Given that sulfur is soluble in trichloroethylene but KCI is not, this
methodology showed to be efficient for the desired purification. This substantially reduces the
manipulation that would be needed in case ionic exchange resins were used the separation.
Refluxing the trichloroethylene solution with 0M HC1 eliminates the phosphorus. The
organic phase may then be evaporated, and the solid sulfur is obtained
36CI
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Fig.] Quartz ampoule

3.2

Fig.2 Breaker for the irradiated ampoules

K35 SCN production test

The next step is the process of synthesis of K 35 SCN, by reacting the potassium cyanide
(KCN) with the elemental sulfur (S) under reflux with 80% ethanol.
The final activity obtained was 1.05 mC means a 35% yield.
3.3

Bench tests

The bench test is the last instance in the validating the development of the technique at
the laboratory level. It consists in the simulation of thetracer transport through the medium in
which it will be injected using a test specimen wthat re .resents the oil reservoir formation and
in which the essential physical characteristics and properties of the actual fon-nation are
reproduced.
These tests were jointly developed with Petrobrds at the authors' Institute. Petrobrds
provided complete equipment for the realization of displacement tests in porous media,
including injection systems, programmable effluent collection equipment, temperature and
pressure sensors, and all the assembling the test specimen.
Figure 3 below represents the tracer profile during the test. The pressure was kept
constant during the displacement test, but it started to increase linearly by the time the tracer
flux was cut, wl-tich corresponds to 3 VPI (volume of internal pores).
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Fig.3 The tracer profile during the bench test

A sudden increase of the C/C. ratio (outgoing concentration/initial concentration) can be
observed to start at about I VPI, and then the ratio is approximately constant up to 4 VPI.
Following this a sudden decrease in the concentrations ratio is verified, leading to C/Co - ,
and maintaining this figure afterwards. This means that there is no more tracer left in the test
specimen. A square plateau may be indicative of the absence of adsorption (the experimental
bank coincides with the ideal bank at breakthrough and at cutoff).
It can be seen in Figure 3 that the tracer behavior closely approximated that of the bank
o liquid. Thus has proved to be a good tracer for oil field secondary recovery operations.
4.

FIELD TEST

'J

A field test started in August 2003 at a oil field
explored by Petrobrds in Buracica, in the northeast of Brazil.
It is designed to do the compare the behavior of K 35 SCN
synthesized at the CDTN laboratories with that of tritiated
water. In this test 30 C of tritium and I C of K 35 SCN were
simultaneous injected as a solution containing both dissolved
in 38 liters of distillated water.
At the CDTN premises the tracers were transferred to
an ad hoc designed steel container that served both for
transportation and injection avoiding any contact of the
operator with the solution injected during both the loadin
and injection manipulations, thus allowing conditions of tota
safety as shown in Figure 44. At the present moment (Januar
2004) most of the tracer did not still broke through the
producer wells.

5.

Fig. 4 Injection of the
tracers in the oil field

CONCLUSIONS

It has been demonstrated that it is possible to produce, extract, and purify elemental 35S
by neutron irradiation of KCI in a simple and efficient way. The same can be true in obtaining
KSCN, and the non-reacting can be easily recovered and re-used.
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Potassium thiocyanide has been demonstrated to be an excellent choice to be used as a
tracer in oil field applications because it did not adsorbed onto the rnatrix under investigation.
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TRACER INVESTIGATION OF GROUND WATER DIRECTION AND FLOW
VELOCITY IN THE FIELD OF DRAINAGE SYSTEM INTERACTION
Wojciech Soltyk, Andrzej Dobrowolski, Robert Zimnicki, Andrzej

wczarcZyk

Institute of Nuclear and Chemistry Technology, Department of'Nuclear Methods of
Process Engineering,Dorodna 16 street, 03-195 Warsaw, Poland

Abstract
The multiwell tracer technique has been used for determination of groundwater flow
direction and velocity in selected regions of drainage barrier around the salt dome Dqbina
localized between two lignite exploited deposits in fields Belchat6w and Szczerc6w. The
uranine water solutions has been used as a tracer. Twelve experiments have been carried out
in the period 2002 - 2004. The depth of injection wells was from 180 to 345 meters, distance
between injection point and observation pumped wells was from 32 to 235 rn. Observation
time in individual experiments differs from 990 to 1730 hours.

Any study of ground water usually needs determination of flow direction and velocity.
Two well mode tracer experiments are one of the possible resolution of the problem [1,
The salt dome "Dblna` has divided the "Betchat6w" lignite deposit into two parts. The
first. Belchat6w Field, which is actually being exploited, and second - Szczerc6w Field just
start ed to be prepared for future exploitation (Fig. ).
Field Szczerc6w

Field Betchat6w

1997

n envelopment

X

Exploitation field
Exploitation field
in

ml
a
do
Dqblna

9

Fig. I Scheme of strip exploitation development in mine "Belchat6w"
The salt dome drainage protection barrier consists of 40 wells (-250 m deep) localized
around the salt deposit. Te system has been successfully exploited since 1992. The main aim
of the system is the elimination of ground water flow through the salt deposit sphere to avoid
its dissolution and to prevent contamination of mine ground waters by brines.
The basic condition of the system is to keep the depression at the stable level.
The existing barrier fulfilled very well its alms during the past I years. At present,
when simultaneously with the Belchat6w Field exploitation, preparation works of the
Szczerc6w Field have begun, the efficiency of depression protection barrier of salt dome
should to be increased (probably by a second ring of pumping wells localized outside the
actually working barrier). Therefore, before starting the design process and build-up a new
drainage system, an investigation on aquifer characteristic should be performed. The main

169

problem is to determine hydrological conditions in the south-west part of the salt dome
foreland as well as to estimate necessary input data for actualization of the hydrogeological
model of the region.
The aqueous solution of uranine has been used as tracer in all experiments. The
injection piezometers and observation pumped wells have been chosen on the basis of the
existing system of protection barrier around the salt dome "Dqbina" (Fig.2).
The tracer has been injected strictly to the filtrated zon e of each investigated wells 32 375 m below ground level). After uranine injection has been done the well was filled with 04
- 25 M3 of water causing the tracer to investigate the aquifer strata. The observations of tracer
appearance in the samples taken from neighboring wells was carried out during the period
from 40 to 72 days.
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The obtained tracer response curves have been the basis for mathematical modeling of
groundwater flow.
The best fitting of experimental curves have been obtained by applying one dimensional
diffusion model for point injection.
The solution of the model equation has been done by Zuber (eq. 13) 3].
2
t

E

D I
vx to

exp
D
47r

t

4 D t
vx

Xv to

D
vx

- I -t =
Pe'to

t(

ft C(t)dt
%

to

(2)

where:
D - dispersion coefficient,
v - velocity,
t - time,
x - distance,
Pe - Peclet number.
(3)

fC(t)dt
Two experimental examples have been shown. The individual approach to interpretation
of each experimental data have been presented.
Experiment I
Injection and observation wells are located in aquifer built of low permeable mudstone.
Despite of instantaneous injection of the tracer (5 Dirac impulse) the response curve observed
(Fig.3) indicates that real shape of disturbing function (tracer input) fulfill rather the
"continuous like" injection conditions.
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Fig.3 Tracers concentration changes in well 35SD-2 experimental and model curves

171

1920

So, the mathematical interpretation of experimental response curve has been proceeded
by derivation procedure in dimensionless observation time dF/du (Fig.4). Treating obtained
new response C(t) function as residence time distribution the parameters of flow have been
identified as v 0,08 m/h; Pe = 27.8; D - 0.
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Fig.4 Concentration of the tracer in the well 35SD-2
Experiment 2
The tracer response curve is shown in Fig.5. The experimental curve can be well fitted
by the model curve being the superposition of curves representing the partial flows through
the geological system (Fig.5, model 12,3). This means that there are three crack systems in
the aquifer, each of them can be characterized by different velocity and rate of ground water
flow.
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Conclusion

So, the individual interpretation of the obtained tracer response curves enables to
determine the mechanism of water transport, its velocity and direction as well as longitudinal
dispersion coefficient.
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APPLICATION OF ARTIFICIAL NEURAL NETWORKS FOR MODELING OF
WATER TRANSPORT IN THE DANUBE CATCHMENT.
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Abstract: River systems constitute an important part of the hydrological cycle. On one hand,
they remain the basic source of potable water for human population. On the other hand, they
are subject of dramatic impact of man's activities in a form of massive and widespread
pollution. Tritium as environmental isotope is well recognized tool for studying dynamics of
hydrological cycle on different spatial and temporal scales [I].
The neural networks approach has been widely used over the past decade to study
dynamics of complex systems 2,3]. Here, an attempt was made to apply the neural networks
to describe the transport of environmental tritium through catchment of the Danube river
system with the principal aim to gain a better insight into the dynamics of water flow within
such system. In parallel with the neural networks modeling of the river data, also the lumpparameter models were used to derive information on the mean transit time of water in the
studied catchment. Application of two completely different approaches delivers a comparable
results suggesting that neural networks represent a potentially more attractive alternative for
the modeling of water flow in such complex systems as catchments of large rivers. The
tritium content in the Danube river measured in Vienna over the past thirty five years could be
much better reproduced with the aid of neural networks modeling then is was the case of the
lump-parameter models. The apparent transit time distribution function derived from neural
networks modeling can be far more complex than usually assumed in the lump-parameter
approach, better reflecting the actual dynamics of water flow through the catchment.
1. INTRODUCTION
The artificial neural networks (ANN) has been applied to solve a wide variety of
environmental problems including atmospheric chemistry, groundwater systems and river
system modeling. Here, an attempt was made to apply the neural networks to describe the
transport of environmental isotope tracer (3H) through catchment of a large river system with
the principal aim to gain a better insight into the dynamics of water flow within such system.
The available long term time series of tritium content in the Danube river were used for this
purpose together with tritium measurement in precipitation over the catchment area. In
parallel with the neural networks modeling of the Danube data, also the lump-parameter
models were used to derive information on the mean transit time of water in the studied
catchment and to verify if the results of two independent approaches gives a comparable
results.
2. LUMP-PARAMETER MODELING
Long-term, systematic observations of isotopic composition of rivers exist for several
large rivers in the United States, and for the Danube river in Europe. Time series of tritium
content in Danube river were used as an output from the modeled system to derive
information on the mean transit time of water on a catchment scale. The tritium concentration
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in precipitation data measured in seven GNIP stations localized inside a catchment area were
used to calculate an input function to the river system. A weighted by precipitation amount
mean value was chosen as the best representative value. The calculated input function and
tritium observations in Danube are presented on Fig .
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Fig. Tritium data in precipitation and Danube river.
For calculations of mean transit time of water in the atchment, the lump-parameter
models with three different transit functions were used 4 The results of the model
calculations are presented on Fig. 2 Obtained mean transit time values are between 2 and 4
years. The 2 years mean residence time of the water in the catchment was obtained for
exponential model (EP) while 4 years value was obtained for dispersion model (DM). The
best fit was obtained for mixed exponential model (mEM) assuming existence of two
components in the river. The fast one representing surface runoff of the precipitation with
transit time less that I year and contribution equal 60%, and the slow one representing
infiltration water with transit time of years and 40% contribution to the total runoff. The
mean residence time calculated in this model equals 26 years.
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q
3. ARTIFICIAL NEURAL NETWORK MODELING
For the simulations a feed forward neural network was used. As the activation function
the sigmoid function was chosen (Fig 3 As a learning algorithm a simple back propagation
method was used. All the simulations were calculated using Qnet 2000 Neural Network
simulator running under Microsoft Windows 98 environment.

f (x)

(I + e-x)-l

Fig. 3 An example of neuron activation function.

For the optimization of the network geometry with respect to number of neurons and
layers, a series of simulations were performed. The best results of approximation of Danube
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data was obtained for 3 layer neural network containingl2O neurons in input layer and 6
neurons in hidden layer. An overview on network topologu is presented on Fig 4.

Fig. 4 Neural network configuration.

The tritium content in the Danube river measured in Vienna over the past thirty five
years could be much better reproduced with the aid of neural networks modeling then is was
the case of the lump-parameter models except of last period. A high variability of tritium
concentration in the river in that period is cased by additional technogenic source of H
entering the river system which was not assumed during the calculation of input
function(Fig. 5).
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Another advantage of neural network approach is that the neural networks modeling

yields the transit time distribution function for the studied system, whereas the box-model
approach is capable to deliver only the mean value of the transit time. The apparent transit
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time distribution function derived from neural networks modeling (Fig. 6 can be far more
complex than usually assumed in the lump-parameter approach, better reflecting the actual
dynamics of water flow through the catchment. The alculated value of mean residence time
of water in Danube catchment equals 32 years which is comparable with value obtained from
lump-parameter modeling technique.
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Fig. 6 Mean Rsidence Time distribution function obtained by ANN modeling.
4. CONCLUSION
The mean residence time of water in the catchment of the Upper Danube river derived
from 3H data using lump-parameter models is around 3 years (model-dependent range
between 2 and 4 years). Best fit to the 3H record in the Danube is obtained by using the
combined model (T = 26 years, i = 06).
The ANN approach provides superior fitting of the 3H data (r--0.997), except of
technogenic 3H signal. The ANN approach yields the mean RTD function which allows a
more detailed insight into the dynamics of the studied system, when compared to the umpparameter modeling.
Comparison of the modeling results obtained by ANN and box-model approach suggest
that neural networks represent a potentially attractive alternative for the modeling of water
flow in such complex systems as catchments of large rivers.
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Abstract Two simple experimental chambers for investigations on indoor air purification
systems were performed and characterized. The Residence Times Distribution of each one
was determined experimentally by injection of SF6 in the inlet air and for three air change
rates. Experiments were also realized with and without fan in order to document the influence
of air mixing. The mean residence time (tR) was then compared with the space-time (tsp) and
the continuous stirred tank reactor (CSTR) model was used to simulate the RTD curves. The
results found show that the two chambers can be assimilated to csms, with a small
proportion of dead zones, whatever are volumes or mixing conditions.
1. INTRODUCTION
During the last two decades there has been increasing concern about indoor air quality.
The use of chemical products and synthetic building materials has increased and at the same
time buildings have been sealed more tightly to reduce energy consumption, resulting in a rise
of pollutant concentrations in indoor environments [1]. To solve this problem, indoor air
purification processes based on filtration, adsorption or photocatalysis have been developed,
especially for removal of volatile organic compounds 25]. However, no general
methodology exists to evaluate the perfori-nances of such processes at laboratory scale.
The purpose of this work was to perform and characterize two simple test chambers to
test indoor air purification systems. The experimental conditions were similar to those found
in typical buildings, and can be set independently. Indeed, the knowledge of airflows is
essential for evaluation of air treatment processes since pollutant removal mechanisms depend
on air mixing, turbulence and diffusion 6,71.
2. MATERIALS AND METHODS
2.1.

Experimental chambers

In order to follow the guidelines given by the standard XP ENV 13419-1 [8] on volatile
organic compounds (VOC) emissions by building products, experimental chambers are only
made of low-emitting and low-adsorptive materials glass, aluminium and PTFE. The panels
of mm window glass are assembled with a UV-polymerized glue. The airtightness of the top
is assured by a PTFE seal placed in aluminium sections.
The dimensions of the two experimental chambers are 054 m (L) x 048 rn (W) x 056
rn (H) for the first one and I in (L) x I m (W) x I m (H) for the second. Their respective
volumes are then 0 145 rn3 and I rn 3 A description of the I M3 chamber is given on Fig.
Each one is designed to be used either as a batch reactor or as a continuous reactor, in which
air exchange rate and absolute humidity are controlled. The diameters of air inlet and outlet
tubes are respectively and 12 mm. They are equipped with one internal fan for air mixing,
with an airflow rate of 48 and 180 m.h-1 at nominal voltage 12 V) respectively for the small
and the big chamber.
-

183

7--------

PTFF_ seal in
aluminium
1Mz

sections

Mixing
fan

0

0
0
0

'71

Air
outlet

10

m

0
Air
inlet

Im

Fig. I Description of the I m 3experimental chamber
2.2.

Air supply

As the indoor air pollutant concentrations to be tested are very low, an air treatment unit
has also been developed in order to produce an air without hydrocarbons. The system is
composed of a stationary oil-less air compressor (Atlas Copco LXF 14), followed by air
filters for oil and particle elimination. The final stage is hydrocarbons removal with a 14-L
column filled with approximately 7 kg of activated carbon. Finally, a digital mass flow
controller (Brooks 585 1-S) allows the airflow rate to be monitored (Fig. 2.
The humidity control is effective using a 2-ways circuit. The first line is equipped with
a PTFE regulation valve and the second with an air scrubber (Fig. 2. Modifying the ratio dry
air/wet air by adjusting this valve, the desired humidity content is reached.
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Fig. 2 Production of clean and wet air
2.3. Experimental chamber characterization
In order to characterize aerodynamics in the chamber, the Residence Times Distribution
was determined to highlight the presence of short-circuits, recirculations or dead zones 9.
Sulphur hexafluoride (SF6) was chosen to represent the tracer gas as it is inert (chemically and
biologically non reactive) and not toxic, it does not occur naturally in the air so it is easily
detectable with low detection limits [IO]. A pulse of this tracer gas was injected in the inlet air
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at time t = [I I J. The response to this stimulus was then recorded continuously by measuring
the concentration of SF6 in the outlet air by photoacoustic infrared spectroscopy (INNOVA
1312 gas monitor) 12,13]. Tracings were performed for 0,5 - I and 1,5 air-change-per-hour
(ACH) which corresponds to airflow rates of 72.5 - 145 and 217.5 .h-, for the small chamber
and 50 - 1000 and 1500 L.h-1 for the big one. Experiments were realized in the presence of a
fan in a first time and without fan in a second time, in order to assess the influence of air
mixing.
The curves of Residence Time Distribution (RTD) were plotted thanks to Equation (1).
E(t =
YCidti
where E(t) is the experimental response (h-1), C is the concentration of SF6 in the outlet air
(mg.m-3 ) and dti is the time interval between two consecutive measures (h).
The Continuous Stirred Tank Reactor (CSTR) model - Equation 2 - was then used to
simulate the RTD curves [ 14].
E(t)

exp

(2)

tR

where E(t) is the model response (h-1), tR is the mean residence time (h), and t is the time (h).
The theoretical space time (tsp) and the experimental mean residence time t were
calculated respectively from Equations 3) and 4)
V
ts = (3)
Q
where tsp is the theoretical space time (h), V is the volume of the chamber n3) and Q is the
airflow rate (m 3 h1).
YC, ti dtj
(4)
YC, dtl
where tp, is the mean residence time (h), C is the concentration of SF6 in the outlet air
(mg.m-3), ti is the time (h) and dtj is the time interval between two consecutive measures (h).
tR =

3.

RESULTS AND DISCUSSION

3.1.

Characterization of the 0.145-m 3 chamber

RTD curves resulting from tracings are shown on Fig. 3 and Fig. 4 where the points
represent the experimental data calculated owing to Equation (1). The lines are the curves
obtained using the Continuous Stirred Tank Reactor (CSTR) model.
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We have to note that the CSTR model well suit the experimental data, so it can be
deduced in a first approach that concentration of the tracer gas is approximately homogeneous
in each point of the volume.
The values Of tR and tsp calculated thanks to Equations 3) and 4) are summarized in
Table I for each case tested. Values Of tR/tSP were also calculated for assessment of possible
short-circuits, recirculations or dead zones.
Table 1. Summary

tsp and tR/tsp values for the 0. 145-in 3 chamber

Of tR,

ACH
tR (h)
tsp (h)

0.5
1.83
2.00
0.92

tRASP

With air mixing
1
1.5
1.01
0.69.
1.00
0.67
1.01
1.03

No air mixing
1
0.98
1.00
0.98

0.5
1.85
2.00
0.92

1.5
0.69
0.67
1.03

The results show that the ratios tR/tSP were lower than I for ACH = .5 with or without
fan, and for ACH = without air mixing. The presence of a stagnant volume or dead zone
such as V = VA Vs where VA and Vs are respectively the accessible and stagnant volumes
141 was supposed. The stagnant volume is deduced from Equation (5)
T = I

tR XV
(5)
tsp
This stagnant volume represents
of the total chamber volume at 0.5 ACH and only
2
at ACH without air mixing. This can be explained by the turbulence produced by the
inlet airflow rate, which is apparently sufficient to create air mixing.
For ACH = I with air mixing and ACH = .5 with or without fan, the ratio tR/tSP is
upper than 1, which is the sign of short-circuits. The stream takes preferential ways created by
the inlet airflow rate and/or the turbulence generated by the fan.
3.2. Characterization of the I-m 3chamber
RTD curves resulting from tracings are shown on Fig. and Fig. 6 where the points
represent the experimental data and the lines are the curves obtained using the CSTR model.
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As for the 0.145-m 3 chamber, CSTR model well suit experimental data, and the SF6
concentration is supposed to be homogeneous.
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The values Of tR and tsp for the I m3 chamber are summarized in Table 2 for all cases.
Values Of tR/tSp are also listed.
Table 2 Summary

Of tR,

tsp and

ACH
tR (h)
UP (h)

tR/tSP

0.5
1.86
2.00
0.93

tR/tSP

values for the I m3 chamber

W71h air mixing
1
1.5
0.94
0.64
1.00
0.67
0.94
0.96

No air mixing
1
0.92
1.00
0.92

0.5
1.86
2.00
0.93

1.5
0.64
0.67
0.96

Contrary to the small chamber, the results obtained in the big one show that the ratios
tR/tsp were lower than I in every experiments. Dead zones or stagnant volumes calculated by
Equation (5) represent 7
of the total chamber volume at 0.5 ACH 6
at I ACH with air
mixing,
at I ACH without air mixing and only 4
at 1.5 ACH whatever are mixing
conditions. Turbulence produced by the fan seems to be effective only in the case of I ACH,
where it allows reducing the stagnant volume by 2 %. We also observe that an increase of the
inlet airflow rate leads to a decrease of 3
of the stagnant volume, probably due to an
increase of the turbulence at the air inlet, apparently sufficient to create more air mixing.
3.3.

Comparison between the two chambers

Plots

A comparison was then made between the two chambers. Fig. 7 and Fig.
Of tR/tSP versus ACH with and without air mixing respectively.
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For 0.5 ACH, tR is approximately the same in the two chambers with and without fan.
The stagnant volume represents approximately 7
of the total volume. For I and 1.5 ACH,
tp in the I in 3 chamber is always lower than tR in the 0.145-m 3 chamber. However for these
two airflow rates and with air mixing, we can underline appearance of short-circuits in the
small chamber, but not in the big one. his phenomenon also appears without mixing but only
at 1.5 ACH. For both volumes, increasing the inlet airflow rate, i.e. increasing ACH, leads to
a decrease of the stagnant volume.
CONCLUSIONS
Two experimental chambers for investigations on indoor air purification systems were
designed ad characterized. A system to produce an air without hydrocarbons was also
finalized. RTD curves were defined for each chamber at three air change rates and with
different air mixing. Results highlight the presence of short-circuits in the small one when
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ACH I with air mixing and when ACH 1.5 without fan. This fan doesn't seem to play an
important role in air mixing in the cases studied. The proportion of stagnant volume decreases
while airflow rate increases, probably due to the turbulence generated at the air inlet. The
CSTR model was well applied to simulate the RTD curves and it was demonstrated that dead
zones represent a small fraction of the total volume. Thus, the pollutant concentration is
homogeneous everywhere in the reactors and allows us to consider them as CSTRs, which are
the best conditions to test indoor air purifiers. However, further studies will be made by
Computational Fluid Dynamics in order to locate dead zones more precisely and to correlate
the model to experimental values.
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Radon is a radioactive gas that is estimated to cause many thousands of lung cancers each
year. Radon comes from the natural decay of uranium that is found in nearly a soils. Radon
typically moves up through the soil to the atmosphere above and into dwellings through cracks
and other holes in. the foundation. Other important contributors of radon in the indoor air are
building materials and in some cases - tap water. Efforts have been undertaken by national
public health authorities to introduce standards for protection against radon hazard. National
limits for residential and public buildings in Russian Federation are formulated in terms of
annual average EEC of radon daughters and are equal to 100 Bq-m for new constructions and
200 Bqm73 for eisting buildings. In order to comply with the limit for new constructions a preconstruction site tests are required to characterize radon potential. National sanitary rules "Basic
Standards for Radiation Protection" (Russian abbreviation OSPORB-99) established
recommended levels of radon flux density for prospective construction sites - 80 ml3q-m-§
or
residential ad public buildings and 250 mBq-m-s-' for industrial buildings. he draft federal
law "Technical regulations for nuclear and radiation safety" is expected to convert those evels
into obligatory limits, Requirements for building materials prohibit the use of materials with
effective specific activity (AR,,-226+1. 3'A-M--232+0-09-AK_4o) exceeding 370 Bq-kg-1 in construction
of buildings.
Taking into account the significance of decisions made on the basis of this limits, the
complexity of problems of characterizing radon potential of territory and prediction of radon
levels indoors, the existence of another sources of radon, we made an attempt to analyze the
contribution of different sources of radon in dwellings and its dependence on fioor level in
typical urban buildings in two towns of Siberia - Tomsk and Barnaul.
The results of extensive research showed that radon levels in Tomsk dwellings vary
significantly with district, construction type, building materials used, presence of geological
faults, heating system type and so on. Radon levels could be different even in the same house
depending on floor level and residents' habits. This requires accurate approach to examinatio of
multistoried buildings. Usually a large sampling process is necessary for this kind of research. In
our previous study we offered a model that describes contribution of different sources to radon
indoors and radon patterns for multistoried buildings that allows to reduce the sample volume.
During the whole 2003 we have carried out meas urements in Bamaul, the main
0
Altai Region (Altaisky krai) of Russia. The territory of Bamaul comprises three flood-lands
terraces as main structures and also includes some peculiarities: areas with geological faults,
artificial soils piled up by waste products of silver melting mills of XIX century and so on. It is
worth reporting that the series of earthquakes in the fall of 2003 occurred in the neighboring
Republic Altai; in Barnaul itself te maximum earthquake intensity 29.09.2003 was 6 points
according to Richter scale, in Tomsk - about 3 points.
The distribution of radon on different floor levels of multistoried buildings was
investigated using solid-state nuclear track detectors (SSNTD) and radon-monitors AlphaGUARD PQ2000. We have chosen typical buildings for our study in different districts of
Barnaul and Tomsk. Measurements of radon flux density were performed at sites near the
buldings; we have employed two modifications of the buildup chamber method - the first oe
with radon-monitor Alpha-GUARD trapped under 50 liter chamber, the second one is a certified
method with activated charcoal (JSC'NITON", Moscow). Activity of absorbed radon was
measured on gamma spectrometer with Nal(TI) detector. The results are shown in table .
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Table .
Gogol str.; 11 terrace
RFD,
q-m--'
I
Max
%
Mean
29
33

Sukhova str.; 2dtefface
RFD, mBq-m
A,
Mean
Max
54
102
20

Baltiiskaya str.; 3I'd terrace
RFD, Bq-m _'J.
-s-i
A,
Mean
Max
56
III
20

Radon levels in houses of Barnaul are presented in table 2 It was expected that the floorby4loor dependence of radon levels follows the exponential pattern, but in our study this pattern
was not observed. Rather high radon levels at iddle floors can be explained by contribution of
building materials in combination with low air exchange rate due to modern-type windows.
While with traditional wooden window-frames the inflow of air was enough to ensure the
designed air exchange rate, tWs is not the case with metal or plastic more hermetical windows.
Special measures are desirable in new constructions to allow the proper air exchange.
Table 2.
Concrete

Floor

EECR.,
Bq-M,3

Floor

3

S ag concrete blocks

Floor

EECP.I
Bq-M-3

Estimated
upper limit of
annual average
EECR..,Bq-m.3

1
28
63
1
90
189
2
25
56
2
108
227
3-5
35
78
3
117
246
6-8
40
90
4
105
220
9-10
24
54
5
101
210
II20
45
12
1. Distributionofradonlevelsinanintemalatmosphereofmulti-storeybuUdingsisnot
influenced with soil radon.
2. The multi-storey buildings constructed on territories with any level of radon potential isk
satisfy to radiation-hygienic requirements.
1

2
3-5
6-8
9-10

20
14
27
16
15

Estimated
upper limit of
annual average
EECR, Bq-m"

Silicate bricks
Estimated
upper limit of
EECR,
annual
Bq-M,3
average
EECR., Bq-m'

45
3
6 I.
36
33
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Abstract: The paper presents an application of multitracer method to diffusion measurement
in Cr-Mn steels. Radioisotope tracers of chromium 51 Cr, manganese 54 Mn and iron 59 Fe were
used simultaneously in the diffusion process. Gamma-spectrums' measurement and the proper
analysis enabled evaluation of concentration distribution for each tracer. As a new tool,
artificial neural networks (ANN) method was used for spectrums' analysis. The proper
solution of the diffusion model was applied to the experimental tracers' distribution data and
diffusion coefficients were deten-nined.

1. INTRODUCTION
Selection of the metallic materials used in modem industrial technologies is determined
by the conditions in which they are supposed to work. They are often exposed to aggressive
atmospheres and high temperatures. Industrial steels, which show high heat - resistance, are
composed mainly on the base of iron, chromium and nickel. At present the chromiummanganese steels are the objects of interest due to teir lower price and better heat resistance as well as mechanic properties. The full description of the mechanism of Cr-Mn
steels oxidation requires the knowledge of each partial process. For example it should be
considered: transport of steel's components in the metallic phase, outward diffusion of steel's
components through the scale and inward diffusion of oxidant through the scale. The transport
of metals in the metallic phase is supposed to be the slowest partial process, determining the
rate of the whole steel oxidation.
The aim of this paper is examination of self-diffusion processes in austenitic Cr-Mn
steels in order to evaluate diffusion coefficients of chromium, manganese and iron. The serial
sectioning technique was used to evaluate diffusion coefficient of radioisotopes of chromium
51Cr, manganese 54 Mn and iron 5917e. This technique involved electrolytic dissolution of a
metallic sample on a filter paper soaked in electrolyte. In experimental procedure the activity
distribution on a filter paper as well as the residual activity of the specimen were calculated
from gamma-spectrums acquired by a scintillation (NaJ(Tl)) counter. Due to small peak
resolution and significant Compton Effect fraction in these spectrums, the artificial neural
networks (ANN) were used in their analysis. Diffusion coefficients have been evaluated by
applying the solution of the diffusion model (II Fick's law) for a boundary as thin layer
geometry and a semi-infinite solid.
2 EPERIMENTAL
Two types of austenitic steels, having the NaCl crystal structure (cubic face centred
structure) were used in the experiment. Their composition is given in Table 1. The steels'
samples of 14 mm diameter and I mm thick were carefully polished and decreased with
acetone.
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Table 1. Chemical composition of the Cr-Mn steels
Concentration of elements (% wt.)
Grate of steel

C

Cr

Mn

5H17GI7
(Crl7Mnl7)
3Hl3Gl8S2Ca
(Crl3Mnl8SiCa).

0,52

17,40

16,89

0,32

12,84

18,82

Si

Ca

1,80

0,95

One surface of each sample was coated with a very thin layer of radioactive atoms by the
electrolytic reduction of chromium, manganese and iron from the radioactive solutions of the
chlorides 5CrC13, 54 MnC12 and 59FeC13 (Figure I a). The diffusion experiment was performed
by annealing the prepared samples within evacuated and sealed quartz ampoules at
temperature 1173 K. The duration of diffusional annealing was chosen in such a way that the
thickness of the sample was greater then the penetration depth of the tracer 1,2]. This allows
considering the discussed system in terms of approximation to a semi-infinite solid. The
penetration profiles were determined by the serial sectioning method 34]. This technique
involved electrolytic dissolution of a metallic sample on a filter paper soaked in electrolyte
(25 % vol. conc. H2SO4, 25 % vol. conc. H3PO4, 50
VOL C2H602). The apparatus used in
this procedure is shown in Fig. 2b. The thickness of each removed section (about 3 tni) was
determined by gravimetric and direct measurement. The mass of the sample was measured
using an analytical balance with the accuracy 10-4 g.

Elektroliser

3

2

5
4

-2
a)

b)

Fig. 1. Apparatus usedfor: a) electrolytic deposition of radioactivelayers on the
sample surface; b) anodic dissolution of thin metal layersfrom the sample surface, I - anode,
2 - sample, 3 - radioactivesolution of chlorides, 4 -filterpaper, - aluminum vessel
In experimental procedure the garnma-spectrums of the removed layer was acquired
using the scintillation (Nal(Tl)) counter combined with the multichannel analyzer (500
channels). The examples of the gamma-spectrums (after background subtraction) for
different layers are shown in Figure 2 For deep layers the activities of the tracers were
significantly decreased. For the spectrums analysis the artificial neural network was
applied.

192

2990
Z
C 2490
C
I 990
CL

320 keV (51 Cr)

1490
990

u

'4Mn)

490

1099

1292 keV (5'Fe)

-10
50

0

100

150

200

250

300

350

400

450

00

450

500

channel number
layer - 29

1390
z

1190

320 keV

(51

Cr)

990
790
cL

590 -

835 keV (-4!Vln)

390
0
0

1099

190

1292 keV (-9Fe)

-10
0

50

100

150

200

250

300

350

400

channel number
layer - 44

340
41 290

320 keV

Cr)

240
190

835 keV ('Mn)

140
90
0

1099 & 1292 keV (9Fe)

40
-10
0

100

200

300

400

500

channel number
layer - 56

z

90

20 keV (5'Cr)

70

835 keV (54Mn)

5030

1099 & 1292 keV ('9Fe)

CO 10
10
0

50

100

150

200

250

300

350

400

450

channel number
layer - 68
Fig. 2. The examples of the gamma-spectrumsfordifferent layers
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3. SPECTRUM ANALYSIS
3.1. Artificial Neural Networks
Artificial neural networks (ANN) are composed of simple elements (neurons) operating
in parallel and serial structure (network). These elements resemble biological nervous
systems. As in nature, the network function is detennined mostly by the connections between
elements. The ANN can be trained to perform a particular function by adjusting the values of
the connections (weights) between elements. Commonly, ANN are adjusted (trained) so that a
particular input leads to a specific target otput. The network is adjusted by comparison of the
output and the target, until the network output matches the target. Typically, many such
input/target pairs are used to train a network (se. supervised learning). Artificial neural
networks have been trained to perform complex functions in various fields of application
including prediction, non-liner problems, pattern recognition, identification, classification,
speech, vision and control systems.
At present, multiple-layer feed-forward networks with back-propagation teaming rule
are most common. Generally, the neurons used in each layer may have a linear or nonlinear
transfer function. Between the layers, the neurons' transfer functions should be combination
of linear and nonlinear. For specific application of AN-N, either a network's structure or
neurons' transfer functions are selected individually ad properly tested in order to choose the
best structure
3.2. ANN of the presented method
The main aim of the ANN application in the
resented case was evaluation of the activity of chromium
?'Cr,
anganese 54 Mn, and iron 5917e from gammaspectrums (Fig. 2. In this case the input data vector
X(XI, X2..... X500
included the count numbers for each
spectrum's channel and the Output Vector YVJ, Y2, Y3)
included the relative activities of the three isotopes. For
the network training process, the proper set of input (X)
and output (target) data (Y) had been prepared. Some part
of the data had been used for network learning and the
other part for testing. Dozens of network structures had
been tested for the optimal ANN to choose. Finally, it
turned out that the one-layer linear network is optimal for
the presented aim (see Figure 3. This network executes
the following relation:

neurons
output
input

WI./
IVI.2

XI

W1.500

X2

IV2.1
W 7.2

YJ

Y2

W2.500

00

W3.1
IV3.'

YJ

W3.-SOO

Fig. 3 Structure ofANN
Y=W*X

(1)

where W is a 3 , 500) dimensions matrix.
The element values of the matrix W should be arranged in such a way that the first row
evaluates the activity of chromium 5Cr yj) from the spectrum (X), the second and the third
evaluates the activity of manganese 54 Mn and iron 59Fe respectively. Least squares criterion
and gradient iteration method have been used for matrix (W) element values calculation [5].
For verification of this method the Ge spectrometer has been used in order to precisely
analyze gamma-spectrums of the selected samples (layers). The comparison of the results
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from the Ge spectrometer measurement and from the scintillation spectrometer supported by
ANN method is shown in Figure 4 Both results show a full conformity in a statistical error
limits.
250000
0
200000

Ge spectrometer
scintillation spectrometer & ANN niethod

iF

150000

100000
50000

0
0

20

40

60

80

100

120

140

X 41

Fig. 4 The resultsfrom the Ge spectrometer andfrom the scintillationspectrometer
supported by ANN method
4 TRACERS CONCENTRATION ANALYSIS AND RESULTS
The method presented in chapter 3 allowed evaluation of total activity for each tracer
and each sample layer as a function of layer's depth. The total activities were re-calculated to
the specific activities A,(x) according to the following formula:
Al W =

(2)

AT W

Am
where: x - sample layer depth from the metal surface, A7-(x) - total activity of tracer in the
sample layer, Am - decrease of sample mass after removing the layer.
In this method the specific activity A,(x) is proportional to the tracer concentration c(x).
At presented experiment the boundary conditions were a semi-infinite solid (metal) and a thin
layer of the tracers on metal surface at the diffusion process beginning. The solution of the 1
Fick's law for tracer concentration distribution is described by the equation 3) where also
proportionality between cx) and A,(x) is shown.

A, (X)

;,- C(X =CO exp - X2

(3)

4DTt

where:

- time of the diffusion process, DT- diffusion coefficient of the radioactive tracer.
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Total amount of the tracer is equal:
OD

T = fc(x
0

A

(4)

Combining the equations 3) and 4) the normalized concentration function can be
presented at following form:
ln[c(x) / T]

4DTt

x2

(5)

The above functions are fitted to the experimental data using the software package
MATLAB 65. The results of fitting are shown in the Figure 5. Poor adjustment of the
analytical curve is noticeable in the case of measurements of initially removed layers.
Considering the fact that points under discussion cover the thickness of about 20 [tin, the
adjustment was carried out for the subsequent points. The explanation of the primary points'
behaviour is rather difficult. Poor adhesion of the isotopic layer as well as the deformation of
the sample surface might be the main source of this error.

-3.5

experimental data

-4.0

and model for

54

Mn

-4.5

4

-5.0
experimental data
-5.5

and model for

Cr

-6.0

-6.5
0.002

M04

0.006

0.008

0.010

0.012

X 1CM]

Fig. 5. The experimental data and the modelsfittedfor a 3HJ3GI8S2Casteel.

The diffusion coefficient of atoms - D, is related to the one of radiotracer - DT, by the
following fon-nula:

D=DT
f

(6)
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where f - correlation factor. It is influenced by the crystal structure and the mechanism of
diffusion. For the cubic, face centered crystal structure its value equals 078146 6 The
values of self-diffusion coefficients of metals are listed in Table 2.

Table 2 Diffusion coefficients of metals in the studied Cr-Mn steels
D c,
[cm 2S-11

The metal

DMn

D

[cm 2S-1

[cm 2S-11

5H17GI7

(8,11

0,36)- 10-12

(12,78 ± 0,69)- 10-12

(7,77

0,45)- 10-12

3Hl3Gl8S2Ca

(11,08

0,84)- 10-12

(19,32 ± 1,92)- 10-12

(11,03

0,96)-10- 12

5. DISCUSSION
The diffusion rates of chromium and iron are comparable and lower than that of
manganese. The diffusion rate of metals is higher in the 3Hl3Gl8S2Ca steel, containing Si
and Ca. The faster transport of manganese partly explains the morphological structure of the
scale that is mainly built of the manganese compounds. Moreover, the depletion of
manganese close to the metal/scale interface causes the phase transformation from austenitic
to ferritic structure and causes the decrease of the diffusion rate 7 As it was mentioned
above, the dominant components of te scales formed on Cr-Mn steels in S02 are MnO and
MnCr2O4 spinel. The diffusion coefficients of Cr, Mn and Fe in MnCr2O4 spinel were not
found. However, the diffusion coefficient of Mn in MnO is about 10-9 cm2s-1 at 1173 K [8],
higher than that in steel. Hence, it is possible that the transport in the metal phase is the
slowest partial process determining the corrosion rate.
CONCLUSIONS
-

The ANN method for multitracer experiment has been developed and applied.
The lattice diffusion is the dominant mechanism of metals' transport.
The diffusion rates of Fe and Cr are comparable and lower than the diffusion rate of
Mn.
The diffusion rate of metals is higher in the 3HI 3GI 8S2Ca steel, containing Si and
Ca.
Faster depletion of Mn in the near metal/scale region causes the phase transformation
from austenitic to ferritic, structure. In consequence the oxidation rate of the steels
decreases.
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Abstract: Following modern trends in art objects connoisseurship, through examination of
the structure of art objects supports traditional studies conducted by art historians based on
composition, iconographic and stylistic comparisons. It must be emphasized that complete
technological examinations are carried out by means of comprehensive physical and chemical
studies. Among various methods used for the examination of art objects, methods which
apply neutrons such as instrumental neutron activation analysis (NAA), prompt gamma
activation analysis (PGAA) and neutron-induced autoradiography are crucial due to their high
sensitivity, reproducibility and capability of smultaneous determination of several tens of
elements.
Systematic studies on art objects using instrumental neutron activation analysis and
neutron autoradiography have been carried out in the Institute of Nuclear Chemistry and
Technology. It was possible to accumulate a number of essential data on the concentration of
trace elements particularly in chalk grounds and pigments (such as lead white, lead-tin
yellow, smalt), Chinese porcelain, Thai ceramics, silver denarius, jewelry made of copper
alloys, as well as in the clay fillings of Egyptian mummies. The above mentioned examination
of art objects prior to their conservation helps to determine precisely the materials used in the
process of creating art objects, as well to identify the approximate place of origin of particular
materials.
1. INTRODUCTION
Neutrons are associated in many people's minds with nuclear reactors, nuclear power
station, atom bombs, and devastating effects, The thermal neutrons that generally are used to
study works of art and archaeological objects are low energy, relatively mild particles. They
are electrically neutral and infinitesimally small, and for these reasons will penetrate most
materials with minimal disturbance. Its potential as an art and an archaeological tool was
recognised not long after the dawn of the nuclear age 1 2. For this purpose are in common
use various types of neutron activation analysis such as instrumental neutron activation
analysis (INAA), prompt gamma activation analysis (PGAA), and special variety of neutron
activation analysis - neutron - induced autoradiography. At present, though there are other
methods with comparable sensitivity, neutron activation analysis still offers new capabilities
thanks to the development of electronics and availability of increasingly technological
advanced instruments. This results in enhanced precision, accuracy and delectability.
Since 1989, systematic studies of works of art and archaeological objects have been
conducted in the Institute of Nuclear Chemistry and Technology in Warsaw, in collaboration
with the Academy of Fine
ts in Cracow, Academy of Fine Arts in Warsaw, the Institute of
Conservation at the Nicolaus Copernicus University in Torun, National Archaeological
Museum in Warsaw as well as the National Museums in Warsaw and Wroclaw. They are
mainly concerned with the determination of trace elements in pigments, ceramic materials,
ores and copper alloys. Recently our research capabilities have been extended by constructing
a station for neutron-induced autoradiography of paintings at the MARIA nuclear reactor at
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Swierk near Warsaw. The results of these. studies throw new light on the authenticity and
individual history of the objects examined.
2 ACTIVITIES
The work carried out in the Institute of Nuclear Chemistry and Technology in the last
decade was mainly concerned with panel paintings and archaeological objects.
Analysis of results obtained should answer the following questions: 1) are the
distributions of trace elements in the materials analysed characteristic of a given material? 2)
is it possible to establish groups of objects that exhibit the highest similarity? For this purpose
we employ multivariate analysis of clusters using the STATISTICA program (StatSoft) [ 5].
2.1. Painting
The objects examined so far included:
* Polish panel painting from the Krakowsko-Sadecka School and Malopolska School from
the period l5th-16th century, owned mainly by the Diocesan Museum at Tarnow 25
objects) 3,5,6,71.
* 15 and 16th century painting from the Silesian School owned by the National Museums in
Warsaw and Wroclaw (I objects) 5,6,7].
* 16th century Dutch and German paintings of the so called the Lanckorofiski Collection
from the collections of the Warsaw Castle 19 objects) 5,6].
* 15-18th century Venetian painting from the collections of thje National Museum in Warsaw
(33 objects) 6,7].
The research was carried out in collaboration with the Academy of Fine Arts in
Cracow, the Institute of Conservation at the Nicolaus Copernicus University in Torun and
Academy of Fine Arts in Warsaw.
The studies were concerned with the determination of trace elements in lead white,
chalk and grounds. Their purpose was to answer the question whether the trace element
distribution pattern was characteristic of and unique for the material examined or whether it
resembles the pattern for materials used by another important European workshop, which
could have influenced the author of the painting examined.
It follows from the comparison of the data sets obtained for the paintings of the
Malopolska School that masters working in their circle used lead white from various sources.
The Malopolska School used lead white with high zinc concentration at a constant level of
several tens of ppm. This concentration is higher than in paintings of the Silesian School.
Also the trace element distribution in the case of the Silesian School is more similar to the
distribution characteristic for Dutch and German paintings. It can be supposed that in the case
of Malopoiska School lead was obtained from local deposits from the Olkusz region. In order
to determine the degree of similarity between Malopolska and Silesian Schools analysis of
clusters, based on their features, was carried out. The results of analysis of 41 objects
described by 32 features representing the concentrations of 32 elements are presented in Fig. I
in the form of a dendrogramme 3,5,6,7].
2.2. Sculpture
Attempts ave been made to establish the origin of a precious 14th century alabaster
sculpture of St. Jack's Madonna. For this purpose alabaster from Cracow and Lvov deposits
was analyzed. The concentration of trace elements in the sculpture and in samples from the
quarries was compared. The results of this analysis allowed for the exclusion of one of the
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Fig. 1. Cluster analysis of 41 paintings of Malopolski School and Silesian
by 32 features.
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School described

hypotheses of art historians that the sculpture was made of alabaster from Malopolska Region
in Poland as well as for the reconstruction of the original polychrorried layers of the sculpture
[8]. The works have been carried out in co-operation with the Academy of Fine Arts in
Cracow. Comparative analyses of alabaster from other Polish deposits from the region of
Opolski Silesia and Lower Silesia are still being carried out.
2.3. Archaeology
The main purpose of trace elements analysis in studies of archaeological objects is to
establish the process of formation of a given work of art or an object of daily use, the place of
its origin and to identify the material it is made of. It is also possible to establish commercial
links between various centres.
The objects examined included:
• clay fillings of sarcophagi of Egyptian mummies from the period of 21st Dynasty, as well
as from the Ptolomean and Roman periods owned by the Archaeological Museum in 5,61.
• 12th century Chinese porcelain and 14th century Thai ceramics from the Sawankhalok
region, from collections of the National Museum and Museum of Asia and Pacific Ocean
in Warsaw 28 objects) 5,6].
• silver and gold antiquities from collections of the Department of the Iron Age of the
National Archaeological Museum in Warsaw, dated I st century B.C. (8 objects) 6].
• antiquities from the Roman Period (Ist century B.C.?): fragments of jewelry
ade of
copper alloys as well as and foundry moulds (century?) for tin products 7 objects).
• a selected set of 115 Roman silver denarii, minted during the period 38 A.D. to 161 A.D.
have been examined in order to determine their silver and copper contents; all these denarii
have been found at Roman6w near Krasnystaw in Poland- the Cu/Ag mass ratios were
determined for the detection of debasement and ancient counterfeiting of coins.
Analysis of trace elements in sarcophagi clay fillings of Egyptian mummies is an
important source of information about the history and origin of a given sarcophagus. The
concentration of the elements determined is similar for three objects (from 19th Dynasty and
Ptolomean periods), whereas the Roman sarcophagus exhibits distinct differences in the
concentration of iron, arsenic, cobalt, nickel, haffilurn and gold. The results obtained provide
the initial data for a data base, which will enable comparisons of materials used in the
Ancient Egypt 6].
The studies on Chinese porcelain and Thai ceramics aimed at solving the question of
authenticity of the given object. Both extensive collections of the National Museum and
Museum of Asia and Pacific Ocean are being examined using rNAA ad XPF in order to
determine the elemental composition of the ceramics and to answer the question if wares of
similar stylistic features came from one or more workshops located in the same region 5,6].
The goal of studies on the ancient silver and gold antiquities, carried out in
collaboration with the National Archaeological Museum in Warsaw is to obtain information
which would enable further studies on ancient goldsmith technologies, localization and range
of goldsmiths' workshops, emerging and adaptation of ornamentation styles and commercial
links inside the so called Barbaricum and with the Roman Empire. In our opinion, first
general conclusions could be drawn on the basis of analysis of about 300 objects. In addition
to objects made of ores, the examined materials include various antiquities rnade of other
metals (copper alloys, iron, tin).
The results of preliminary analyses indicate that ancient jewelers obtained metal from
local deposits-nuggets, which throws new light on the problem of old silver and gold
metallurgy in the territory of Poland 6].
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2.4. Neutron-induced autoradiography
Apart from INAA, SEM-EDX and XRF, while conducting complex examination of the
Venetian painting, we have included a modified neutron activation, i.e. neutron-induced
autoradiography. All the paintings under analysis were irradiated in a specially designed
station at the research reactor MARIA in Swierk.

----------Fig. 2 J. Tintoretto, PortraitOf
a Venetian Admiral

Fig. 3 X-ray image
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Fig. 4 First autoradiograph with
exposure time 3 hours
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Fig. 5. Third autoradiograph with
exposure time 32 hours

Beta rays emerging from the painting surface irradiated by thermal neutrons recorded on a Xray film display distribution of elements used for creating individual layers of the painting. It
allows for tracing the particular phases of the painting structure invisible for the naked eye.
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We have obtained interesting esults while examining the Pot-trail of a Venetian
Admiral
oil canvas
by Jacopo Tintoretto 4
Fig.2-a photograph taken before
conservation). The X-ray reveals a hidden portrait of a man in a different garment than the
admiral and with a headgear (Fig.3). The autoradiograms shows facial features and the
discontinued stage of the hidden painting (Fig.4, Fig. ) 9, 10].

3. CONCLUSIONS
The last decade of collaboration between the Institute of Nuclear Chemistry and
Technology and art historians, conservators and archeologists in the field of examining works
of art has proved very successful. It must be emphasized that among various methods used for
technological examinations of art objects the rNAA is essential, however, it can be tuly
beneficial only after combining results obtained from the use of other methods.
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Investigating the radon flux density from the earth surface using different
techniques
PLO500220
Z.A. Kvtun, V.S. akovleva, V.P. Borisov
Tomsk Polytechnic Univef sity, 30 Lenin Ave., Tomsk, 634050 ' Russian Federation
Tel.+7-3822-418906, Fax. 7-3822-418901 eail: simbainteract.phtdApu.edu-ru
Introduction
Radon-222, the heaviest of inert gases, is a radioactive element of natural origin. It is one
of the elements in radioactive decay chain of uranium, which is found in trace amounts in
practically all types of soils. The half-fife of Rn222 is 382 days. In measurements of R222
another isotope of radon should be taken into account - Rn2"O, the element of thorium-232 series
with half-life of 55 seconds.
Processes of radon transport in porous media - such as soil, depend on many factors:
climatic, geological, chemical, geophysical. For example, proximity of water planes, moisture of
soil, tectonic faults, gas permeability of soil influence on diffusion and convection of radon.
One of parameters characterizing the radon potential of the territory is radon flux. density
(RFD) from the earth surface. National sanitary rules "Basic Standards for Radiation Protection"
(Russian abbreviation OSPORB-99) introduced recommended limit 80 l3q-trf2-s' for
prospective construction sites (residential and public buildings). hus, measurement of RFD on
those sites became necessary in an initial stage of construction.
In this study the attempt for comparison of theoretical and experimental methods for
determination of radon flux density.
Materials and methods
Several methods are used for measurement of radon flux density that utilize either active
(radon radiometers, radon-monitors), or passive (activated charcoal, nuclear track detectors)
radon detection techniques (Titov et al., 1992).
The first method that we used implies epy derivation of RFD from measurement data of
equilibrium concentration of radon in the soil air. In our experiment we used radon-monitor
AlphaGUARD and sampling equipment. Following the certified procedure we drove the
sampling tube into the soil to the depth of 70 cm and pumped the soil air into ionization chamber
of the radon-monitor. After the delay of 20 minutes we measured the radon concentration the
soil air. The same procedure was repeated at the 50 cm distance with the depth 35 cm. The
experiment has been carried out on 6 sites with 3 to 6 sampling points on each site.
The second method that was used on the same sites was based on radon sorption on
activated charcoal. 'Me charcoal was placed for 3 - hours in buildup chambers (JSC 'NITON",
Moscow) installed on the soil surface. The approximate volume of chambers is 200 m3. The
distance between sampling points was m. The activity of radon was measures on scintillation
gamm -spectrometer; radon flux density was computed by the gamm -spectrometry software
(JSC Doza", Mendeleevo, Moscow Region).
Different theoretical methods based on diffusive and convective models of radon
transport in porous media are widely used for estimation of RFD. This aows managing without
expensive equipment. Furthermore the question of net inaccuracy of RFD measurements remains
disputable at present. Thus, the third method that we used was the determination of radon flux
density according to the patented technique described in details in (Yakovleva and Ryzhakova,
2003; Ryzhakova and Yakovieva, 2003). In Tomsk Polytechnic University (Applied Physics
Department of the Physical-Technical Faculty) the problem of radon transport in different media
was studied during last years.
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The theoretical method was based on well-known diffusive-convective soil radon
transport model (Nazaroff and Nero, 1988). In this model real dispersion medium is substituted
with a homogeneous characterizing with "effective parameters". For steady-state conditions the
one-dimensional equation of radon transport is the following:
&A(z)
v aA (z) A
A
.+
A(z) +
o,
(1)
aZ2
D az
D.
where A - specific activity of radon in porous air, Bq-m;
- convective velocity, sm-s-1;
D,=Dli - effective radon diffusion coefficient, sm2-s-1; - decay constant for radon, S-1; and A]
- activity of radon in porous air in equilibrium with radium-226, equal to:
K el?,A " P O - 77
(2)
77
where K - radon emanation coefficient, rel. units; AR,, - specific activity of Ra 116 , Bq/g; Ps
density of soil particles, g.Snf3; il - porosity of soil.
In experiment we used radon-monitors with corresponding sampling equipment and
charcoal buildup chambers with subsequent measurement of charcoal on gamm -spectrometer.
Results and Discussion
The question under consideration is multidisciplinary; therefore a complex approach is
necessary for consideration the process of radon transport and mechanisms of convection and
diffusion of radon in soil. In this study we used the above-mentioned recently developed
patented methods for evaluation of experiments performed in the cities of Tomsk and Barnaul.
Soil parameters, necessary for analysis are presented in table 1. Results of calculations
for one of the tested sites (N I) are shown in table 2 A good agreement was observed between
theoretical and experimental results for this site. Egh values of RFD exceeding
100 mBq-m-2-s-1 was achieved for some sampling points on sites (N2 - 5) that could be an
indication of heterogeneity of geological structure (faults, cracks, rocks with high uranium
content, etc.). For these points the theoretical method gave unacceptable results.
Summary
As expected, the best agreement between theoretical and experimental methods was
achieved for areas where the soil has uniform structure. Results presented in table 2 refer to such
areas. The experimental data collected on soils ith heterogeneous structure are not suitable for
determination of radon flux density according to theoretical method. Possible explanations of
this situation include also uncertainties associated with express methods, influence of climatic
parameters (soil humidity). We plan to repeat a series of experiments in Tomsk and Barnaul
during the warm season of year 2004. This wil aow taking into account and/or excluding the
above mentioned difficulties.
The research work was supported by the grant of the President of Russian Federation
MK-3295.2004.5.
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Table .
Soil type

D"

Loam
clay sand

SM2. SI

PS'g.s-I

TI %

2,71
2,7

45
42

3,2-10-2
3,2-10-2

Table 2.
N2

1
2
3
4
5
6
7

activity of
radon at depth
3 5 sm,
Bq-m
3050
3760
3850
3850
3760
3850
3890

activity of
radon at depth
70 sm,
Bq.nf3

5150
7140
7140
7400
7400
7400
7400

equilibrium
activity of
radon,
Bq-nf3
9792
37204
26469
49408
117813
49408
39821
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Depth of
equilibrium
A, m

convective
velocity,
rn-s'

Radon flux
density,
mBq-m-2-s-'

3
10
7
13
32
13
10

1,44E-06
-5,9E-06
-3,2E-06
-8,3E-06
-2,2E-05
-8,3E-06
-6,2E-06

15
16
17
16
16
16
17

FOOD ENGINEERING
AND
BIO-ENGINEERING

PLO500221
TRACER MEASUREMENT OF RESIDENCE TIME DISTRIBUTIONS OF THE
LIQUID FLOW INSIDE A PHOTO-REACTOR
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Centerfor the Development ofNuclear Technology, Belo Horizonte, Brazil
Carlota V.P. Alves
FederalUniversity of Minas Gerais,Belo Horizonte, Brazil
Abstract: The photo-reactor (PR) for sewage disinfection is simply a tubular reactor inside
which UV emitting lamps are placed. The key to its good performance is a combination of
optimum irradiation dose and fluid residence times. Tests using 99"Tc or 113'In and were ran
simultaneously with dye which allowed the visualization flow behaviour and aided in the
construction of a conceptual model. Dynamical modeling of the PR may then be attempted
using the full tracer information record.
1.

INTRODUCTION

Ongoing research Sanitary Engineering in Brazil ams at innovative equipment for
wastewater treatment that are both simple and reliable. One such treatment system to serve
small communities is a photochemical reactor designed to kill bacteria with ultra violet JV)
irradiation. The residence time distribution the and the UV energy dose absorbed by the
wastewater are combined to achieve the maximum inactivation yield and the optimal reactor
design. The intensity of the UV radiation decreases exponentially with distance form the
sources; hence uniformity of exposure requires some transversal mixing for an even
irradiation of a the liquid parcels during their short sojourn inside the equipment. Tracer tests
provide guidance to the optimum hydrodynamic design, economizing both LTV doses and
equipment size, and aowing higher flowrates A Plexiglas mock up of the PR has been
constructed, at the 1 I scale. Runs with 99Tc and 113'1n, and simultaneously injected dye
tracers produced both RTD data and flow visualization. Difficulties resulted from the short
mean residence of the order of 90 s; the injection setup had to be optimized to assure
minimum dispersion between the injection port and the reactor entrance. Effective detector
shielding also had to be ensured but some interference still remained.
2.

METHODOLOGY

The actual PR is made of a PVC tube with 200 mm nominal diameter and 900 mm
length; the flooded volume is 20.3 L 0.0203 m). Four vertical lamps are installed inside it at
equal spacing. A cleaning device (brushes fixed by a handle manually operated from outside
the reactor has been devised for preventing decay of the emitted energy due to fouling at the
lamp surfaces. Both the incoming and outgoing flows are horizontal. In Fig. I these features
are clearly displayed. A major problem plagues the PR efficiency: the non-unifarm irradiation
due to the exponential decrease of the light intensity with the distance from the lamp. Thus the
flow pattern and residence time control the exposure of the liquid to the UV radiation.
Improvements in these variables may result in significant gains in the long run.
Pulse injections of the radioactive tracer in the laboratory mockup PR were done with a
hypodermic syringe through a rubber septum built as near as feasible to the PR entrance port.
Shielded scintillation probes were placed both at the entrance and exit ports. The use of the
entrance probe recorded the tracer signal effectively entering the reactor. Since a true Dirac
impulse is never attained, the influence of its imperfections on the response of a system with
such a short residence time may not be negligible.
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Fig. I Photoreactor. Left: (1) entrance port, 2) external structural pins, 3) moving lamp
scrubber, 4) exit port, (5) bottom flushing port. Right: photo of two actual reactors in tandem,
showing the control panel at their rear.
In the initial tests 99'Tc (E7 = 0 14 MeV) that could be obtained at medical was used as
the tracer. Later on 113mIn (Ey = 040 MeV) produced by a 113SR/113mjll generator
advantageously substituted the 99mTc. Injected activities were of the order of I mC 3.7 NMq).
Since fieldwork with tracers is limited by logistic and safety constraints, it was decided to
build an exact replica of the PR with transparent acrylic at the laboratory. It has three
horizontal entrance ports at the bottom of the reactor, besides a vertical port in place of the
vertical drain of the real reactor. The flo,vrate can controlled by a rotameter. The tracer
injection septa are placed inside tees just upstream the entrance ports. Rhodamine WT dye,
injected together with the tracer solution, was used to visualize the internal flow. Figure 2
shows different moments of the displacement through the reactor of a dye pulse. From the
-upward bound tracer front is apparent that a rather flat velocity profile is obtained.

Fig. 2 Sequential shots of the transit of the fluid through the reactor as visualized by the
dye.
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Tracer injections were performed through the lateral port (Models I to 5) and the
bottom port (Model 6 Experimental difficulties stemming firom the small dimensions of the
reactor had to be accounted for. They are related to imperfections of the shielding,
collimation, and pulse shape. An effort was made to minimize these influences but the very
recorded signals showed that imperfect conditions were obtained that asked for corrections to
be applied to the recorded signals [1 2 The most conspicuous of these is the duration and
asymmetry of the tracer pulse. Due to the short time scales of the PR this calls for a
deconvolution. procedure in order to obtain the residence time distribution.
3.

MODELING

From the visual observations afforded by the dye the flowing fluid inside the reactor
seems to undergo thee phases:
1. A sudden three-dimensional expansion right at the entrance immediately followed
by a strenuous change of direction from horizontal to vertically upwards, as it
impinges on the wall opposite to the entrance;
2. A calm unidirectional flow as it travels through the main reactor length;
3. A not so violent contraction and change of direction as it leaves through the exit
port. At this stage the main flow is bounded by an upper layer of the quiescent liquid
in the volume above the exit port; some 6 f the flow might penetrate into this region
and be only slowly released to the exiting current.
Intuitively the best choice would seem to model the PR with the axially dispersed plug
flow (DPF) model using the appropriate boundary conditions, and couple it with a well
agitated volume and a dead zone, possibly with some fluid exchange between the active and
dead zones. Actually this concept did not work well when fitted to the experimental data
recorded by the radiotracer, thus some other alternatives were tried. Keeping the conceptual
model as simple as possible, some structural combinations tried are shown are shown in
Figure 3.

Model I

I&&
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Model 2

hr

h

dim

Model 3

-

_04-414-

Model 4

Model
Fig. 3 Models used to fit the experimental radiotracer response curve.
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Model I is simply the axially dispersed plug flow model (DPF); Model 2 is the tanks in
series model (TIS); Model 3 is the thanks in series with backflow between the cells. (TIS-b),
Model 4 adds a perfectly mixed region to Model I and Model adds to the DPF a dead zone
exchanging with the main flow.
Model above is the one that most approximates the visual idication. It lacks a mixing
region but when this is added the results becomes worse, possibly because the number of
parameters becomes too large. By fitting the DPF model to the tracer results, the magnitude of
the longitudinal dispersion D coefficient can be estimated. This gives a measure of the
mixing, but only on the longitudinal direction whereas the TIS tells about the overall mixing
intensity
The software DTSPRO 3 has been used to process the deconvolution and fit the
model. The parameters of these models are:
VDpp
Np,:
VTs:
J.
VDz:
t,,:
K:
a:

the volume swept by axially dispersed plug flow;
the Peclet number in the above compartment;
the fractional volume modelled by permect mixing cells in series
the number of mixing cells;
the total volume of the dead zones;
the exchange time constant;
the volume ratio between the dead and mixed space;
backflow ratio between perfectly mixed cells.

Disregarding the dead spaces seem an oversimplification, but it will be seen that the
Model is quite insensitive to J, t, , and K Some runs were fed through the bottom port and
were modeled simply by a plug flow (volume = VpF) and one perfect mixed tank in (volume
Vpm) tandem (Model 6.
4.

RESULTS

In Fig. 4 is sown a sample of the results from the tracer runs. The recorded pulses
(normalized) at the entrance and at the exit are shown at a compressed vertical scale.It is
evident that the impulse is far away from an instantaneous shot.
E10
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015
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30.825

61.65

R2.05
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Fig. 4 Tracer pulse at the entrance and response recorded at at the exit of the photoreactor.
Figure 5 shows the recorded entrance and exit signals, x(t) and y(t) respectively, and a
smooth line overlapping the recorded exit signal. This is the response of the model to the
recorded inlet signal; it is not the RTD, which is the response to a Dirac impulse at the
entrance. The calculated RTD's are shown as the intermediate smooth lines in Fig. for each
of the conceptual models listed in Figure 3.
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Model 6

Impulse and response signals together with fittings ad deconvoluted RTD's

Together with the fitted curves the model parameters were estimated in the
deconvolution mode of the software, and their values are shown in Table 1. The volumes are
in liters and the times in seconds.
Table 1. Summary of the results
Parameter

Model I

VDPF

10.8
7.4

-

-

-

10.7
9.8

9.5
-

12.3
6.0
8.0
-

14.2
14.5
6.1
-

11.9
10.7
4.2
-

1.1
9.6
594

-

-

34

1.5

0.8

-

-

-

Np,

VDZ

t"
K
VPF

Model 2

Model 3

Model 4

2.
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Model

Model 6

3.0

The flowrate through the PR was 046 L/s. The Reynolds numbers at the inlet and inside
the PR are 19,503 and 534, respectively, for the injection through the lateral port. When the
entrance port was tough the bottom the Reynolds numbers were 20,259 and 555,
respectively. They can be indicative of the flow behavior.
5.

CONCLUSIONS AND COMMENTS

It can be seen in Figure that the five models fitted to the results of the runs with a
lateral entrance did not give appreciable differences at all. Anyhow, the model that gave the
best fit is Model 2 which assumes six perfect mixers of equal size in series and a inactive
zone accounting for nearly 40
of the flooded volume. The other two simple Models 2 and
3, performed better than te somewhat more complex Models 4 and 5. Further runs art a
higher flowrates resulted in diminishing dead volumes.
However the behavior is dramatically altered when the entrance is at the central bottom
position' as shown in Figure 5. 'Me dead volume decreasesnoticeably, but also the mean
residence time, whereas the dispersion of residence time increases. Besides, the dye
visualization shows that there is less lateral mixing. The characteristics most detrimental to
the PR performance are dead zones and preferential paths. Tese demand more potent lamps
for the same degree of disinfection, and electrical power represents the most important capital
item in UV disinfection systems. It is also seen that there is a lot deviation from plug flow;
the Peclet number is rather poor and the Reynolds number inside the PR definitely in the
laminar range.
Laminar flow is normally undesirable because the radial velocity gradients result in
large variances of the RTD iunction. However one might speculate about the effect of low
Reynolds numbers in PR's. In a laminar flow the particles further away from the lamps would
receive a lesser dose but would be irradiated for longer times. Interpretation of tracer results
under laminar flow depends on both the mode of injection and of detection and these are
never quite perfect 7 To attain laminar flow conditions, NRe < 2000, given the PR
dimensions, the mean residence time would need to be
73 s, or the flowrate q F-128 mL- -1.
But even then, there may not be enough length for the larninar flow to be established,
especially with the harsh entrance effects.
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Abstract Experiments were performed on a scaled down model of a new fish-smoking
process unit based on the concept of smoke deposition through electrostatic precipitation
Various arrangements were investigated allowing different electrostatic fields to built-up
within the test enclosure. Depending of the case, aerodynamic and electrostatic forces
combine their effects rather differently and produce the smoke deposition.
Results show
clearly that the electrostatic precipitation phenomena is effective but only from a certain
threshold of the voltage level and is significantly influenced by the number of wires.
1. INTRODUCTION
The processing of seafood holds an important place in the French food ndustry. This
industry has shown interest in designing processes that are able to increase smoking
productivity while fulfilling the organoleptic and by 'enic qality of the products, Baron et Al
I]. The process of smoking fish by electrostatic precipitation holds promise to answer these
waltings. This process allows reduction in smoking times by a factor 20 compared to
traditional techniques. However, a thorough knowledge of te influence of various parameters
on the dispersion and the deposition of the smoke particles'ln the production unit is essential
to further develop and optimize the process.
2 PRINCIPLE OF THE SMOKING PROCESS
The apparatus consists of a grid connected to a positive or negative potential. The grid
is laid out ten centimetres above the products that are conveyed on metallic trays through the
smoking unit. Smoke, produced by fction on a beech log, circulates between the two
electrodes (grid and tray), ionizes and is precipitated on the tray under the combined effects of
gravity, aerodynamic and Coulomb forces. It moves then preferentially towards the mass and
settles quickly on the product. Complex and interdependent physical phenomena govern the
flying movement and the deposition of particles, Bellier and Solliec. 2]. The analytical or
numerical resolution of the particle motion exhibits many modeling problems and is very
difficult to achieve Tochon [3], King and Lee 4], Choi et Al [5].
For this reason, an idealized model of the full-scale process was developed allowing the
vizualization of the particule motion, its instantaneous velocity field measurement and the
examination of electrostatic precipitation of the smoke.
0 kV)

Moving metallic

Flow with smoke

Fish
--Ov,

Fig. I

Q

Principle of the electrostatic precipitation of particles in the smoking process
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3. EXPERIMENTAL APPARATUS AND METHODS
The experimental apparatus consists of a smoking tunnel within which smoke is
injected. The tunnel walls are made of plexiglas to allow flow visualizations and particule
image velocimetry measurements. The inlet flow velocity can be set to any desired value
through adjustment of the rotation speed of the intake fan. A settling chamber located
upstream the smoking tunnel ensures smoke homogeneization before the injection in the
tunnel. Fresh air can be provided and mixed to the smoke for dilution, if necessary.
8Dilwim flo.

pi.uling
Vag n3er

Friction
smoke
gene"Sor

Tun
rs

Fig. 2 Schematic view of the testing bench
Measurements were carried out by Particles Image
Velocimetry (PIV) for various geometrical arrangements of
the ionization
'd. The CCD camera (1008 x 1016 pixels)
was attached to a micromethc traversing system allowing
accurate focussing with respect to the laser light sheet. Pairs
of images were recorded at a frequency of 15 Hz. Data were
acquired ding about 30 seconds in almost all cases so as to
ensure statistically accurate time-averaged velocity fields.
Three configurations were investigated. They involved 1 3
or 7 wires stretched spanwise across the median plane of the
smoking chamber (fig. 3. The electrical potential applied to
the wires was varied between U = and 40 kVolts.
Fig. 3
tunnel

Wire positions in the

4. RESULTS AND DISCUSSION
4.1 Validation of the test bench
The first test sen'es was achieved with (I 0 kV for validation purposes. It allowed us to
assess the aerodynamic performance of the test bench and to find appropriate data analysis
parameters. The mean velocity field was found uniform and homogeneous, as was expected in
this case (figure 4.
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Fig. 4 Velocity field in the tunnel when no potential is applied on the wire
4.2 Ionization voltage and intensity
Figure shows the evolution of the intensity of the current versus the applied voltage
in the single wire configuration. For voltage lower than 30 kV, the intensity increase slowly
and linearly with the voltage. Between 30 and 40 kV the slope increase suddenly and for 45
kV an electrical arc appears between the grid and the mass. We can define a minimum voltage
for which smoke precipitation is probably effective. Applying a simple linear analysis, fig. ,
we obtain a value of 33 kV.
IniA0.3 0,25
0.2
O'i5
0.1
0,05
0
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Fig. 5 : Current intensity versus voltage (1 wire)
4.3 Single wire case
As expected, between and 30 kV, no effect of the electrostatic field is perceptible on
figure 6 The flow has overall the same structure as for a null potential. Electrostatic effects
appear as soon as a potential of 35 kV is applied. These effects are illustrated below for a
potential of 40 kV.
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Fig. 6 Mean vector field showing electrostatic precipitation of smoke. (I wire, U + 30 kV)
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Figure 7 shows the effect of a 40 kV voltage difference between the wire and the gound.
Close to the wire a turbulent zone is clearly distinguisable. The wire seems to affect strongly
the particule motion and density in its vicinity. Very large coherent structures, looking like
vortex sheddings are visible downstream the wire, The wake developed downstream the wire
is severely deflected downward instead of being aligned with the horizontal as for the null
potential. Note also that the smoke density is lower than anywhere else in the shedding
vortices. It is unclear yet if this vortices enhance mixing or in the contrary, act as a bamier that
precipitates particles to the tray.

Fig. 7

nstantaneous picture for the single wire cases, U=

40 kV

The mean particle velocity field obtained for U = 40 kV is given in figure 8. The
application of such a potential has visible effects onto the initial flow structure A stationary
vortex whose diameter is approximately equal to the distance between the wire and the
bottom plate forms upstream the wire. Electrostatic forces are maximum i'ust beneath the
wire. There, particles are driven straight away towards the bottom plate. Downstream the
wire, uncaptured particles are carried away by the incoming flow following fly-paths that do
not seem to be affected by the electrostatic field. In this re 'on, it is thought that electrostatic
effects have to compete with the wake effect. Electrostatic effects are dominant just below the
wire and product the upstream recirculation.
_
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Mean vector field showing electrostatic precipitation of smoke. (I wire, U + 40 kV)

Chan ing the sign of the voltage i.e. - 40 kV the flow is slightly modified. The first vortex is
centered higher than previously but the flow structure is identical than the 40 kV case,
figure 9.
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4.3 Triple-wires case
The flow structure exhibits more complex patterns, as visible on figures 10 and I A
stationary roller forms upstream the first wire, as was the case in the single-vore test
configuration. Its left part is still visible in figure I .

Fig. IO Instantaneous picture for the triple wire cases, U =

40 kV

Between the first and last wires, two counter-rotating vortex develop giving rise to kind of a
fountain effect. Particles move as if they were entrapped between these two wires being
drawn up towards the central wire.
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Fig. I I Particles mean vector velocity field showing electrostatic precipitation of smoke.
(3 wires, U = 40 kV)
4A Seven wires case
The flow structure gets more and more complex. Again, a stationary vortex forms
upstream the rightmost wire, as was the case in the single and triple wires configurations.
Bowever, the size of this recirculation is smaller than previously.
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Fig. 12

Instantaneous picture for the seven wire cases, U= + 40 kV

Further downstream, the electrostatic fields due to each single wire seem to interfere
with each other in such a way their effects tend finally to cancel. Little electrostatic effect can
be seen between the second and the second to last wires. Close to the outlet, bewteen the last
two WIres, the flow exhibits a pattern similar to the one observed in the previous case. From
figure 13, it seems that increasing the number of wires does not necessarily improves the
smok:ing process.
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Fig. 13 Particles vector velocity field showing electrostatic precipitation of smoke. 7 Aires,
U + 40 kV)
5 CONCLUSION
Experimental evidence was given that electrical potential, number of wires and distance
between wires are critical and decisive parameters in designing fish smoking processes based
on the principle described in this work. Too close wires tend to result n a global breaking of
electrostatic field effects with, in fine, reduced smoke precipitation. It is likely that a
rrunimum dstance under which field effects may cancel each other should be respected
between wires.
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CHARACTERIZATION OF THE LIGHT AVAILABILITY IN A
PHOTOBIOREACTOR BY COUPLING MICROALGAE TRAJECTORIES
PREDICTION WITH A LIGHT ATTENUATION MODEL.
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GEPEA UMR - CNRS 6144, Faculte des Sciences et Techniques 2 rue de la Houssiniere,
BP 92208, 44322 NANTES Cedex 3 FRANCE.
Jack Legrand
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Abstract: Tracer techniques were applied to caracterize the light availability in a torus
photobioreactor by coupling trajectories of microal ae with a light attenuation model.
Trajectories of cells were numerically predicted by using the commercial code Fluent with a
k-o) model for the mean velocity-field prediction, and a stochastic model for the fluctuating
component representation. Light transfer was modeled by using a two-flux approach. The use
of the Lagrangian approach allows characterization of the light effectively received by cells
with respect to the residence time. Time requested for microalgae to receive a homogeneous
amount of light was evaluated, showing the influence of the reactor flow pattern on the cells
light availability. The mean light intensity received by a cell using the microalgae tracking
method was compared to the one predicted by integration of the light attenuation profile.
Similar values were achieved, showing relevance of the Lagrangian method to investigate
effects of flow conditions on the resulting light fUCtLiating regime imposed to photosynthetic
microorganisms in photobioreactors.
1. INTRODUCTION
Photosynthetic microorganisms like microalgae ae known to be of interest in various
areas including food, cosmetics or environment. Unfortunately, despite many potential
applications have been aeady stated, the industrial development remains complex, mainly
because of the particular biological needs of photosynthetic microorganisms that induce the
development of specific processes, named photobioreactors.
The photosynthesis efficiency, and so the photobioreactor productivity, is directly linked
to the quality and quantity of light received. Depending on the biomass concentration, a
strong light gradient appears in the culture and the photobioreactor can be divided in two
parts: a photic zone where light received is sufficient to ensure the photosynthetic growth,
and a dark zone elsewhere characterized by light intensities insufficient to sustain cells
growth. Due to the mixing in the reactor, algae will travel through those two zones and thus
experience a fluctuating light regime usually named light/dark cycles. It has already been
stated that this fluctuating regime influence the growth rate 1,2]. For example, Merchuk et al.
[3] have investigated influence of light and dark periods on culture growth of Porphyridiun?
purpureum: they concluded to the capacity of this specie to stay for a while in dark zones
without loss of productivity. This shows the interest of knowing what amount of light Is
exactly received by cells with respect to time to facilitate process understanding and
improvement.
To characterize with accuracy the light regime undergoes by m1croalgae, an efficient
approach is to combine microalgae trajectories wth a light attenuation model 4 This
Lagrangian method allows to determine history of a specific cell with respect to the light
received, and thus to investigate coupling between mixing conditions and the biological use of
light.
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In this study, CFD is used for the flow prediction n a torus photobioreactor. The
resulting flow pattern is then employed with a stochastic model for turbulence accounting to
calculate a cell trajectory in the photobloreactor. The combination with a two-flux model for
light attenuation prediction allows to investigate history of light received by a specific cell
when flowing in the photobioreactor. Time requested for cells to receive an homogeneous
amount of light is especially considered. The Lagrangian approach is finally validated by
comparing values of the mean light intensity obtained by the tracking method with the exact
value determined by integrating the light attenuation model.
2. PHOTOBIOREACTOR DESCRIPTION
The torus photobioreactor of 13 liter in volume is presented in figure 1. This particular
geometry has been retained to provide good mixing conditions with a good control of the light
distribution. To prevent from optical distortion, and thus to avoid curved surface
perpendicular to the emitting direction, the
Energy avalkiblo
front surface is plane, and the torus channel
Degcssinqvolume
Engline
is square-sectioned with a gap width of 40
J
mm. The reactor is managed in transparent
Fo
PMMA (Polymethyl methacrylate). The
. ..... .........................
light supply is placed in front of the reactor.
The light attenuation is only depending on z
Impeller
direction (monodimensional attenuation).
The culture is circulated thank to the
rotation of an impeller. The photobioreactor
vbumo 01cu'lulo
is equipped with the classical sensors and
.......... ..........................
I
4.
control loops for microalgae culture, namely
Front mew
Side view
temperature,
pH,
dissolved
oxygen
concentration and gas injection (CO2 and
Fig. 1. Photobioreactor description.
N2)-

3.

METHODOLOGY
3.1. Modeling of the light received by microalgae

To determine the photonic energy received for the photosynthesis process, the light
distribution in the culture has to be calculated. For monodimensional geometries, Comet et al.
[5] proposed the two-flux. model, which is a simplified solution of the radiative transfer
equation which considers absorption and scattering of microalgae. As the torus
photobioreactor presents a plane surface and a squared-sectioned channel, this solution can be
employed.
The torus photobioreactor has an optical thickness L and is illuminated on one side with
a homogeneous incident radiant energy flux Fo. In this case, the irradiance Iz is given by (1):
l = (+axp[-8(z-l)]-(I-(Xxp[8(z-l)]
(1+(xyexp(8(1-a 'Yexp(-8)
where Z is the dimensionless abscissa (z/L) along the light attenuation and (X and are given
by 2) and (3):
CC=

(2)

8=(Ea+Es)ccCxL
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(3)

Ea and Es are respectively te mean mass absorption and scattering coefficients of light for
microalgae averaged on the visible spectrum, C is the biomass concentration in the culture
medium. Afterwards, calculations are conducted with values of a and determined by Comet
[5] for SpIrulina, cc = 065 and = 427.
3.2. Photobioreactor modeling: trajectory alculations
Trajectories are determined step by step by calculating the successive positions P of a
fluid element by using:
P(t+At=P(tUAt
(4)
where U is the instantaneous velocity and At a time step.
If the Reynolds' decomposition of instantaneous velocity is used in Eq. 4 the
trajectory of an elementary fluid particle is:
P(t+At=P(t)+(U.n+U'),t
(5)
where U is the mean value of velocity and Uthe fluctuating one.
Trajectory calculation implies the velocity field to be known, either by an experimental
characterization [5], or by numerical prediction. The first approach can be difficult, especially
in the case of complex
ixing conditions, involving three-dimensional velocity-field
determination 6]. By allowing a relatively accurate and complete determination of the flowfield even in complex geometry, Computational Fluid Dynamics (CFD) appears very
interesting for such application. Various operating conditions can be simulated, that facilitates
further investigation and optimization of the process for a given geometry.
3.2.1. Numerical determination of the reactor flow-field
The numerical investigation is carried out using the commercial code FLUENT with a
k-co model for turbulence modeling, This model was poposed by Wilcox 7], and is based on
transport equations for the turbulence kinetics energy, k, and the specific dissipation.rate, o,
which can also be expressed by the atio of (dissipation rate) to k. The fluid is considered as
pure water, the small size and low concentration of microalgae in the reactor leading, in a first
assumption, the flow to be considered as monophasic. The torus reactor is of closed type, and
no inlet or outlet flow conditions are applied for numerical resolution. The flow results frorn
the impeller rotation which is the only one driving mechanism. Such a case can be modeled
using a Multiple Reference Frames (MRF) resolution. Solution is achieved by solving the
equations of motion in to different reference frames, one being the absolute inertial frame,
the other attached to the impeller being in rotation with a otation velocity
equal to that of
the impeller [8].
The torus shape is three-dimensionally
meshed using the GAMBIT software (Fluent
Inc.) The resulting grid is shown in Figure 2.
Because of the complex geometry of impeller, an
hybrid mesh is etained, with an irregular zone
composed of tetrahedral volumes and prisms in
the impeller region, and a regular mesh with
elementary hexahedral volumes elsewhere. To
have a correct near-wall egion meshing, gid
discretization is chosen in order to increase the
number of elementary volumes when getting
Fig.2. Mesh topology
close to the walls (Fig.2.).
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3.2.2. Microalgae trajectories determination
Microalgae having the same density as the fluid, mass effec ts are neglected. Correction
of pathlines when particles are of greater size than the smallest flow eddies are not considered
too, because of the cells size which is around ten micrometers and thus smallest than the
Kolmogorov scale which is equal to around one hundred micrometers. Microalgae can thus be
considered as elementary fluid particles in trajectory calculation.
When the flow-field is numerically predicted, particles trajectories can be determined
using Eq.(5). The k-o) model is based on the resolution of the Reynolds time-averaged NavierStokes (RANS) equations. The mean part Um of instantaneous velocity in Eq.(5) is thus
calculated, but not the fluctuating part U'.
Fluctuating part of the velocity is determined using a stochastic model: U is not
considered as purely random, but is also a function of turbulence correlation. Uis calculated
using the eddy lifetime model in which particle is supposed to interact with an eddy during a
finite period (the eddy lifetime) that is a function of the integral time scale of turbulence. The
time scale TL i calculated, for a given position in the flow-field with:
k =CLCO
6
where CL is fixed at 0.15. The eddy lifetimes is given by:
: z,=M,
During this period, fluctuating velocity is supposed constant and equal to:
tp= rLP2=,-F_
2k
TL=CL

3

(6)
(7)
(8)

where
is statistically determined for each eddy, assuming a Gaussian distribution of the
velocity fluctuations. A given Lagrangian particle is transported by a succession of different
eddies, each one having a lifetime given by Eq.(7). When this time is reached, a new value of
the instantaneous velocity is randomly determined following E.(8) with a new eddy lifetime.
In Fluent software, successive positions are determined by specifying a length step Ax
linked to At in Eq.(5 by
Ax = U At ='(Um + U) At
(9)
Ax was set to 003 mm.
4. RESULTS
4.1. Trajectory results
An example of obtained trajectory is shown in Figure 3 for an impeller speed of
100 rpm.

Fig.3. Example of calculated trajectories: three-dimensional representation
A three-dimensional motion in the whole torus can be easily seen. The rotation of
impeller generates a swirling decaying flow which decreases in intensity with the distance
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from the impeller. A projection of this trajectory alongt) the depth of culture (z coordinate)
shows the cell displacement with respect to light (Figure 4 For each successive position of
the microalgae (Figure 4.a), the light received by the cell is calculated using Eq(l) (Figure
4.b).
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Fig.4. a.(on the left) Displacement along the light attenuation axis obtained with CID b (on
the right) Light received by the microalga calculated using equation (1).
Due to the swirling turbulent flow, an effective mixing is generated along the light gradient,
resulting in a complex fluctuating light regime. Figure 4-b shows that cells are submitted to
very different light intensities, and thus to complex light-dark cycles.
4.2. Mean light intensity
The mean light intensity Im received by the culture is an important parameter for
photobioreactor modeling. For the Lagrangian approach, this value has been determined by
averaging instantaneous irradiance I received for a given period T:
= If
Im T fo Idt
(10)
If the cell trajectory has a sufficiently long duration, a mean constant value of the light
1. must be achieved. For sufficiently long period, Im is not mixing dependent but is a function
of light attenuation and can thus be theoretically determined by integrating equation (1) along
all the depth of culture L. The analytical integration gives
0.2791- for
and values
given in section 3 L
Results of Im calculated by averaging
instantaneous intensities given by the
lagrangian approach are presented in Figure
0.40
5 for different values of T. For trajectory
duration longer than T = 3500 - 4000s, an
No.mlized
0,35
nwan light
asymptotic value of I. is obtained. The
intensity 1. 0.30
corresponding value is 0275 ± .01. This
value is very close to the theoretical one
0.2.5
found by integrating the light attenuation
0.7.0
profile. Pertinence of the Lagrangian method
LOW 20M 30M 40
6
700 SOW
to investigate light regime with respect to
T(s)
flow conditions is thus shown.
Fig.5. Mean light intensity received by the culture
Time, called light mixing time, to reach the mean value I is an important feature of the
photobioreactor running. In photobioreactor modeling, the culture is usually supposed to be
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perfectly stirred along the lght gradient, and flow effect on the light received is thus
neglected. All cells can be supposed to receive the same amount of light equal to the mean
one determined by integrating the light profile. Results obtained for torus the photobioreactor
shows that the light mixing time is around h. For classical substrates like mineral,
concentration is supposed homogeneous after several minutes. In conclusion, concentration
mixing time and light mixing time are very different, and particular attention must be paid
when considering mixing efficiency of a given geometry with respect to the light received by
the culture.
CONCLUSION
In this study, a Lagranglan approach using the commercial code Fluent is coupled with a
light attenuation model to investigate history of light received by a specific cell in a
photobioreactor of torus geometry.
Circulating time in the photobioreactor requested for a specific cell to reach a constant
value of light intensity is next investigated. Such a value is a key-factor in potobioreactor
modeling, and it is usually assumed that perfect mixing is obtained so that light availability,
and flow conditions, can be neglected. But results show that particular attention must be paid,
time needed to consider light to be homogeneously received by a cell being greater order of
magnitude (around I h) than mixing time usually employed to other classical nutriments in
reactor. Assumption of perfect mixing conditions with respect to light received can thus
induce mistakes in the photobioreactor modeling.
In conclusion, the Lagrangian approach was found interesting to investigate the
coupling between flow and light conditions in a photobioreactor. Trajectories determination
reveals the complex fluctuating light regime imposed in photobioreactors. Fluctuating light
intensities ae known to influence the growth rate. By coupling such an approach with a
growth model considering effects of light/dark cycles, the understanding of photobioreactor
running will thus be improved.
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STABLE ISOTOPE COMPOSITION OF ENVHtONMENTAL WATER AND FOOD
PRODUCTS AS A TRACER OF ORIGIN
Ryszard Wierzchnicki, Andrzej Owczarezyk, Wojciech Soltyk
Institute of Nuclear Chemistry and Technology, Warsaw, Poland
Abstract: he paper is the review of Istitute of Nuclear Chemistry and Technology NCT)
activity in application of stable isotope ratios (especially 21V'li and 1110/160) for
environmental studies and food origin control. INCT has at disposal, since 1998 a high-class
instrument - Isotope Ratio Mass Spectrometer, Delta Plus, Finnigan MAT, Germany - suitable
to perform such measurements.
1. INTRODUCTION
In our paper a special attention has been paid on the topics being studied during period 20002003 by Isotope Ratio Mass Spectrometry (ERMS) technique:
- 110/160 for identification of pollution source on the base of S04-2 observed in rivers being
supplied by drainage waters pumped around the strip ite
mine and power plant
exploitation field;
- checking the possibility of the isotope ratio W'H and 180/160 use as a tracer of mixing
processes of two rivers (Narew River and Bug River) supplying the Zegrzyn Lake, as a
test of pollution transport in the lake;
- application of 2H/'H and 180/160 for authenticity control of some food products (wine,
fruit juices, honey).
The methods of sample preparation for RMS measurement being suitable for particular
problems have also been presented.
2. ISOTOPE STUDY OF DRAINAGE SYSTEM
The Belchat6w lignite deposit consist of two exploitation fields: Belchat&w and Szczerc6w.
The first is being exploited now, while the second is actually prepared for future exploitation.
It has been predicted the exploitation of Belchat6w Field resources will be completed in 2019.
That is the reason why te Szczerc6w Field, which is going to be exploited in the period
2007-2038, is already prepared starting from 1999 A very important stage of the preparation
process is drainage of opening out excavation and surroundings. The drainage system of
Szczerc6w Field began to work at the end of 2002. It consists of 174 wells, pumping the
groundwater permanently with a total efficiency of about 5.5 Di% that results in the
depression of groundwater table. The natural hydrogeological equilibrium is entirely
disturbed due to the drainage process.
The changes of water flow patterns in the ground is the reason of accelerated leaching of
minerals, mixing of different water bodies and causes hydrochemical ad isotope
characteristic of pumped waters being received by rivers and natural reservoirs in the region.
Aim of te present work was to investigate the isotope and hydrochemical background
for the existing groundwater system before starting drainage pumping for the Szczerc6w
Field. The water samples for investigation were taken from 112 piezometers localized in the
region of the opening out excavation, salt deposit Dqbina at the east edge of lignite deposit
and inside the preliminary depression cone. he depth of control wells (piezometers) was in
the range 23-269 m so the water samples taken from them were representative for all aquifers
(ftom. quaternary to Mesozoic formation).
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Determination of chemical water composition macro- and microelements) as well as
environmental isotopes concentration 3fL 222m. ratios 34s/32 S and 180/16 0 have been
preferentially measured at hydrologic contact zones of aquifers bearing waters of different age
and in geologically important regions e.g. waterbearing falts and mineralogical boundaries
existing in the region under observation. Results of the hydrochernical background for the
groundwater in the opening out excavation of the Szczerc6w Field are presented at the poster.
'Me hydrochemical changes, which are expected after starting and further development of the
drainage system, will be monitored successively in the future.
3. MIXING PROCESSES OF TWO RIVERS (NAREW RIVER AND BUG RIVER)
This work is aiming at using the naturally existing differences in the isotope ratios
and D/H of waters, to investigate the transport and accompanying dispersion
processes as well as mixing of various waters in the tributary - receiver system. The
originating differences in isotope composition of waters are determined by isotope ratio mass
spectrometry.
Preliminary studies were undertaken on the use as a tracer-the naturally existing
differences in isotope composition of waters of a tributary and a receiver to follow and to
describe dispersion and mixing processes in natural waters. Included also was the description
of transport and dispersion of pollutants introduced into the receiver by the tributary.
Conventional studies of this type require introducing into the studied system of large aount
of an external tracer in the form, for example, of radionuclides, fluorescent dyes, etc. Such
studies have been performed in the INCT in the years 1970-1990, usually on a local scale, in
the system discharge of pollutants - river. The recent rigorous environmental regulations
practically excluded in the whole world the use of these conventional tracer methods. The
application of naturally existing tracer, which are the differences in isotope composition of
stable oxygen and hydrogen isotopes in waters of the examined system., gives the possibility
to study the transport and mixing processes as well as verification in natural conditions of
mathematical model describing the studied phenomena.
We propose to carry out studies on large hydrological systems as, for instance: river - lake or
tributary - receiving - river.
The real localization concerns the following system: the Bug and Narew rivers - the Zegrzyn
Lake and the Bugo-Narew River - the Vistula River,
The intended studies include mathematical modeling which describes mass transport in both
systems and two field sessions (separately for each selected hydrological systems) performed
in two consecutive years in order to investigate real transport and mixing processes of waters.
Measurements of the stable isotope ratios 80/16 0 and D/H are carried out according to the
earlier designed net of measuring points in the field.
Results of these studies should aow verifying the proposed mathematical model. They could
also be a basis permitting to forecast the dispersion of pollutants and to evaluate the sacetime scale of ecological hazard, for example, for potable water intakes appearing in the area of
theirinteraction.
180/16 0
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4. STABLE ISOTOPE COMPOSITION IN FOOD ORIGIN CONTROL
Food products are mixtures of basic organic elements: carbon, hydrogen, oxygen and
nitrogen. Stable isotope composition these elements provides useful information for food
authenticity control. Their isotopic fractionation in the evironment follows complex patterns
allowing to established the correlation between the food
uits, vegetables etc.) and raw
materials (water, air and soil)[1].
The aim of the study is to explore the relationship between isotope composition of different
soils of food and its geographical oigin. 'Me purpose of the study is to compare the data from
different regions of Poland. Te samples are received directly from a producer.
Hydrogen, oxygen, nitrogen and carbon composition is measured in many sorts of food. Te
collected data gives a possibility to find the relationship between time and place of origin and
isotope ratio: Igo/16o, ]3c/12C, "N/'4N ad D/H.
The composition of water presented in the food is tested, Hydrogen is measured by H/Device
and oxygen isotope ratio by GasBench
(both instruments connected with mass
spectrometer)[2]. For the comparison the water samples from the region of plant growing are
tested.
In this study for measurements of carbon and nitrogen composition in food, we use Elemental
Analyzer Flash II 12 NCS (hermo Quest, Italy) which is coupled with Mass Spectrometer
DELTA plus and ConFlolIl. This system is a very useful research tool for many fields of
environmental science, agriculture and medicine. Application of EA-IRMS to solution of
wide variety of environmental problems is still growing in recent years. This analytical
method is most popular for study stable isotope composition in food.
Samples should be prepared in dry matter by drying raw material from food.
The measurements are fully automated and data are restored by powerful data system.
The correlation between stable. isotope composition 180/160 3C/12C, "N/ 14 N, DH and
geographical origin of food will be presented in the next works.
Acknowledgments:
The work is supported by EA; the Elemental Analyzer Flash and ConFlolll interface was
purchased i the frame of L4,EA TC Project POL/2/014.
CONCLUSIONS
We have demonstrated that the stable isotope composition its a good tool for study different
processes. The three examples have presented our (INCT) activity in the area of
environmental study. In the fture, the study will be continued and additional parameters, as a
sulfur and nitrogen isotope composition in food and in surrounding environment (in
precipitation, surface and ground water), will be compared.
Reference:
[1]. Rossmann A.: Food Reviews International, 17(3), 347-361 2001)
[2]. Wemer R.A., Brand W.A., Rapid Commun. Mass Spectrom.2001; 15; 501-519
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Abstract: Results of continuous homogenization time measurement of liquid in a stirred tank
depend on the scale of scrutiny. Experimental techniques use a probe, which is situated inside,
as a conductivity method, or outside of the tank as in the case of gamma-radiotracer methods.
Expected value of homogenization time evaluated for a given degree of homogenization is
higher when using the conductivity method because the conductivity probe measures
relatively small volume in contrast to application of radiotracer, when the volume is much
greater. Measurement through the wall of tank is a great advantage of radiotracer application
but a comparison of the results with another method supposes a determination of measured
volume, which is not easy. Simulation of measurement by CFD code can help to solve the
problem. Methodology for CFD simulation of radiotracer experiments was suggested.
The most important parts of methodology for validation of results of CFD method by
radiotracers are: a) successful simulation of tracer experiment by CFD code (numerical
solution of tracer dispersion in a stirred tank), which results in tracer concentration field in
several time intervals; b) post-process data treatment, which uses detection chain description
and which enables to simulate the measurement of time homogenization read by detector
from the tracer concentration field evaluated by CFD code. The detected tracer concentration
is evaluated by N (t, x, y, z = fff D(xyz)c(txyz)dxdydz , where c(txyz) is the
V
distribution of tracer concentration obtained from CFD calculations and Dxyz) is transfer
(weight) function of detection. Two ways of evaluation were suggested for Dxyz) function:
1) by using algorithms for collimated detectors; 2 by interpolation of values determined as
the detector response to point source which is situated inside the tank. Point Source Response
(PSR) can be created directly by experiment (if possible) or by numerical simulation by using
MC code.
Commercial software Fluent 61 was used for simulation of liquid homogenization in
mixed vessel with Rushton turbine. Numerical simulation of homogenization time by CFD for
different values of detected volume was confronted with measurement of homogenization
time with conductivity probe and with different radioisotopes 198 Au, 82 Br and 24Na. Detected
size of the tank volume was affected by different energy of radioisotope used.
1. INTRODUCTION
Numerical simulation of liquid homogenization in mechanically stirred vessels is
rather complicated and mostly experimental verification is needed. There is no problem to do
experiments in laboratory, when transparent wall of equipment is possible to use or when
probes can be situated inside the vessel. However the probes, whi& are situated inside the
vessel can influence velocity field - especially in case of homogenization of liquid with high
viscosity, or using the probe inside the industrial equipment is difficult or even not possible.
In this case, the gamma radiotracers are used which enable to follow the tracer concentration
by detectors which are situated outside the vessel. The tracer concentration depends on the
volume size and position of volume which is "seen" by detectors. This volume depends on
detection system, but also on the gamma radiotracer, which is used for homogenization
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analysis 1]. Radiotracer with high energy is measured from greater depth of the vessel than in
the case of the tracer with low energy. CFD evaluation of velocity field and concentration
distribution was done by commercial software Fluent 61 in the similar way, which was
already used and published by several authors (e.g. 2. Simulation of homogenization with
radiotracer requires using a special postprocessor, i.e. software which counts in detection
efficiency, radiotracer used and which picks up the tracer concentration only from the
elements which are registered by detector. Two ways of simulation one with using suggested
algorithm of detection and second with using Point Source Response experiments for
description of detection efficiency are compared with the homogenization experiments with
conductivity and with radiotracer method (three
I
tracers with different energy of radiation). The
simulated
velocity
field
should
be
experimentally
verified
if
possible.
-----Homogenization analysis was performed in a
7,5
SD cylindrical vessel (see Fig.]), (with diameter
20
1
T=0.2m, height HIT=I, with four baffles, width
I
C:1 C)
0.17-) and with a standard Rushton turbine,
Cu
nCD
which was centrally situated in the vessel with
osition from the bottom hlD=I. (Another
important dimensions of impeller: diameter DIT
LO ra0i
0.30, blade height/D
0.20 and
1
0200mm
length/D=0.25, with disk diameter dlD=0.75).
Position of conductivity probe (CP) and
Fig.I Cylindricalvessel
scintillation detector (SD)Iis shown in Fig. as
with Rushton turbine
well.
The first part of our contribution deals
with evaluation and verification of velocity field, the second one with measuring and
simulation of homogenization by conductivity or radioactivity method. The results and
comparison are in the last part.
2. SIMULATION OF HOMOGENIZATION BY CFD
From a numerical viewpoint, flows in mixing tanks are difficult to compute because of
the interaction of the rotating impeller with stationary baffles on the periphery of the tank.
Multiple Reference Frames (MRF) technique with multiple grid frames is used, where one
frame is attached to the rotating impeller and the other remains stationary with the tank baffle.
2. I. Velocity ield evaluation - (stationary simulation)
The commercial software Fluent with a pre-processor MixSim 17, created by Fluent
Inc. for agitated vessels, were used for the computation. All geometry specifications of the
mixing vessel and fluid properties used in the experiments were defined. The only other
selected parameter was the density of the grid. It is given by the number of the cells per the
diameter of the vessel T. The calculation was done for the vessel where the experiments were
performed (see Fig. 1). The structured mesh was prepared by this software - however with'
limits for 500 000 nodes in the vessel, which enable to prepare mesh with 3 05 elements.
After mesh creation, specification and evaluation was done by Fluent 61. Standard k,
turbulent model was used and results of the evaluation were compared with radial and axial
velocity component published by different authors for the similar system. It follows from the
curves A and experimental data presented in Figures 2cd, that the results were defective
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especially in the region of the impeller. In the next step, new mesh and new evaluation was
prepared by MixSirn 2 which used our mesh created in Gambit 2 A new unstructured mesh
was prepared with hexahedra in the whole region except the "wedge region" bellow the shaft
only around the vessel axis. More precise geometry (with the hub of the real impeller) was
used in generation of the new mesh with 7 05 elements. The velocity fields were calculated
for the structured and also unstructured mesh by Fluent 61 for rps rotational speed of the
impeller. The velocity fields in vertical and horizontal cross sections of the vessel are
presented in the Figs 2a, b - on the left side for structured and for unstructured esh on the
right side of figures.
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Fig.2a,b Velocityfield in vertical and horizontal cross section (in one half between baffles),
for structured on the left side and unstructuredmesh on the right side.
Velocity fields around the impeller on right sides (i.e. for more realistic mesh prepared
in Gambit) present higher values of velocities, what is evident from both figures. Calculated
velocities in radial and axial directions for our system with (D = 0.3T, H=D see Fig, ) were
compared with experimental results of measurements by LDA for similar system (with
D=T13)) presented by several authors 3,4,5,6,7,8].
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Fig. 2c, d Comparisonof calculatedand measured radial and tangential
component of velocity, where A -curve is calculatedby structuredand B- by
unstructuredmesh and experiments: 1[3] 2[41 3[5] 4[6] 5[7] 6[8].

237

1 .0

On the basis of presented comparison, the velocity field calculated by unstructured
mesh was used for next simulation of homogenization.
2.2. Tracer distribution evaluation - (unsteady simulation)
The "frozen" velocity, pressure and turbulence fields evaluated from stationary
simulation were used for unsteady solution of tracer transport equation of tracer
homogenization. The flow inside the mixed vessel is assumed to be fully turbulent and the
influence of turbulence is described by standard kE; model. This model successfully
corresponds to experimental data of several authors 9, 10,1 1 . The eddy viscosity concept is
used for modelling the influence of turbulence as an increase in the diffusive transport
(effective viscosity). Fluent computes the changes of diffusive transport by changing the
value of turbulent Schmidt number, Se 12]. Tracer dispersion - homogenization is analyzed
by experiment when a tracer in limited volume is added below the mixed liquid level and its
dispersion in time and space is measured (tracer fluid has the same properties as the liquid
used in a vessel). Time of homogenization is the time when no curve exceeds a certain range
(±5%) around the final value.
At the beginning of simulation: the tracer with concentration I was added to the
cluster of elements which create the sphere with diameter 0.01 m and this sphere was situated
0.02 in below the liquid level in the same position as in a real experiment. Tracer
concentration changes in the whole system in time (by time step of 0.01 s) were evaluated.
The local tracer concentration in position of probes could be seen and analyzed.
Several numerical experiments were done and tracer dispersion - homogenization was
evaluated, e.g. for two positions where different velocity (low and high) can be supposed. The
analysis was done for rps and different values of Se. The changes of homogenization caused
by turbulent dispersion are evident from the Fig.3. The curves for low values of turbulent
dispersion S = 10) probably will not have so many peaks and also there will not be great
time delay for the curve with low velocity, in case of strong influence of numerical
diffasivity. On the basis of this analysis it can be assumed that this effect is not significant.

4

Fig.3 Homogenization
in two localities with different
velocities for different S =O
and 0.10; (where c* is nondimensional tracer concentra-
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Simulated homogenization curves (calculated for 0.3<Sc<l and for different positions
of injection) were compared with measured results for conductivity probe. As a result of this
analysis, S = I was used and position of tracer adding was shifted to the middle between
rotating region and vessel wall, (little beyond the position in real experiment). The first order
upwind scheme - with good results for the residual convergence - was used in numerical
simulation. Because application of this discretization scheme may introduce the numerical
error, the last evaluations were done also with quadratic upwind interpolation scheme, which
provide higher order accuracy, however it is more time consuming.
Homogenization time is evaluated from homogenization curves on basis of definition
mentioned above (see also Fig. 4a). When the radiotracer is used in homogenization analysis
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and the change of tracer concentration is measured by detector situated out of the vessel close to the wall, registered values are given by
N (t, x, y, z = fff D (x, y, z) c (t, x, y, z) dxdydz
(1)
V
where c(txyz) is distribution of tracer concentration obtained from CFD calculations
and Dxyz) is transfer function which can be calculated, e.g. by algorithms of collimated
detectors.

V

V

2

No
210.05 QZ-N.)

-T.
"D

t
T

Fig.4a Homogenization time evaluation

The algorithm called "viewfactor" was suggested for narrow beam radiation and for
tracer with "soft" gamma radiation [ 131. The algorithm was tested on the basis of the PSR of
detector in the water and is recommended for energy of tracer about 100 keV. Applications of
algorithm suppose measurement in "energetic window" and also simple configuration of
volume seen by scintillation detector is assumed. The clasical isoparametric functions 141
were used for integration in finite elements solution.
D(xyz) can also be received as a response of collimated
2
detector to the "point" radioactive source (PSR), which is situated
inside the vessel. PSR can be created directly by experiment (if
possible), or by numerical simulation by Monte Carlo code which
is implemented in program INSPECT [ 15]. The experiments using
PSR inside the vessel (with liquid but without mixing) give
information about the actual collimated detector characteristic and
information about absorption and reflection characteristic of the
media and internals inside the vessel. By monitoring count rate of
the collimated detector at different positions of radiation source,
the response function Dftyz), corresponding to unit activity at a
general point xyz can be obtained (see ig.4b). As there are big
Fig.4b. Point Source
differences between the density of measured points in PSR and
Response experiment
density of mesh used in Fluent evaluation, interpolation formula
(presented in [ 3 ) was used and tested.
The results calculated by Fluent have the form of ASCII files from which the relevant
information was extracted by special software, which evaluates integral (1) for the position of
collimated detector (for more information see [ 6).
3. RESULTS AND CONCLUSIONS
From the diagrams of homogenization, it follows that the longest time of
homogenization is obtained by conductivity probe (with small measured volume) and then
with Au'9', Br 82 and Na 24 . Good correspondence of simulation with experiments with
conductivity method was received after shifting position of injection. Best results for
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radiotracer experiments were obtained by using algorithm called "view factor" which is
suitable only for radiotracers with lower energy (Au 198 E = OAlMev). Methods using PSR
confirm the tendency for decreasing homogenization time for tracers with higher energy,
however this influence is overestimated. Results are summarized in Tab. .
Tab. 1. Homogen
Methods
Experiment
CFD simulation
View factor
PSR

ation time [sl- measured and simulated with different tracer
5rps
I OTS
l5rps
198
82 Na 24 KCI: Au I 8.Br 82 :Na24 KCI:Au"' : Br 82
KCI: Au
Br
Na 24
10.2 -. 86 6.5 6.3
5.7 37 3.5 3.5 3.5 23
10
5
3.4
8.2
4.2
2.8
6.2 1.8 1.6
3
1 0. J
2

4. REFERENCES
[1] Thn J., Novdk V., Pock P.: Effect of the Measured Volume Size on the Homogenization
Time. Chem. Engn. J. 12, 211-217 1976).
[2] Bujalski J.M., et al.: The influence of the addition position of a tracer on CFD simulated
mixing times in a vessel agitated by a Rushton turbine, Fluid Mixing 7 Bradford, UK, 2002.
[3] Cutter L.A. AlChEJ 4485 1967 1967).
[41 Cooper R. G and Wolf D., Can..J.Chem.Eng. 46;34 1968).
[5] Van der Molen K. and Van Maanen H.R.E., Chem, Eng. Si. 33,1161 1978).
[6] Drbohlav J., et al. Coll.Czech Chem. Common., 43, 3148, 1978).
[7] Wu H. and Patterson G.K., private communication (I 987).
[8] Ranade V.V. and Joshi J.B.: Flow generated by disc turbine, Part I Experimental. Trans.
lchern E. Vol. 68 Part A, January 1990).
[9] Kresta S.M. and Wood P.E.: Prediction of the three-dimensional turbulent flow in stirred
tanks. AlChE J., 37(3),448-460 1991).
[IO] Ranade V.Y. and Joshi J.B., Part 11. Mathematical Modelling and Comparison with
Experimental Data. Chem. Eng. Res. Des., 68(A), 34-50 1990).
[I I] Lunden M., Stenberg 0. and Andersson B.: Evaluation of a method for measuring
mixing time using numerical simulation and experimental data. Chem. Eng. Comm., Vol. 13 9.
115-136 1995).
12] FLUENT User's guide, 2000, Fluent Inc.
[I 31 Thn J., 2itn R., et al.: Analysis and diagnostics of Industrial Process by 'Radiotracers
and Radioisotope Sealed Sources. Vol. I and Vol. 2 CVUT, Praha 2002.
[14] Zienkiewicz O.C., Taylor R.L.: The Finite Element Method, 5h Ed., Vol I.,ButterworthHeinemann, Oxford, 2000.
[15]TolaF.: EcrincodeMonte-Carlo,ReportCEA/DTA/DAMRI/SAR/t4O,(1996).
[16]ThnJ.,
itn R.,:Radiotracerapplicationsfortheanalysisofcomplexflowstructure
in industrial apparatuses. Nucl. Instr. and Meth. in Phys. Res. B 213, 339-347 (2oo4).
Acknowledgements
This work was realised in the rame of Co-ordinated Research Project No. 11557
supported by International Atomic Energy Agency in Vienna. It was also financially
supported by the Ministry of Education of the Czech Republic (Grant Research Project
J 998:22' )400007) and the Grant Agency of tile Czech Republic (I 04/03/14 4 1).

240

INSITUMEASUREMENTOFDIFFUSIVITY
PLO500224
Philippe Berne, Jacques Pocachard
CEA -DR T - LITEN-SA T - CEAlGrenoble, France
Abstract: The mechanism of molecular diffusion controls the migration of contaminants in
very low-permeability porous media, like underground facilities for the storage of hazardous
waste. Determining the relevant diffusion coefficients is therefore of prime importance. A few
techniques exist for the in situ measurement of that quantity, but they suffer from many
handicaps (duration, complexity and cost of the experiments). We propose here two
innovative methods that have some potential to improve this situation. So far, we have found
them feasible on the basis of design calculations and laboratory experiments. This work is
presently protected by a patent.
1. SETTING THE SCENE: WHY DO WE NEED DIFFUSION COEFFICIENTS
In many situations, the movement of a fluid in the interstitial porous network of a
material is controlled by two main parameters, permeability and porosity. A vast amount of
literature describes techniques allowing in situ measurement of these quantities for such
applications like the optimisation of oil production or the storage of gas in rock forrnations.
A large class of problems however concerns the migration of species over very long
periods without any significant pressure gradient, or in low permeability material, and under
the influence of a gradient in chemical composition. A typical example would be an
underground storage of hazardous waste material, where there is at the same time a low
permeability confinement barrier and concentration gradients acting; as driving forces. Under
these conditions, the relevant phenomenon is molecular diffusion and the parameters to be
measured are the diffusion coefficient(s) and the accessible porosity.
I
One widely used approach consists in taking samples of the material of interest and
performing experiments in the laboratory. Many techniques can be employed to measure
diffusion coefficients in samples, as illustrated in the review by Shackelford [1].
his
approach does not entirely solve the problem: on the one hand, samples may be difficult to
extract, to condition or to store; on the other hand, to what extent do small scale laboratory
experiments represent actual conditions, for example in a geological formation? This leaves
ample room for the in situ measurement of diffusion coefficients in porous formations.
2 A FEW DEFINITIONS; A FEW CLASSICAL TECHNIQUES
A porous medium is composed of a solid matrix containing pores filled with some fluid.
We shall suppose here that this fluid contains only one phase (liquid or gas - not both). The
fluid may however contain different components; quite frequently there will be a main fluid
(water for instance) in which diluted species migrate under the effect of concentration
gradient. In many cases it is possible to use Fick's first law, which states that the flux of a
given species is proportional to its concentration gradient (equation 1):
= -D, jrad(c)
where
is the flux density per unit area of porous medium (mol.s-1.rn-2), C the concentration
(mol.m-3 ) and D, the effective diffusion coefficient (in 2.S-1). Writing the balance equation for
the species, it is possible to derive equation 2), which is often ten-ned Fick's second law:
ac =DaV2C
0_t
2
where the apparent diffusion coefficient D
. ) is given by equation 3):
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(2)

De
Da
RE
0)
F being the accessible porosity and R a retardation coefficient accounting for the physical or
chemical interactions between the species and the solid matrix of the porous medium. If there
are no such interactions, R is equal to I and D = D, / is commonly denoted DP, the pore
diffusion coefficient.
The prime objective is to measure D, or D

and if possible R and

(they can be

measured by other standard techniques).
To our knowledge, two classical methods can be considered for the in situ measurement
of these quantities. The first one consists in drilling two boreboles in the porous formation.
The species of interest is injected in the first borehole and its restitution is traced in the other
one. This type of experiment is commonly performed to characterize the flow between two
boreholes. When migration is driven by diffusion only, its velocity is reduced by several
orders of magnitude and it may take a very large time period for the tracer to appear in the
second one, possibly several years if the boreholes are a few metres apart.
The second method requires only one borehole. The species of interest is introduced in
it and monitored as a function of time. The concentration gradient will make it diffuse into the
porous formation and its concentration will decrease in the borehole (see Fig. I left). The
diffusion coefficient can be estimated from the resulting c(t) function. It is also possible to
stop the experiment at some moment and to overcore the borehole (Fig. I right). The diffusion
coefficient is then deduced from the concentration profile c(r) in the overcored sample. Palut
et a]. 2] report an experiment at Mont Terri where concentration monitoring in the borehole
and overcoming were used in combination.
Borehole

C(t)

Porous
formation

Overcore
X"

c(r)

Z'

Fig. 1 A classical method for the in situ measurement of the diffusion coefficient
(left: first stage - right: overcoming).
These techniques have proved very effective, but they may require observations over
quite long time periods. In the case of the Mont Terri experiment, involving claystone as te
porous medium and tritiated water (HTO) as the diffusing species (effective diffusion
coefficient about 10-10 M2.S-1, accessible porosity approximately 0.15), several weeks were
required before significant decrease of HTO activity in the injection chamber could be
observed- overcoming was performed one year after he beginning of the experiment. This
requires a lot of perseverance; overcoming was successful but nevertheless remains a
complicated operation. Alternative methods allowing faster and simpler measurements would
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obviously be very welcome. This paper presents two techniques. They have been tested at te
laboratory scale so far and the principles and main findings have been patented.
3 A FIRST OPTION. THE "CONCENTRATION ECHO" METHOD
A first proposal consists in the procedure illustrated by Fig. 2 a measurement chamber
is isolated in the borehole. The species of interest s introduced into the chamber, ad left
there for an adequate period of time to diffuse into the surrounding mdium. If desired, the
concentration can be kept constant in the chamber, for instance by connecting it to a large
buffer tank. At the end of this stage, the tagged solution is flushed out of the chamber and
replaced by non-marked fluid. Diffusion will now take place from the porous medium
towards the chamber. The concentration will therefore rise from zero in this second stage and
should be monitored as a function of time. This technique may be termed a "concentration
echo" method (by reference to the work by Leroy et at. 3 with a pressure gradient as a
driving force in their case), since what is measured is to some extent the "echo" of the
injection into the medium.
>7,

,

ov

t
A
in,

- N1

Fig. 2 The "concentration echo" method
(left: first stage, diffusion into the medium - right: second stage, diffusion into the chamber).
Fig. 3 shows a simulated concentration history, calculated with the same geometry as
the Mont Terri experiment with typical values for the effective diffusion coefficient. The
duration o ' the first stage was set to IO hours.
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Concentration reaches about I to 3
of its value in the first stage (C. on Fig. 3 an
unexpectedly high level. This value is reached within a few days only, a very important point
when field monitoring has to be made. Correlation with D, proves to be excellent. According
to this simulation, fast response and good sensibility could be expected from this "echo"
technique. The reason may be the high contrast in concentration achieved between the
chamber and the medium (with the classical method, one has to detect a small decrease in a
strong concentration; here, the concentration build-up may again be small compared to Co,
but it is large to the zero value imposed at the beginning of the second stage). Another
advantage is that the depth of penetration of the concentration profile can be controlled
through the duration of the initial diffusion stage: varying this parameter it may be possible to
measure the profile in D, as a function of distance from the borehole.
On the other hand, several difficulties can be foreseen for the in situ applications. Good
rinsing of the chamber may prove hard to achieve. If some of the initial solution remains in
the chamber, the contrast in concentrations is lost; in the opposite, too strong rinsing may
partly extract the diffusing species from the porous fori-nation, which may again alter the
measurements. Also, it may not be possible to determine D, and
(or RE) at the same time
with short-ten-n experiments. Another weakness is that the porous formation does not retur to
its initial state at the end of the experiment since it will naturally retain some of the injected
species. This problem however exists with the method of monitoring the concentration decay
in the chamber - to say nothing of overcoming.
The "concentration echo method" has however been tested;at the laboratory scale and
found to be exploitable, as illustrated by the data on Fig. 4 obtained under presumably
unfavourable conditions (sample with low and mainly unconnected pore v olume).
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Fig. 4 Results from a small scale "concentration echo" experiment.
4 A SECOND OPTION: AN EXTENSION OF THE MACROPORE COLUMN
Young and Ball 4 describe the measurement of diffusion coefficients in what they
name a macropore column": the material under investigation is shaped as an annulus, the
core of which is filled with sand. The column is fed with a continuous flow of water; due to
the large permeability difference between the materials, it will only flow in the sand core. If a
pulse of tracer is injected at the inlet, it will i) move more or less like a plug in the core ii)
diffuse into the surrounding material. After the plug has left the column, the tracer will diffuse
back into the core and reach the outlet. Compared with a column containing only the sand
packing, the tracer restitution curve has a lower peak and a larger tail. Fitting a suitable model
allows to determine the diffusion coefficient.
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The reason why Young and Ball used that particular technique was because
kept
volatilisation and sorption losses to a minimum, an important factor since they were mainly
interested in the migration of organic compounds. We however thought it might also apply to
other materials and compounds, and therefore tested it on a rock core from a much studied
rock formation. The result is presented on Fig. 5, which shows the restitution curve of the
internal packing only and of the macropore column. Model parameters ere fitted to simulate
the latter. It resulted in an estimated diffusion coefficient of 410-11 M2 S to be compared
with a value of 7 0-11 M2.S-1 obtained from independent measurements. Another striking
feature was the short duration of the experiment, about
hours. Several days might be
necessary to achieve the same measurement with a classical set-up like a "through diffusion"
cell (see Shackelford, [1]).
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Fig, 5. Results from a macropore column" experiment on a clay core.
This encourages us to propose an extension of the "macropore column" to in situ
experiments. The simplest possible configuration, shown on Fig. 6 could consist in isolating
a portion of borehole with two packers and placing in this chamber an inner cylinder fitted
with piping for the circulation of the fluid. The annular space between the inner cylinder and
the porous forination should be filled with a high-permeability packing material polymer
foam, sintered material, glass beads
Porous packing
Q

1P

Al

Fig. 6 A proposal for the transposition of te "macropore column" to field conditions.
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Numerical simulations in the same conditions as in Fig. 3 again showed short response
time and reasonable sensitivity to the value of D, (see Fig. 7. As in the "concentration 6bho",
it seems possible to probe variable distances into the porous formation. The control parameter
would behere the flow rate into the column. An additional advantage is that no significant
amount of tracer is left after the experiment, which allows, at least in theory, to perform
several successive injections in the same location.
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Fig. 7 Restitution curves as a function of the effective diffusion coefficient D,
Among predictable problems, the main one can be the difficulty to obtain a
homogeneous packing in the borehole; also, suitable flow rates may be very low and hard to
sustain for a long time; lastly, it is possible that D,, and
(or RE) may not be accessible
independently with those experiments - in which case the measurement of E/Re has to be
made with available standard techniques.
As a whole, we believe that the two methods proposed here ("concentration echo" and
Camacropore column") offer good potential for the in situ measurement of diffusion
coefficients with i) little intrusion into the porous formation ii) good representativity ad ii)
reasonably fast experiments, hence fully compatible with the conditions of field work.
References
[1]. Shackelford C.D.: Laboratory diffusion testing for waste disposal - A review. Journal of
Contaminant Hydrology, 7 177-217 199 1).
[21. Palut J.M. et al.: Characterisation of HTO diffusion properties by an in situ tracer
experiment in Opalinus clay at Mont Terri. Journal of Contaminant Hydrology, 61, 203218 2003).
[3]. Leroy C. et al.: Tracer dispersion in stratified porous media: influence of transverse
dispersion and gravity. Journal of Contaminant Hydrology, 11, 51-68 1992).
[4]. Young D.F., Ball W.P.: Estimating diffusion coefficients in low-permeability porous
media using a macropore column. Environ. Sci. Technol., 32, 2578-2584 1998).

246

MEASUREMENT OF DIFFUSION COEFFICIENTS IN POROUS GRAINS BY
COLUMN EXPERIMtNTS: INFLUENCE OF THE SIZE DISTRIBUTION
Philippe Berne, Isabelle Landry
CEA -DR T - LITEN-SA T - CEAlGrenoble, France
Romain Gouaty
LaboratoiredAnnecy-le- Vieux de Physique des Particules- Annecy-le- Vieux, France
Abstract: Tracer injections are made in a column packed with porous Amberlite grains. The
objective is to measure the diffusion coefficient into the pores of the Amberlite. Resulting
values are found to depend on the flow rate into the column - an obvious atefact since the
diffusion coefficient inside the grains should not depend on the flow outside them. One
explanation might be that the size distribution of the grains is overlooked when analysing the
data. A model that explicitly accounts for that effect is developed and applied in a very simple
(though hardly realistic) case. It is found to reproduce correctly the trends observed in the
experimental data, which to some extent confirms the initial hypothesis.
1. INTRODUCTION
The problem of measuring the diffusion coefficient of a given species in the internal
voids of porous grains is a very classical one. It can be found for instance in ion exchange
(diffusion of ionic species in grains of resin, Valverde et al. [1]), catalysis (diffusion of
reactants in porous pellets, Drazer et al. 2
pollutant migration in soils (diffusion of
pollutants into the internal porosity of soil particles, Schweich 3]).
One method to achieve that measurement consists in packing the porous grains into a
column in which a continuous flow of carrier fluid is established. The species of interest is
then injected as a short pulse in the carrier fluid at the entrance of the column. As the pulse
moves, the species diffuses first from the carrier fluid into the internal voids of the grains and
then back from the grains into the fluid. The concentration of the injected species is monitored
continuously at the outlet of the column. If the experiment is properly designed, the
breakthrough curve will be affected by diffusion and it will be possible to extract (for
example by optimising a model) a value for the diffusion coefficient. This method may seem
a little far-fetched; however, since it involves a large number of grains packed with a high
solid-to-fluid ratio, it is quite representative for certain situations like pollutant migration in
subsoils.
This technique has been used in our laboratory to attempt the measurement of diffusion
coefficients in complex (reactive) porous substances. Since we found that the exploitation of
the experiments was not straightforward, we launched a series of experiments on a simple
non-reactive material in the hope of defining a systematic procedure.
2. EXPERIMENTAL
The material that was used for these experiments was Amberlite XAD-4, i.e. porous,
chemically inactive polystyrene beads. Manufacturer data indicates that the size of the beads
is comprised between 300 and 840 trn and that internal porosity is 50 %. The experimental
set-up is shown on Fig. 1. Column diameter was I cm, the length of the packing was 15.2 cm.
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Fig. 1. Experimental set-up.
Feed solution was ultra-pure water. A 01 M NaCl solution was used as a tracer and
detected by means of a conductivity monitor (not a specific measurement actually; it may be
hard'to figure out which diffusion coefficient'is actually being measured: the diff-Usion
coefficient for Na+ or Cl' ions or for NaCl as a whole? Which after all may not be important
since the main interest here lies in the methodology).
The packing could be bypassed via a short tube. Two breakthrough curves were
measured for each test, with the bypass successively active and inactive. The first one
characterised the behaviour of the hydraulic circuit and the measurement device and was
deconvolved out of the second one by adjusting the parameters of a suitable model, to give
the impulse response of the packing alone.
Five flow rates were used: 2 10, 50, 100 and 200 mL/h, all generated by a syringe
pump. The experiments were successively made with (non-porous) glass spheres, to be used
as a reference, and with the actual Amberlite beads. Fig. 2 below shows the results plotted
against non-dimensional time t
where L is the first moment of each curve.
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Fig. 2 Breakthrough curves for glass (left) and Amberlite (right).
This kind of representation allows to compare curves obtained with different flow rates.
Fig. 2 shows no dependence with flow rate in the column with the glass spheres. On the
contrary, the breakthrough curve becomes more and more asymmetric, with a larger and
larger tail, as flow rate is increased in the Amberlite-filled column.
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3. MODELLING
A model is required to exploit theexperimental data. The Amberlite column has two
kinds of voids, the ones between the grains ("external's porosity) and the ones inside the
grains ("internal" porosity). We shall define the external porosity E, as the pore space
between the grains divided by the total volume of the packing and the internal porosity j as
the volume of the pores inside the grains divided by the total volume of the latter.
If all quantities (porosity of any kind, velocity, concentration ... ) can be assumed to be
uniform in each cross-section and all the grains to be identical, the transfer function of the
column, Gs), defined as the ratio of the tracer concentrations at the outlet and at the inlet in
the Laplace space, can be expressed by equation ) (Schweich, 3]):
G(s = G. [s( + M(s))]
where G. (s) is the transfer function of flow in the exterrial. porosity, Ms) the response of one
grain to a Dirac impulse in outer concentration and s the Laplace variable. In this manner, the
cc external" and internal" effects can be separated. A classical choice for GO s) is the "tanks in
series" model described by equation 2):
SY
(2)
+
Go [SI
.r being the mean residence time in the eternal porosity (volume of intergranular space
divided by flow rate) and J the number of tanks. The transfer function of the column.-with the
glass spheres reduces to Gs). Ms) should nonnally take into account i) resistance to mass
transfer in the liquid layer around the grain ii diffusion into the grain and iii) the kinetics of
adsorption on the solid skeleton of the grain. In our case, the first effect was found to be
negligible and the last one inexistent. M) can be rigorously derived by integration of the
diffusion equation if the grains are spherical (equation 3:
3r[wr ch(wr - sh(wr)]
M[s = K
(3)
r3 W 2sh(wr)
is the ratio of the internal pore space to external pore space (practica Ily
radius of the grains and w is defined by equation 4):
=

D

E:j0_&

)/E,.),!r the
(4)

Da being the apparent diffusion coefficient of the tracer in the grains. Combining equations I
to 4 allows to define the model for the column with the Amberlite beads. It is often acceptable
to replace the complicated expression for (s) by a first-order approximation (equation 5):
K
M(S). =1+tms
(5)
K is the same as previously. t

is a characteristic diffusion time given by equation 6):
r2
t = 5 Da
(6)
It is important to note the r 2 dependence of the effects of diffusion. The complete
model (equations I to 4 and the first order approximation (equations 1 2
and 6 are
respectively denoted Models I and 2 hereafter. Model 2 is in fact an adaptation of the
classical "tanks in series with exchange". Fig. 3 illustrates its behaviour when J, t and K
are fixed and is varied. The curves -are again made non-dimensional.
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Fig. 3 amounts to changing the flow rate with otherwise fixed characteristics. It brings
some useful information. First it bears some resemblance with the corresponding graph for
Amberlite (Fig. 2 right), which is a good omen for the representativity of our models.
Secondly, it shows two limiting cases: if
is very large compared with t,", the system
apparently behaves like a column with a single porosity, equal to the total external internal)
porosity. In the opposite case, the tracer does not have enough time to diffuse into the internal
porosity and the column behaves as though there were external porosity only.
4 EXPLOITATION
Exploitation of the experimental data consists in optimising the parameters of the
chosen model so that it gives the best possible fit with the measured breakthrough curve.
Models and 2 have four parameters in all, which gives many degrees of freedom. It would
be desirable to have independent measurements for some of them, which is one reason why
the experiments with the glass spheres were made (it was hoped they would give independent
values for and J). Optimisation with these values unfortunately proved impossible so all
four parameters had to be optimised at the same time. The results obtained with Models I and
2 in terms of external and internal porosity, number of tanks and apparent diffusion
coefficient are given in Table 1 A grain diameter of 500 psn was used to calculate D,
Table 1: Results of exploitation with Models I and 2
Flow rate
Model
(mL/h)
Ee
Ei
i
D, M2/S)
6,
2
1'0
50
100
200

0.61
0.58
0.38
0.33
0.30

0.07
0.08
0.34
0.30
0.27

120
57
81
69
89

2.6
4.2
4.2
6.0
6.1

10-':z
101
10-"
IWO
10-10

0.61
0.59
0.46
0.40
0.35

Model 2
Ci

i

0.06
0.05
0.24
0.21
0.19

110
55
59
48
54

D, (M2/S)

2.6
3.2
2.9
4.4
5.6

10-'2
101
100
10-10
10-1'

Whatever the model, internal porosity and apparent diffusion coefficient are found to
increase with increasing flow rate, while external porosity decreases; D,, apparently reaches a
plateau at high flow rate when Model is used. The trend is not so clear concerning J;
however it seems to decrease first then increase again. All these observations are rather
disturbing: why should these parameters change with flow rate?
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According to Cui 4 many studies show a' flow rte dependence of the apparent
diffusion coefficient in the internal porosity. He proposes several explanations: the effect of
external resistance to mass transfer, internal convection inside the grains due to a strong
pressure gradient, radial non-uniformity of external porosity
All these effects may have some relevance in our case, but in our opinion they fail to
account for our observations: the characteristic time for external mass transfer was found to
be negligible here; internal convection can indeed explain the apparent increase of internal
porosity, but we find it hard to reconcile with the decrease of external porosity; radial nonuniformity seem to be related with low particle to column diameter ratios: Cui reports values
in the I to range, while in our case this ratio is about 20.
We are therefore tempted to seek an explanation in the existence of a size distribution,a
fact that to our knowledge is often overlooks d. The diameters of the Amberlite grains vary
with a 13 ratio. Considering equation 6), the characteristic time for diffusion.into the, grains
tM scales as the square of that diameter, which means that there is almost an order-ofmagnitude difference between the smallest and the biggest grains. Looking at Fig. 3 it
appears that for a given flow rate represented by the value of -r, diffusion may be active in
the smallest grains and negligible in the largest (see the curves for =
and - = 0.5t,
Conversely, diffusion may be a limiting factor for the largest grains ad almost instantaneous
in the smallest in another -c/ tM range (for instance I and I 0). For these reasons we shall
seek to modify our model to account for a distribution in particle sizes.
5 A MODIFIED MODEL
We now introduce the volumic size distribution function f(r),'such that out of a total
volume V of grains a fraction Vf (rr has a radius between r and r + dr . Ms), the response of
one individual grain to an impulse stimulus, is now replaced by Mr, s) to emphasize the size
dependence of that function (in practice, te expressions in equations 3) and 4) or (5) and
(6) do have that dependence and can still be used here). Equation (1) can then be modified to
yield (Schweich, 3]):
G(s = Go IS( + ff (r)M(r, sr/

ff (r)dr)]

(7)

Solving the integral for a given size distribution and impulse response proves no simple
matter. We were able to do it only in the very simple (and probably not realistic) case of a
uniform size distribution between radii rmin and rmax:
f (r)

rmax

(8)

rmin

(f(r) being a volumic size distribution, the smaller grains will be more numerous than the
larger ones). Even then, analytical integration proved possible only with the first order
approximation for Mr, s) (equations and 6 yielding finally:
G(S) -

+

F115:D-.

K

jS

rmax - rmin NS

Arctan rmax-5D S

a

-Arctan

_j

S

rrn4T-D

(9)

With a different size distribution it would of course be possible to integrate equation

7)

numerically, but that operation should be performed for all useful values of s, which makes it
a fairly tedious affair. At that stage, we have little choice but to stick to expression (§), even

though we suspect it has little practical relevance.
This limitation forbids us to apply the obvious correct procedure:'optimise the unknown
parameters

in

equation

7

and

check

whether
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the

resulting

porosities

and

diffusion

coefficients are now independent on the flow rate. Rather, we choose an indirect method
consisting in:
• calculating the breakthrough curves for a given set of parameters with equation 9),
• analysing the result with our original model,
• seeing whether the optimised parameters exhibit the right trends with flow rate.
The simulation is made in the following conditions: external porosity is set to 04,
internal porosity to 033, number of tanks to 50 and apparent difftision coefficient to 25 10-10
m2/s. The values for ri, and r ax are respectively 150 and 435 gm. The breakthrough curves
are calculated with equation 9) for each flow rate, plus I L/h to see what happens at large
values. This "synthetic" dataset is then exploited by optimisation of the parameters in Model
2 (to be consistent with our choice for Mrs)). This again results in values for Se, Si,
and
Da which can be compared with the "true" values. The results are gathered in Table 2.
Table 2 Results of exploitation of the synthetic data with Model 2
Flow Tate
Model 2
(mL/h)
Se
Si
J
D (n 2/S)
2
0.60
0
47
I0
0.60
0
37
50
0.49
0.22
37
4.71 0100
0.46
0.25
35
5.3 10'O
200
0.43
0.28
37
6.7 10'O
1000
0.4
0.27
49
1.1 10-9
At very low flow rate, s i and D, cannot be determined with any precision; the
breakthrough curve can in fact not be distinguished from a simple tanks in series model.
Comparison with Table shows remarkable agreement in trends: increase of internal porosity
and diffusion coefficient with flow rate, decrease of external porosity and also the nonmonotonic variation of J. Even the values are approximately right, The bad news is that the
diffusion coefficient does not tend to the right value when the flow rate is increased - actually
it may not tend to any value at all ("external" parameters Se and J however do).
These observations confirm that not taking into account the effect of size distribution
may be one reason why column parameters, and especially the diffusion coefficient, appear to
depend on flow rate. We agree that this is no formal proof and that the subject should be
investigated in more detail, the very first step being to measure the true size distribution and
use it in the model.
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LEAKPROOF C(WTROL, OF TECHNOLOGICA-1, IN STALLNTIONS
AND UNDERGROUND PIPELINES USING RADIACTIVE TRACERS
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03-195 Warsaw, Poland
ABSTRACT
The radioisotope method of leakproof control and leak localization has the following
advantages: simplicity, sort time of dration of te experu'neDt, low cost, shor time
need for adaptation of te object for the control, Nigh sensitivity of measurements.
OwiDg to te application of the isotope technique it is possible to carry Out the
expertise at low pressure, wich pen-nits to avoid strenght effort of te construction
Though te radioisotope method i Dt a strenght test it is complementary to pressure
test (hydrallic and pneumatic). It sould be noted tat the hydraulic test cannot be
applied to some technolo 91ical objects despite the need of their leakproof control.
The presentation deals with the pnciples of application of the radioactive tracermethyl bromide with Br-82, its preparation and ways of injecting the tracer and
carrying out radiornetric measurements in dependence on the kind of tile object
examined.
Tile radioisotope tracer method for leakproof control of technolo 'cal objects and
underground pipelines as well as the apparatus used for, this control have been
developed in the Istitute of Nclear Chemistry and Technology ad have been
routinely used
INTRODUCTION
The development of modern technologies in chemical and petrochemical
industries, the increase in working parameters of installations ad apparatus as
well as te
continously growing number of pplines for transportation of liquid
and gaseous media ave resulted in an increase in the potenial nriber of points
where harmful substances penetrate to the environment.
Naturally new constructions,
particularly sall tanks for petroleum
products, are provided already at the stage of designing wth protective and
signalling systerns' wich eliminate uncontrolled contamination. However most
running objects have no Such systems. Full protection systems are very rarely
used in large objects such as long-distance pipelines and storage tanks and are
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never found in petrochemical objects and installations. ven small leaks in
objects operating under high pressures and temperatures can cause serious
hazard. Small leaks in ppelines existing for a long time period can resulfin
'
'nat'on of the envi
signi icant contami I
ronment. Such leaks ae detected only after
the contamination has passed to ground waters or penetrated to the surface f
the ground
Therefore there is great demand for control methods that permit to detect and
locate leaks. Traditional methods such as hydraulic, pressure and bulb tests are
either not very effective (because of their limited sensitivity) or dangerous in
case of a break-down. The use of those methods must be preceded by costly and
time consuming preliminary works.
THE METKOR AND- TRE TRACER
The general principle of te radioisotope method consists in introducing
to te controlled object a radioisotope tracer7which after having mixed with the
control or working medium travels towards the leak, where it is adsorbed on
natural (soil, thermal insulation) or synthetic sorbents special materials applied
before the control .
Radiometric measurement of te adsorbent pen-nits to precisely locate the leak
or to exclude its presence.
Gaseous metbyl bromide labelled with Br-82 exhibits the best properties as
radioactive tracer for the leakproof control. This compound is prepared from
potasslurn bromide irradiated with then-nal neutrons in a nclear reactor. The
transformation of te solid potassium bromide to gaseous methyl bromide is
carried in a mobile chemical reactor called methyl bromide generator, specially
constructed for this purpose. Depending on the type of the generator amounts up
to 10 CI ( 370 Gl3q) can be andled and transported. The dispensing and
transportation of small amounts of te gaseous tracer is carried out in special
containers. For detecting and locating leaks by recording changes in the radiation
intensity typical radiometers with scintillation heads are -used. For control of
pipelines provided with cleaning cambers special follow-up detectors are used.
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LEAKPROOF CONTROL-OF TECHNOLOGICAL INSTALLATIONS
The leakproof control of technological installations; an. be divided Mito
three groups, depending n. the way in-witch t1w nidibisotope traoexof the-leak-is
adsoftd Te way of dispens the- tracery gaseous methyl bromide -ts,
-same in all. the groups., Th,- tracer is Ed ta the oect from te g-enerator- ft-is
recommended that4he, specific. activity. of the.medium be f -theopler-of I mCl
37 MBq-) per I cubic, meter Us. later to atimn -a sensitvwty of leak
detection -ofabout 30 ce -hour.
After-having been_labelld- the. controlled object or-a compleyof objectors
filled with cmpressed dry air-ornitrogen up to ffirtest pressure.
About 20 hours fter the -test ressure bas-beenieache_ radiometric
measurements are carried out.
T-h-e-radiumetric., meas
-of insulated -objects. = cm
aut-kom
outside . afterthe -control median.has beea-reinove-d -&om*e object_ For Ahis
purpose Tadiemetm. provided
6B
head:s are used-' The TTesenc -Of
a1eak is signall1ed by n i-crease-Mi the-number-of
coUffits--" e
leak site 7caused by Adsorption. ofthe radioae6ve tracer iraiayer ofthe.insulating
material. Sometimes the increased-background i's due to adsorption of the.tracer
an iner alls of the -appaatus. Therefore -il each -case uf registration: of
-increased background cunt rateit is -ecessary to find. the-Teason of it. T this
end the insulation layer shuald.be, remaved.and measuredin order to Actectmy
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radioactive contamination. If there is no radioactive contamination there is no
teak. It is essential to know the sorption properties of the insulating layers and
fillings used in the object examined before carrying out the leakproof control.
The leakproofCODtrol of welds non-Insulated objects must be preceded
by covenDg all potential leak sites with adsorbents The adsorbent should exhibit
high adherence with respect to the cstruction Tnatenial of the installation
(which is often corroded and soiled) and should strongly adsorb methyl bromide.
For this purpose cotton tape covered on one side with glue polyurethane oam
are, used, Using these materials aks of 30 m'/ h canbe detected.
Laboratory tests on foams covered with charcoal o two-layer foams with aive
charcoal were carried out. It follows from those tests that using
.1. andwich
type" absorbents it is possible to attain 34 times higher sensitivity and toreduce
the time of control twice. If it is not necessary to increase the ensitivity or to
reduce the time of the control the activity of methyl bromide -neciessary for the
control an beTeduced four times which is -ofimportance in case of objects of
large volume.
Further proceedure is identical as for the control of -nsulated ubjects. The
measurement of adsoTbents contamination can be earned ot directly on -the
object or after i eta oval of the adsorbents from the object. The.presence -ofa leak
is ndicated by creased count rate of the -adsorbent. The adsorbents sho-aid be
removed from the object in such a way as to be able to pecisely iokate-the-leak
(if -any).
The leakproof control f cased objects heat-exchangers, -coldboxes Is
based on the measurement of the -radiation intensity of -the -tracer which
penetrates from te labelled space to the controlled -space through -the -eak. The
measurement is carried ot a gas absorber wich has been attached to -the
examined space. In order to make the meditun flow through the gas absorber-the
pressureln the ontrolled space -should be higher than -the -atmospheric ressure.
In the above described way it is possible to detect the-presence -of lak
a
very high sensitivity of cm-'/b bt It i Dtpossible to locate it.
The control of technolo 91ical objects is carried out after their shut dUWD
and removal of the working inedia however it is not -necessary o remove fillings
( e.g. catalysts.), demount insulation construct scaffolds
CONTR-OL OF P.PFJ-JNFS WITH. CLEANING CHAMBERS
In this method gaseous methyl bromide or potassim bromide ' case of
water) labelled with bromine-82 is introduced to the-mechum flowigmi-the
pipeline directly fro-in the generator or from special containers with-the aid -of
compressed a or nitrogen. The leak (if present) is detected by-ineans of a
special gamma-Tay detector
256

rg

W"-laced in a pressure casing rnoving together with the medium. The detector is
introduced to the ppeline at a peset thne after te radioactive tracer as passed.
It contino-usly records the natural background in te DiDeline as well as peaks of
Br-82 in the leak if present). The activity of Br-82 in te leak necessary for
distinct registration arnounts to -10tCi 37-370 KBq). Te obtained record
called ,general localization of the leak" provides information as to te ocation -of
the leak with an accuracy of several to several tens meters depending o te
distribution frequency of dstance markers (Co-60 sources placed on te outcr
walls of te pipeline. Accurate location of the Jeak is obtained by carrying out
radiometric measurements of the ground below or te space above the ppeline n
the zone selected on the basis of the ,general localization". The mimum
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detectable leak is 500 CM3 / h. Uing flow p detectors it is possible to control
pipelines wth diameters of 200 to 600 ml.
The control of pipelines with cleaning charnbers is carried out during their
norinal exploitation.
A complete set of apparatus for leakproof control as been supplied by te
Institute of Nuclear Chemistry and Technology to Iran in te framework of a
contract with the International Atomic Energy Agency. A tearn of workers of te
Nuclear Research Institute of ehran, trained in Poland, has been carring out the
control of local pipelines since 1995.
CONTROL OF PIPLINES WITHOUT CLEANING CHAMBERS
The control of pipelines to which a follow-tip detector cannot be introduced is
based on the detection of garnma radiation emited by the tracer tat penetrates
through the leak in te pipleine and migrates towards the surface of the ground
The detector is moved 'ust above the grourid Srface along the whole
length of the pipeline. For tis purpose the examined section of tile pipline must
be shut down in order to make it possible to follow and control te movement of
the tracer. The sensitivity of leak detection does notexceed I M3 / h. The way
of examination depends on the expected size of the expected leak as well as the
length and the diameter of te pipeline These factors affect the rate of movement
of the tracer aong its way from the site of labelling to the leak. The leakproof
control of new pipelines can be carried out before, during or after strength
tests.
Individual variants of the method differ in respect to the way of pumping the
control medium and the radioactive tracer into the examined object.
- Method of labelling the whole volume of the pipelmie
The method is sed for examination of short pipelines with expected small
leaks. Te mediurn and the tracer is pumped into the ppeline at one or more
points in sch a way as to homogenously distribute the tcer in te whole
volume of te medium. To achieve good delectability it is recommended to apply
high test pressure. After reaching a preset pressure the pumping is interrupted.
The detection is carried out only after several hours in order t allow the labelled
mediurn to penetrate to tipper layers of te round even through very small leaks.
The detection of the radiation in the zone of the leak is carried out by recording
the gami-na radiation emited by the tracer. The method as the advantage of
making possible te detection of all leaks at te -same time without following the
movement of te tracer in the pipeline i.e. digging up te pipeline ding the
control
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-The method of sigle pulse dispensing of the tracer
The method is used for control of short p enes with expected large
leaks. The examined ppeline is filled with gas tip to a preset pressure. Then the
radioactive tracer is introduced as single pulse at a point located in the-middle
section of the pipeline. The tracer moves together with the with the gas to the
leak where it penetrates to the ground and migrates towards its surface, wer it
is detected. By dispensing te tracer into the middle section of the pipeline
length te tme of location of the leak can be reduced. Radiometers placed on
both -sides of the labelling site permit to define the direction of the tracer
movement wich eliminates te necessity of control of the other tight) part of
tile pipeline.
-The method of pulsed dispensing of the tracer at several points of the p eine.
The ethod is used for control of long sections pipings. The pnciple of
the method is the sarne as described above. The localization of the leak is carried
out by following the movement of the tracer by means of radiometers mounted on
both sides of injection point. The tracer is added in very small portion exept the
last oe, added nearly te localized leak, which must be sufficiently high to be
recorded the leak,
- The inethod0f Pulse injection of the tracer with simultaneous pmping in the
gas.
The method is sed for control of pipelines of any length with expected
large leaks. Bearing in mnd that single
.tTg of the gas may be insufficient
for the tracer to reach the leaks
the
mping of te gas is carried nit
contiDOUSlyunder constant pressure. Contious pmping is also advantageous -for
location of small leaks because it accelerates the detection process. In order to
quickly locate the leak it is ecessary to mantain a constant inflow of the gas to
compensate its ont flow through the leaks.
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THE INTRODUCTION OF THE EURO:
DID THE TRACER COMMUNITY MISS SOMETHING?
Philippe Berne,
CEA -DR T - LITEN-SA T - CEAlGrenoble, France
Abstract: Euro coins have different head sides according to their country of origin. It is
therefore possible to monitor their movements all over Europe. The paper presents a few
experimental observations and ponders whether something can be learnt from this unusual
9cmulti-tracer experiment" at the scale of a continent.
1. INTRODUCTION
On the first of January 2002, twelve major European countries gave up their national
currencies and replaced them with the Euro. This fact has received much attention from the
political, economic or social point of view, but one additional aspect has perhaps been
overlooked: it may simply have been the beginning of one the largest tracer experiments in
history! All the new Euro coins have the same "tail" side, but the "head" side differs from
country to country. On January
2002, only "national" coins were present in each country
and the coins started to mix gradually as Europeans would travel, exchange or trade ... The
introduction of the Euro is, in some sense, a multi-tracer experiment, involving twelve to
fifteen species (if the coins from the Vatican, Monaco and San Marino are included - very
rare species those ones, and fodder for the collector more than the tracerman); or even eight
times that amount 96 to 120!) if denominations are taken into account.
Despite those impressive figures, it did not seem that the tracer community took much
interest in the fact. Thrilled by this "once-in-a-lifetime" opportunity and worried that it might
be lost, we started to look up the literature to see if someone shared our interest. The results
are given in the first section of this paper, which gathers observations from various groups in
France, Germany and the Netherlands; it also presents our own (small) dataset. At the
beginning of this quest, we had very sanguine expectations of building our own model to
account for the mixing of Euro coins. As might have been expected, our efforts have fallen
very short of the initial aim ... We however have come to consider that this "Euro mixing
experiment" involves both familiar questions and very unique features, which make it a quite
fascinating object of investigation. The second section is.devoted to expounding those points.
Lastly, we believe that the Tracer 3 Conference in Poland is an appropriate forum to
encourage the tracer groups in the new EU-countries not to miss the opportunity when their
turn comes to adopt the Euro currency.
2. EXISTING DATA
2.1. INED (France) and the ESDO project
The French Institute for demographic studies (INED) launched a countrywide survey in
March, June and September 2002 (Grasland et al., [I]). A panel of one to two thousand people
were interviewed each time. The method was to measure i) the percentage of foreign coins in
each wallet and ii) the percentage of wallets containing one or more foreign coins. Total
number of coins ranged from 104 to 2 104. INED was chiefly interested in correlating the
diffusion of coins with economic or social factors but their observations fit into our objective
as well; their data is summarized on Fig. .
Half the wallets contained at least one non-French coin in September 2002. The overall
percentage of foreign coins was about 9
by this time. Results showed a clear relationship
between coin value and mobility (the I or 2 coins move much faster than the or 2 cents;
there seems to be a net influx of I or 2
coins towards France); expectedly, percentages
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varied widely according to country f origin (Spanish coins being by far the most common,
Belgian and German coins coming next). Analysis of "isoconcentration" maps showed the
influence of borders, tourism, sociocultural factors ...
The popular science magazine."Science et Vie" gave an account of this study in his
January 2003 delivery (Cross 2
Te paper included an interesting interview of an
epidemiologist, who drew a parallel between the diffusion of coins and the dissemination of
viruses. We do not think that this field of study is familiar to the tracer community; useful
new approaches, models or tools might perhaps be gained if some attention were paid to it.
This work was also part of an overall Euro Spatial Diffusion Observatory (ESDO)
programme. The title sounds promising indeed. Unfortunately, no literature seems to be
available so far (ESDO does have a web site, 3], but it is not operational yet).
2.2. The Freiberg University projects (Germany)
The Institute of Stochastics of the University of Freiberg has two projects on the mixing
of Euro coins: Euromobil, the object of which is to study the first contact of Germans with
foreign coins; Eurodiff, which monitors the mixing process of the I coins over a longer
period. Both projects are based on voluntary reports from individual people. The data are
available on a web page 4].
The Freiberg University got 8500 reports of first contacts with foreign coins. The most
common "first foreign coins" were from Austria (a consequence of winter-skiing, according
to the author of the web page). As in the INED project, the results show large variations in the
mobility of coins depending on their value. They do not show the propagation of a front from
the borders towards the interior of the country like the INED study did.
The Eurodiff project requests private people to report the contents of their wallet in I
coins. The Eurodiff web page gives a monthly aggregation of these data. These are again
illustrated by Fig. 1. Sample size varies from 103 to 5103, which might correspond to a few
hundred reports per month. The author of the web page made what he called the "audacious
prediction" that the proportion of foreign I coins in Germany would range between 10 and
35
at the end of 2002. This proved audacious indeed, since the actual figure was no more
than
... The discrepancy was attributed to the activity of coin collectors (as the web page
says: "an easy excuse for a statistician"). Whatever the cause, the fact remains that the
dissemination of Euro coins is unexpectedly slow.
2.3. Eurodiffusie (the Netherlands)
The Eurodiffusie project is an initiative from the magazine Natuur & Techniek and the
Study Group Mathematics with Industry. It also relies on individual participants emptying
their wallets and reporting the number and type of coins that they find. Prime interest is in the
situation in Belgium and the Netherlands. Monthly results are presented on the projects web
site ([5], 6], the second address bein te most informative though mostly written in Dutch).
Samples from Belgium include 5.1 03gto 104 coins per month, Dutch samples are about twice
as large. Te results are given on Fig. 1. The web site allows to download files with the
complete breakdown according to date, country of origin ad value.
The Eurodiffusie site also contains a lot of material on theoretical and computational
aspects of the dissemination of Euro coins. A large part of it is Dutch, which makes it hardly
accessible - at least to us. We must however mention a fine paper in English by van Blokland
et a]. 7]. This paper first gives basic facts and numbers about the introduction of the Euro It
then discusses the foundations for two models and their comparison/adjustment against
experimental data. The first type of model uses a Markov chain to describe the month-bymonth percentage of foreign I
coins on a countrywide basis. The second model is a
continuous one (meaning continuous in time and space) and consists in a set of balance
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equations for the "density" of I coins according to origin. It takes into account: source terms
(gradual injection of coins by national central banks), sinks (loss of coins, collectors),
diffusion with a Fick-like law and a tenn for non-local transport (for instance the transit of
people between large European airports). Careful analysis of the different terms leaves only
two parameters, a scaling factor for the diffusion coefficient and a parameter related to the
average number of coins travellers carry with them. Numerical aspects are briefly approached.
The paper ends with another audacious prediction that "in roughly a year half [Dutch] wallets
will be filled with foreign coins!". Since the date of the paper is April 2002 a glance at Fig. I
shows that the rate of mixing of Euro coins was again overestimated.
The Eurodiffusie web site also comments briefly on an International workshop on Euro
diffusion held in Cercedilla (Spain) in April 2003 A web page is available [8] but it does not
seem to have been updated since the announcement of the workshop. Lastly, Eurodiffusic
offers a link to the Eurobill tracker website, whose interest lies in the movement of Euro
banknotes (their serial number also allows to determine their country of origin).
2.4. Present work
We started collecting our own data in November 2002. Since we desired to rely on our
own strength only, we adopted the same strategy as delineated in [81: we recorded each coin
that came into our hands, along with its value, its origin and the date. This resulted in datasets
of rather small size (say 20 to 60 coins per month), but with an excellent representation of
exchange fluxes. Conversely, it would have been possible for us to scan the content of our
wallet each day. In that case larger numbers would have been obtained, but the odds were that
the same coins might have been counted several times. Results are given in Fig. I along with
those from other groups.
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Fig. 1. Percentage of national coins in various countries.
An attempt was made at estimating 95
confidence intervals, the half width of which
was computed using equation (1) recommended by the Eurodiffusie group 6]:
i 1.96 P(100 - P)
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where p is the estimated percentage of foreign coins and N the size of the sample (apart from
our own, the confidence interval is indicated on the Belgian data from Eurodiffusie; it would
be approximately the same or smaller for the other datasets). The proportions of foreign coins
are roughly the same in Belgium and the Netherlands, although with seasonal differences (see
the summer dip and subsequent recovery in Belgian data). They are not significantly different
in Gen-nany and France. We were puzzled to see the amazing correlation between the Freiberg
University data and our own, but this does not seem statistically meaningful. Our data fairly
matches INED's with perhaps a hint of overestimation.
Concerning the origin of the coins, out of a total of 570 coins
originated from Spain
(4
if 50 cents coins are excluded - 08 Spanish coins were bought by France at the
beginning of 2002, [1]) 3
from Italy, 25
from Germany and 16
from Belgium.
Compared with other data ([I], 6
the proportion of Italian currency seems a bit high but
our home city, Grenoble, is indeed close to the border with Italy. In fact, we expected to find a
clearer precedence (our own first foreign coin was an Italian one, in February 2002).
Lastly, the rather slow diffusion of Euro coins is confirmed whatever the sampling
strategy or the nature - local or countrywide - of the data.
3. FAMILIAR QUESTIONS ORIGINAL FEATURES
So where do we stand now? Our original plan was to derive some model and adjust it
against eperimental observations, following the same programme as van Blokland et al. 7].
We finally had to give up the idea but we believe our reflection was not entirely fruitless. The
Euro mixing process offers both new angles on classical problems and in some respect quite
unique features.
o The size of the population
According to 7 64.9 109 coins were minted for use in the whole of Euroland. The
figure may seem large in the absolute, but expressed differently it is no more than 10-13 moles
(of coins). It is often said that radiotracer experiments involve extraordinarily low quantities
of isotopes: even though, a I mCi injection of a short-lived tracer like 4'Ar requires more than
100 times that amount (in atoms). Compared with the ordinary conditions of a mass transfer
experiment, we are dealing with an exceptionally small population. This fact is
counterbalanced by the almost perfect sensitivity of detection: one can detect one single coin
of a given origin (should one pay a little attention).
A consequence is that it is possible to record the first appearance of a given species,
like [1] and 41 did. The tracerman usually takes little notice of that kind of events, for good
reasons: because he cannot detect them or because he is more interested in average
behaviours. An unhappy consequence is that he is once in a while confronted with a strange
data point that he does not know how to handle and is tempted to discard as an outlier As
already mentioned, answers might be expected from the literature in other fields like
epidemiology.
o Trying to define the observable variable; trying to describe the processes
The basic variable that can be defined rigorously is the number of coins from country i
and with value j that are present at position x and time t, say mjxj). mj is a distribution, as
opposed to a function, in that sense that it takes non-zero values at discrete points only (where
the author's wallet is for instance). Distributions being unpleasant to handle or to map, it
would be better to transforrn mij into a continuous function. One standard technique consists
in averaging the distribution over some well chosen domain
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:

Cjj(xt)= _'fmjj(Xt)dZ
Z

(2)

This domain should be large enough to filter out the small scale fluctuations and small
enough to preserve the large scale features: once more the problem of the Representative
Elementary Volume (REV - more likely a surface in our case) familiar in the field of porous
media for instance. c is now a continuous function that allows to calculate any desired
quantity like the total density of coins Z c j , number fractions c j / I c j or I C I Cj ...
ij
ij
i
i1i
The new variable may however not be quite effective: according to 7], only some 15
of
coins actually circulate at a given time, the rest being so to speak "trapped" in cash-boxes in
shops and banks. Hence the necessity to distinguish several populations with different
behaviours, interconnected by a cascade of exchanges:
Individual person <* Shop <* Local bank * Central bank
As a first approximation, it can be assumed that only the first term in that cascade is
truly mobile; here we come up with a classical concept from pollutant migration in porous
media, the mobile/immobile model 9]. According to that model, the coin population should
be split into two parts with different distributions and a law determined for the exchange rate
between the two parts. This type of modelling is quite consistent with the secondary peaks
observed on some of the data on Fig. 2.
We have identified the mobile part as those coins that are in people's wallets. These
coins move along with their "carrier" and, from time to time, swap to another one. We have
here a random process of dissemination that is strikingly similar to a random walk. Hence the
temptation to represent the fluxes by a Fickian law as van Blokland et al. did in their model
[7]. We should however suggest a variation of that model: Fickian diffusion basically assumes
that all the steps in the random walk have similar sizes; in other words, that Europeans all
move te same distance in a given period of time. This may have been true in the days of carts
and horses, but not so now when an individual can walk/drive/fly (to say nothing of trains)
and cover a wide range of distances in a given time. Instead of the classical random walk, we
are tempted to recommend the so-called "Levy's flight" that accounts for rare (but not
exceptional) large scale movements. The difference is illustrated on Fig. 2 How this new
concept can be translated into a continuous model is however not clear to us. How to account
for large scale overall movements (people will flock to the beaches in summer and go back
home at the end the holidays) in a basically diffusional model is yet another problem.
_j
Z_'

Fig. 2 Random walk (left) versus Levy's flight (right) (from [IO]).
Another point that should be considered is the influence of coin collectors. According to
[4], they may be responsible for the low rate of mixing of Euro coins! The notion is perhaps
not so fantastic as it looks (assuming one European out of ten collects coins and wants one of
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each type - denomination and origin - we end up with a hoard of 3109 coins out of a total of
about 65.109 ... enough to create a significant retardation factor). At any rate, the
phenomenon can be described using the standard notions of the tracerman as irreversible
non-linear fixation (irreversible because the collector is unlikely to release his treasure; nonlinear because the more common the coins - in other words the higher their concentration the less attractive they are).
o The problem of taking samples
In our short review we have found two ways of collecting the data: counting the foreign
coins in one's wallet I], 4], 6]) or in the flux that comes into one's hand for some period of
time. In tracerman's word, the first method is a "mixing cup" measurement, which is
normally very reliable [II] - except that in the case of wallets the intensity of the mixing is
not known! With that method, an exceptionally stingy person will report the same numbers
over and over again! Only with the second method do we get the true "flux proportional"
measurement that is so often invoked as a prerequisite for true residence time distribution
measurements but so difficult to achieve. A nice alternative to the wallets of individual
persons would be the cash-box of the shop round the corner. We are sorry to say that we
personally did not have the nerve to ask the baker next door.
4 CONCLUDING REMARK
By May 2004, ten new countries will have become members of the European Union,
among which Poland, the host for the Tracer 3 Conference. These countries are expected to
join the Euro currency system at some time, which may offer a second chance for a multitracer experiment at the scale of the Continent ... We express the hope that the tracer groups
will not miss that opportunity to practice and improve their skills at the collection and
modelling of complex data.
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Abstract: Thin Layer Activation (TLA) technique was used to investigate piston ring1wear
of a six cylinders vehicle engine at various engine speeds and load conditions. The activated
ring was installed in cylinder
of the engine at middle position on the piston (compression
ring). Monitoring was carried out on-line externally on the engine block) using 'Thin Layer
Difference Method'. The calibration curve of the activity profile was prepared with the help
of activation parameters determined at the time of ring activation in particle accelerator. The
results show that the piston ring wear varies from 0309 micron/hour to 0404 micron/hour at
given engine speed and load conditions.
1.

INTRODUCTION

Wear and Erosion are processes that remove material from surfaces of engineering
components and plant materials. ventually, these can cause maintenance problems, life
reduction of plant comp onents, and financial loss of plant capital. These processes
significantly affect the efficiency.and reliability of machine parts and industrial equipment. A
reliable and on-line measure of wear and erosion can result in substantial savings in time and
money during te development of machine components and lubricants. Moreover, on-line
monitoring may be used to minimize costly downtime and unscheduled interruptions during a
component's lifetime. Various nuclear methods have been reported for wear measurement in
automotive industry and tribology [1 2. By providing real-time information on the status of
critical components, the Thin Layer Activation (TLA) technique provides a considerable
insight, which can help to optimize maintenance programs and get a better knowledge of the
useful life of a component.
TLA technique is an application of charged particle activation in which a beam of
charged particles is directed into the surface of a target material. As the particles penetrate
into the surface, they slow down due to collisions, principally with the electrons of te target
atoms. While the energy of the particles remain above the cross-section threshold, some of
them undergo nuclear reactions with target nuclei. If the product nuclei of these reactions are
radioactive, then the target surface is labeled with a depth profile of radioactivity. About I in
I 0 of the target nuclei can be expected to change, and the metallurgical properties of the
surface are left unchanged 3].
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If the activated surface is exposed to some process that attacks it, then it is possible to
monitor the surface metal loss by simply measuring the proportion of radioactivity left 4, 5].
Unlike other techniques, the strength of TLA is that it has a direct correspondence with
surface loss, be it by wear, erosion or corrosion. Alternatively, if a filter collects the removed
metal, the buildup of radioactivity at this collection point can also be used to monitor surface
loss. In either case, it is imperative that the removed surface is transported away from the
activated area. TLA technology reduces significantly the number and duration of tests and
thereby saves considerable amount of time and money on recurrent studies and inspection
procedures. Therefore, it is an economical and extremely efficient way of monitoring.wear
and corrosion in any industrial application, provided that te wear particles are removed from
the labeled zone.
2.

METHODOLOGY

The Methodology of the technique consists of labeling of component with
radioisotope (activation), calibration, installation of piston ring in the vehicle engine and
monitoring of wear. The piston ring was activated by rotating the ring, in air, before a
collimated beam of 12 MeV protons. This provided a uniform band of radioactivity that was
restricted to the outer ring surface. The depth of activation was controlled with the energy of
incident proton beam. The ion beam intensity and the activation duration precisely control
the quantity (the activity level) of isotopes created 6]. The following nuclear reaction was
used to label, the piston ring with radioactive material.
1PI

56 Fe26

10

16CO27

'no

- 5351 MeV

The product nucleus 56 Co einitsy-rap
of energy 847 keV and it decays with a half5 ,
life of 78.8 days. The gamma energy of Co is sufficient enough. to penetrate out of the
engine block that enables external monitoring during the operation of the engine. The
necessary constants required for the calibration and subsequent computation of wear depth,
were also determined during ring activation.
Piston ring was installed in vehicle engine which, in turn, was fixed on a test bench.
Residual method, also known as Thin Layer Difference Method, (Fig. 1) was used to monitor
the wear of piston ring 4]. The engine was operated for the following stable engine operating
parameters as given in Table :

Collimated Detector
Dat
Acq uisition
Sjstem
enetrating Gamma Rays
Activated Piston Ring

-Body of Engine Bloc

EFig. 1. Schematic of wear monitoring set-up using thin layer difference method
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Table 1. Parameters for engine operation during piston ring wear test
xperiment
0.
EXP#I

RPM

Load

-350

No Load

EXP 2

-650

No Load

Operation
Time
13 minutes
130 minutes

REMARKS
Motoring*
Idling (with fuel ignition)

Engine Oil Changed
EXP 2

1000

12 N.rn

38 minutes

Engine warm up

EXP#2

2000

104 N.m.

I 00 minutes

Stable engine operation

EXP#3

2500

100 N.m

2 10 minutes

Stable engine operation

EXP 4

2500

11 50 N.rn

1130 minutes

IStable engine operation

The engine was run externally with electric motor

3.

RESULTS

3.1.

Data Analysis

The original data was collected at 10 seconds counting interval. However, to reduce
the statistical error, the data was integrated to counting interval of two minutes. The data of
each measurement was processed and corrected to take into account the background radiation
and natural radioactive decay of radioisotope 56CO.
3.2.

% Activity Lost

The corrected data (Counts/2 minutes) was plotted against engine operation time (Fig.
4). The egression line of the data gives an equation tat governs the rate of activity lost. The
Y-intercept of this line gives mean initial value of the activity for respective engine
operation. This initial value of activity (Y-intercept) is used to calculate the % activity lost at
each counting interval of time as follows:
% Activity Lost = (Initial Activity - Activity measured at time 't' x 100 ------ (1)
(Initial Activity)
3.3.

Calibration

Various calibration techniques have been described in literature 7, 8]. The calibration
curve (Fig. 2 of the activated piston ring gives the relationship between Micron Lost (Wear)
and
Activity Left. This calibration curve was calculated following experiments using
stacks of iron foils to measure reaction yields. This
erned by the following
empirical equation:
% Activity Left = 100(l + dot + d

+ 7d)))

----------------------------

(2)

Where 'd' is depth of surface removed. a,
&
are constants and are determined
from the activation parameters while the piston ring is activated by proton beam in the
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particle accelerator 6 The values of a,
and
are -1.3053xlO-2, 3.4334xl 0-5 and
6.2698xlO-8 respectively. The
Activity Lost is plotted against Micron Lost to obtain the
final calibration curve. This calibration curve is shown in Fig. 3.
Calibration Curve
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The regression line equation of calibration curve is given below:
Y = 0003055 X2 + 0.7274 X

[R = 099991

-----------------

(3)

Where 'Y' is Micron Lost and X' is the % Activity Lost'. The value -of R2 shows a
very good fit of regression line. The % Activity Lost' is calculated for each interval of
activity measurement. Substituting the values of
Activity Lost' in equation 3), one can
calculate the wear in 'Micron Lost' for each measuring interval. When this data is plotted
against engine operation time, we have a relationship between wear and operation time.
(Fig. 5 6
7 The regression line of this plot (Micron Lost - versus- Operation Time in
minutes) gives us the 'Wear Rate' in microns per minute.
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SUMMARY
The summary of the results is given in the following table:

Table 2 Wear rates of visto ring at vario operating
Sr.
Engine Engine
Operation
Wear Rate
No.
Speed
Load
Time
(Micron/Hour)
(RPM)
N.m)
(Minutes)
I

2000

104

100

0.404

2.

2500

100

210

0356

3.

2500

150

150

0.309

I

I

ers
Remarks

Water Temp.(max): 70
Oil Temp. (max): II 0
Oil Pressure (min): 24
Water Temp. (max): 65
Oil Temp. (max): 17
Oil Pressure (min): 20
Water Temp. (max): 75
Oil Temp. (max): 125
Oil Pressure (min): 15

'C
T
psi
T
T
psi
T
'C
psi

CONCLUSIONS
The present study has demonstrated that TLA Technique can be used effectively to
monitor wear of engine parts uder different operational conditions. The monitoring can be
carried out on-line by portable radiation measuring system without hindering the operation
of the engine. It is a very efficient and sensitive method to study the wear in the range of
surface loss from less than a micron to more than 200 microns if wear rates are high.
Although this study was confined to wear of piston ring, te technique can be extended to
other engine parts like cylinder liner, bearings, gears cams, tappets, valve guides, valve
seats and fuel injectors, etc. It can also be used for evaluation of lubricants and in many
other engineering applications and industries where wear, erosion and corrosion processes
are significant.
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Abstract. Knowledge of residence time distribution TD), mean residence time (MRT) and
degree of backmixing of solid phase is important for efficient operation of a coal gasifier.
Radiotracer technique was used to measure TD of coal/ash particles in a pilot-scale gasifier
and obtain the values of MRT and backmixing. Lanthanum-140 labeled coal (100 gm) was
used as a tracer. The tracer Was instantaneously injected into the coal feed line and monitored
at ash and gas outlets of the gasifier using collimated scintillation detectors. The measured
RTD data were treated and mean residence times of coal/ash particles were determined. The
treated data were simulated using tank-in-series model. The simulation of RTD data indicated
good degree of mixing with minor bypassing/short-circuiting of coal particles. The results of
the investigation were found useful for scale-up of the gasification process.
1. INTRODUCTION
The Research and Development Division of
s Bharat Heavy Electricals Limited,
Hyderabad, India has designed, fabricated and commissioned a pilot-scale of Advanced
Pressurized Fluidized-Bed Gasifier (APFBG) plant to study the feasibility of coal
gasification/combustion process for power generation, This is a new technology for power
generation and is in its development stage. The gasifier involves flow of two different phases
i.e. solid (coal) and gas (air/steam) and the knowledge of mean residence time (NIRT),
residence time distribution (RTD) of these phases is important to assess the performance and
scale-up of the process. The gasifiers is designed to behave as a well-mixed flow system for
coal flow and plug flow systems for gas flow and any deviation from these flow condition
will deteriorate the performance and efficiency of the gasifier. Thus, it is desired to measure
the RTD of individual phases to determine the MRT, investigate the flow behavior and
eventually assess the performance of the gasifier.
Radioisotope tracers are very effective tools to measure residence time distribution
(RTD) of process material in pilot-scale as well as the fidl. scale industrial systems because of
their high detection sensitivity, 'in-situ" detection, physicochemical compatibility,
availability of wide range of suitable tracers, limited memory effect and utility in harsh
industrial environment 1,2]. Lin 3 and Hartmann 4] have reported use of magnesium-56
labeled artificial radiotracer and lauthanum-140 labeled coal for investigation of dynamics of
coal particles in industrial scale boilers. However, the application of radiotracer technique to
gasifiers has not been found in literature. This paper describes a radiotracer investigation
carried out in a pilot-scale APFBG. The main objectives of the study were (i) to examine the
suitability of lanthanum-140 radioisotope adsorbed n coal to be used as a tracer at high
temperatures (900 1000 C) (ii) to measure the residence time distribution (RTD) and mean
residence time (NIRT) of coal/ash in the gasifierandJiii) analyze the measured RTD data
using suitable mathematical models, estimate the degree of mixing and investigate the flow
behavior of coal at different operating and process conditions.
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2. EXPERIMENTAL
2.1. Description of the APFBG System
The schematic diagram of the pilot-scale APFB G plant is shown in Fig. 1. The plant
consists of various subsystems such as gasifier, coal feeding system, combustor, air
compressor, steam supply system, gravity recycle system, gas cleaning and cooling system
and ash extraction system. The gasifer designed for gasiB g 50 kg/h of sub bituminous coal
has an internal diameter of 200 mm and consists of air plenum, distributor assembly and
freeboard. he air-plenum acts as a header for the fluidizing media 1e. air/steam and also
distribute the same uniformly into the gasifier by means of a conical distributor attached to it.
The freeboard is slightly conical with 200 mm diameter at the bottom and 250 mm diameter
at the top. Gasifier and free board are provided with a number of temperature, pressure and
view port tappings.
D3

A D4

Gas to cleaning and cooling
system

Cyc one
Coal feed
Fines to
Freeboard

combustor
Tracer Injection

lol.

Gasifier and
Combustor
Air/Steam in

D2

Distn'
a
Air plenum

Valv

DAS

D1 D2 D3 D4

h extraction hopper

o ash collection tray

Fig. 1: Schematic diagram of APFBG facility and experimental set-up
The coal is continuously fed into the gasifer using a coal feeding system consisting of
a hopper of storing capacity of about 120 kg of sub bituminous coal and rotary valves. Rotary
valve meters the coal to be transported pneumatically into the pressurized gasifier. The
rnt
coal i.e. ash is extracted from the bottom of the gasifier. The extracted ash contains about 10% of unbumt coal. In order to bum the unburnt coal in the ash, a combustion system is
provided in the gasifier, which consists of an air-plenum, distributor assembly and combustor
of internal diameter 100 mm The combustor assembly is directly coupled with the air
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plenum of the gasifier. The gasifier and combustor are designed to operate at 3 atmospheric
pressure and IOOOT temperature. Tappings for the measurement of temperature, pressure
and for viewing are provided in gasifier and combustor assembly.
An air compressor supplies the fluidizing air required for the process. A part of the
air from the compressor is sent to an air drying system which supplies air to various
instruments in the plant. The steam required for the process is supplied by a steam generating
system and is fed to the system either through fluidizing air fine or into the gasifier bed.
A lot of fine ash is produced during the process, which travel upward through the free
board along with the gaseous mixture and are separated by a gravity cyclone at:the gas outlet.
The separated particles are recycled back to either the gasifier or the combustor, Whilethe gas
is sent to the gas cleaning and cooling sstem
Initially the gasifier is filled with a known quantity of coal particles (50
icrons-4
mm). Subsequently, coal and fluidizing air/steam are fed to the gasifier through the respective
feeding systems. During the fluidization process, the gasification and combustion of coal
occurs and various gases such as carbon dioxide, carbon monoxide, hydrogen, methane etc.
are produced. During the combustion process, the temperature of the fluidized bed ranges
from 900 1000 'C. he mixture of gases flows upward in the freeboard section of the gasifier
passes through the cyclone system, where the fine coal particles are separated. The separated
fines are fed back to te gasifier while the gaseous mixer is fed to the gas cleaning system.
The cleaned gaseous mixture of is used as a fuel gas for power generation and various other
applications. Ash generated in the process is extracted from the bottom of the gasifier at
regular intervals.
2.2. Radiotracer Technique
Radiotracer technique was employed to measure the residence time distribution
(RTD) of the coal in the gasifier. Four RTD runs were carried out at different process and
operating conditions as shown in Table 1. hree runs were carried out at ambient pressure
and temperature, whereas the fourth run was carried out at 2 atm. pressure and at a
temperature of 900-1000 C 100 gm. of coal particles labeled with lanthanum-140
radioisotope gamma energies: 1 16 95%) 092 (10%), 0.81 (27%) 254 4%), half-life: 40
hours) was used as a tracer and was prepared by soaking coal particles in a solution of La2CI3.
The soaked coal particles were dried before injecting into the system The lanthanum-140
labeled coal was instantaneously injected into the coal feed line using a specially fabricated
injection arrangement and about 37 MBq (ImCi) Activity was used in each run. The
movement of the tracer in the gasifier was monitored using four different collimated
scintillation detectors (Dl, D2, D3, D4) mounted at three different locations.as shown in the
Fig. 1. The detectors were connected to a common computer controlled a a 'acquisition
system (CCDAS) set to record tracer concentration data at an interval of every ohe-minute.
The tracer concentration versus time data acquired was saved in the computer for further
analysis.
Table I.Operating and process conditions during radiotracer experiments
Run
Qfd
QEA.
HBd
WBM
Qr.W.i,
QSt.
Temp.
0C)
No.
(kg/h)
(kg/h)
(kg)
Kg/h
(kg/h)
1
15.2
13.3
0.17
6.3
115
0
Ambient
2
7.6
7.2
0.2
7.6
115
10.2 1 8.7
0.276
115
23.3 1 7-2
0-^
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3. DATA ANALYSIS AND RESULTS
The measured tracer concentration versus tme data were treated and analyzed using
RTD analysis software provided by International Atomic Energy Agency Vienna, Austria [5]
and the normalized RTD curves are shown in Fig. 2 From the normalized RTD curves,
MRTs of coal/ash particles were determined for four different runs and are given in Table 2.
In order to quantify the degree of mixing and investigate the flow behavior of the gasifier,
initially simple tanks-in-series model was selected to simulate the experimentally obtained
RTD, data 6 However, it was observed that the model did not fit the experimentally
measured data and subsequently, it was contemplated to use an extension of the tanks-inseries model i.e. gamma distribution model. he solution of tracer balance equation for tanksin-series model to an ipulse injection of tracer is given as:
N N tN-1e Nt /-CM
E(t =
(1)
(N_1)!,rN.
M

where, E(t), r. and t are normalized residence time distribution fitnction, mean residence time
and time variable respectively. Te value of N is I for well-mixed system or continuously
stirred tank reactor and tends to oo for a plug flow system The model can provide reasonably
good representation of a wide ange. of mixing phenomena. The model parameter, N is
restricted to positive, integral values and there is no problem in representing distributions
with modest degree of mixing, because N is then large, and sall adjustments may be
achieved by changing N. When it comes to using the tanks-in-series model for small values
of N, the fact that N takes integral values is a serious handicap. In order to overcome this
problem, the tanks-in-series model is modified where the adjustable index of mixing, N need
not be an integral. he modified tanks-in-series model and is known as Gamma fimction
model and is given as 7]. Thus:
NNtN-1e-Nt/-rM

E(t =

N

(2)

where, r(N) is called gamma fimction and is defined as:
r(N) = `e_'xN-1dx
1

(3)
0
The gamma fimetion can be thought of as a generalized factorial fimction because
F-N= N- 1)! when N is a positive integer. Ile main use of the gamma fimetion model is to fit
small deviations from the exponential distribution of a single stirred tank (N=I). If the model
gives N<I, this corresponds to bypassing or short-circuiting of some of the process fluid but
lacks a physical interpretation, except when it is an integer.
The tracer concentration monitored at detector position DI was a very sharp pulse
with negligible width and thus was considered as a Dirac's delta fiinction for analysis. The
measured RTD data were simulated using the above discussed gamm distribution model.
Least square curve-fitting method using well known Marquardt-Levenberg algorithm was
used to fit the two curves and obtain the optimum model parameters [8]. The quality of the fit
is judged by choosing the model parameters to minimize the sum of the squares of the
differences between the experimental and model simulated or predicted curves. le values of
the model parameters corresponding to the n3inimum value of root mean square
MS) value
are chosen as the optimum values and are given in Table 2 The comparison of experimental
and model simulated RTDs for three different runs are shown in Fig.3, Fig. 4 and Fig. .
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Table 2 Results of model simulation of residence time distribution data
Run
No.

QC..1
(kg/h)

(min.)

i
(min.)

Model parameters

1

15.2

30.0

31.7

'r. (Min.)
30.0

N
0.74

RMS
0.00149

2

7.6

60.0

57.0

57.0

0.92

0.00053

3

10.2

45.0

42.0

38.0

0.85

0.00073

4

23.3

30.0

34.0

34.0

0.78

0.00096

0.05

0.040 -Run

-

Run 2

0.035 -

E.pei

Run 4

0.030 .

Model predicted for
T=30 Min.,N=iRMS=0.000149
Model predicted fo MT=3OMin., N=0.74

0.04 -

-

ntel MRT=3i.7 Min.

OMS
0.03 -

0.020
0.015 -

0.02 0.010
0.005 -

0.01

0.000
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Fig. 2 Experimentally measured RTD curves for
different runs
0.036 -

Fig. 3 Comparison of experimental
and model predicted RTDs for run
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Model predlctedMRT=39 Min.,N-0.85, RMS-0.00073
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0.030
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Fig.3. Comparison of experimental and
model predicted RTDs for run 3
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Fig. 4 Comparison of experimental and
model predicted RTDs for run 4

4. DISCUSSION
The tracer concentration curves recorded at the inlet (W) and outlet (D4) of the
cyclone showed negligible increase in tracer concentration above background during cold
runs (rim 1-run 3 indicating that no fines traveled upwards with the gaseous -Her.However,
marginal increase in tracer concentration was recorded at cyclone inlet aid; outlet during the
hot run (run 4 This indicated that small quantity of fine particles are produced due to
attrition in the gasifier/combustor and are entrained along with the gas.
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The simulation of RTDs monitored by detector D2 at the outlet of distributor at bottom
of the gasifier using modified tanks-in-series model i.e. gamma dstribution model showed
excellent fitting of model predicted and measured data. The optimum values of the model
parameters corresponding to minimum RMS are given in Table 1. The values of N being less
than one 0.7-0.9) obtained in different runs indicated that a small fraction of coal particles
bypass the bulk flow without residing inside the gasifier for an optimum residence time. This
implies that the bypassed fraction of the coal leaves the system unburnt or without taking part
in the gasification process, thus reducing the carbon conversion efficiency of the gasifier.
Therefore bypassing of process material is a kind of mafinictiong and is highly undesired in
the coal gasification/combustor process. The bypassing indicated by the investigation
corroborates with the reduced carbon conversion efficiency obtained directly from plant data.
The values of theoretical experimental and model predicted MRTs are in good agreement
with each other. It was not possible to quantify the degree of bypassing using the present
model and thus, advanced models based on parallel flow paths need to be used to simulate the
measured data. However, the same was not done in the present work.
During the cold condition, the gasifier operates at steady state condition. owever,
during the hot condition, the coal extraction rate, Qvm., reduces significantly due to release of
volatile matter from the coal and loss of fine particles produced due to attrition and
fragmentation of oiginal coal. These factors cause the loss of solid mass and change size and
density of the original coal particles, thus reducing the extraction rate even without change in
feed rate,
5 CONCLUSIONS
Radiotracer technique for RTD was successfully applied to investigate dynamics:of
solid phase in a pilot-scale APFBG. Lanthanurn 140 adsorbed on coal particles was used as a
radiotracer and was found suitable for measuring RTD of coal in advanced pressurized
fluidized bed gasifiers operating at high temperatures i.e. >900 C and thus could be used for
investigations in full-scale industrial gasifiers. MRTs of coal were determined from the
measured RTD curves and good degree of mixing with minor bypassing of the cal was
observed.
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Abstract: Radiotracer technique was used to measure residence time distribution (RTD of
fuel oil in a pilot-scale visbreaker with an objective to investigate hydrodynamic behaviour at
different operating and process conditions. Bromine-82 as dibromobiphynlyle was used as a
tracer to measure RTD of the fuel oil. Mean residence times were determined from the
measured RTD data. Tanks-in-series with backmixing model was used to simulate the
measured RTD data. The results of simulation indicated that the visbreaker did not behave as
a plug flow reactor as desired for visbreaking process. The presence of the internals i.e.
baffles inside the visbreaker decreases the mean residence time and backmixing. Thus, the
designed internals have shown promising effect in terms of reduced backmixing in the
visbreaker.
1. INTRODUCTION
Visbreaking process in petroleum refining is used to lower the viscosity of the
residues by thermal cracking of the feedstock at high temperatures and short residence time in
a furnace flowed by longer residence time in a visbreaker also known as 'soaker'. For this
process, the use of bubble column reactor has become a very cogent and attractive
technology. During the process, many products including gases are produced. The gas
produced during the process bubbles through the soaker liquid and is responsible for the
liquid phase backmixing, resulting in over cracking of the already cracked products. Amount
of gas produced goes on increasing along the height of the bubble column reactor due to the
continuation of the thermal cracking reaction. Consequently the gas velocity along the height
of the column goes on increasing fimher enhancing backmixing in the column.
The efficiency of the visbreaking process depends upon liquid phase backmixing and
is maximum at minimum backmixing. The extent of backmixing depends upon the amount of
gas produced along the height of the column during the process. Measurement of residence
time distribution (RTD) of feed in these reactors would provide information on extent of
backmixing or deviation from the ideal flow conditions and enable the designer to assess the
performance of the visbreaker.
Radiotracers are very effective tool to measure RTD of process material and
investigate its transport behavior because of their high detection sensitivity, 'in-situ"
detection, physicochemical compatibility, wide choice and application in harsh industrial
environment 12,3,4]. Tarmy et al. [5] have mentioned use of gold-198 and bromine-82 as
radiotracers for measurement of RTD of organic liquid phase in a bubble column reactor
operating at high temperature (upto 450 C). This paper describes a radiotracer study carried
out in a pilot-scale visbreaker with objectives to assess the performance of bromine-82
dibromobiphynlyle as tracer for application in bubble column reactors at high temperature
and measure the RTD of fuel oil at different operating and process conditions for evaluation
of performance of the visbreaker.
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2 EXPERIMENTAL
2.1. Plant description
The schematic of the visbreaker pilot plant is shown in Fig. 1. The plant is designed
for throughput rate of 20 1/h and essentially consists of three different sections i.e. feed
section, furnace section and product recovery section. The feed section consists of two tanks,
three pumps and heating devices. The feed is heated in a barrel of 200 litre capacity and
recirculated between the barrel and the feed tank of capacity of 100 litre in order to keep
homogeneous with respect to composition and temperature. The heated and homogeneously
mixed feed is pumped to the first coil of the furnace section at a desired flow rate using a
precision reciprocating type-metering pump ith variable stroke. The head of this pump is
used to maintain the desired pressure in the process. A desired quantity of water, at high
pressure, is also injected into the first coil of the furnace using a diaphragm typereciprocating pump fitted with a glass metering burette. The purpose of water injection is to
induce turbulence in the visbreaking process.
To gas
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tank

Metering
vessel

Soaker

3
All.
To fighter
fractions receiver

Tra r
injection point
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D1, D2, D3 & D4: Radiation detectors

L

Fig 1. Schematic diagram of visbreaking pilot-plant and experimental set up
. The furnace system consists of six stainless steel helical coils connected in series
through a horizontal frame. The first three of these coils constitute the preheating coils and
the last three reaction coils. Each coil is heated separately by immersing in salt bath furnaces
placed vertically below on a hydraulic plate form Outlet of each coil of the reaction zone is
connected to a vessel through separate lines for blow down of the reactor effluents in case of
emergency. The outlet of the last fiimace is connected to the inlet of a pressure vessel called
"Visbreaker" or "Soaker". The preheated feed from the outlet of the sixth coil enters the
soaker drum from the bottom. The cracking reactions continuous in the 'drum and gaseous
hydrocarbons are evolved during the process. The evolved gas enhances .the backmixing of
the liquid phase in the drum. The cracked hydrocarbon effluents ensuing from the top of the
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drum are fed to a flash chamber. To overcome the heat losses from the surface as well as
endothermic nature of the cracking reactions a heater is mounted on the outer surface of the
soaker vessel, unlike industrial soakers, which do not require finther heating from outside, to
maintain proper temperature difference between the inlet and the outlet. It takes about 34
hours to attain approx. 4500C temperature in various parts of the furnace section.
The product recovery section consists of a flash drum, overhead condenser, tar cooler,
distillate accumulator, tar vessel and gas metering system. Flash drum is an electrical heated
MS vessel with a level indicator, wich separates the visbreaker effluents into two streams
i.e. lighter including (over head) and the tar (bottoms). The overhead stream is cooled to
ambient temperature in the overhead condenser having a two-pass double pipe water-cooling
arrangement. he condensate obtained by visbreaking is collected in distillate acumulator
vessel and the volume of gases and noncondensable hydrocarbon effluents is measured'm"' the
gas meter. The visbroken tar from the flash drum is cooled consisting of a single pass shell
and tube water cooled exchanger and collected in a tar vessel, which is electrically heated
from outside.
2.2. Radiotracer Technique
Radiotracer technique was employed to measure the RTD of the feed material i.e. fuel
oil. A series of four different RTD runs was carried out at different process and operating
conditions as shown in Table 1. Run 1, Ru 2 Run 3 were carried out without any internals
inside the soaker, whereas Run 4 was carried out with internals inside the soaker. The
internals consists of 4 perforated baffles plates mounted at four different axial locations
inside the soaker. Each plate had perforations of different diameter and the free area of 4
different baffles for flow was 8% 2 Nos.), 12% (I No.) and 16% (I No.) respectively. The
free area of the baffle plates increases from bottom to top of the soaker.
Bromine-82 as dibromobiphenyl was selected to be used as a tracer and
approximately 37 MBq (I mCi) activity was used in each run. 'Me tracer was instantaneously
injected at the inlet of the soaker drum and measured at four different strategically selected
locations i.e. inlet and outlet of the soaker, condenser inlet and outlet and gas.outlet as shown
in the Fig. 1. The tracer concentration at selected locations was measured using collimated
scintillation detectors connected to a common data acquisition unit (DAS). The DAS was set
to record 1000 data points at a preset time interval of seconds. he recorded data was
subsequently transferred and stored in a laptop computer for finiher analysis.
3. DATA ANALYSIS AND RESULTS
A RTD analysis software provided by Iternational Atomic Energy Agency, LEA 6]
was used to treat and analyze the measured data. The measured data were corrected for
background and normalized, and the first moments of normali ed RTD curves i.e. mean
residence times (i ) were determined. The measured tracer concentration recorded by detector
DI in all the runs was a very sharp peak with negligible width as compared to the tracer curve
recorded at the outlet by detector D2 and thus was considered as an impulse for analysis.
Based on prior iformation or expected flow patterns of liquid phase in the soaker, tanks-inseries with backmixing model was used to simulate the measured RTD data. Least square
curve-fitting method using well known Marquardt-Levenberg algorithm is used to fit the two
curves and obtain the optimum model parameters 7 The quality of the fit is judged by
choosing the model parameters to minimi e the sum of the squares of the differences between
the data and model. The values of the model parameters correspondin to the minimum value
of root mean square eor (RMS) value were chosen as the bet fit values. Thus:
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where, n is number of data points. he values of the model parameters obtained after
simulation corresponding to the minimum RMS are given in Table 1. The comparison of two
of the experimentally measured and model simulated RTD curves is shown in Fig. 2 and
Fig. 3.
Table I.Results of residence time distribution study in visbreaker pilot-scale plant
Run
No.

2

Feed type

Baffle
plates

Pressure
(kg/cm2)

Gas oil

Flow
rate, Q
(1/h)
12

1

Temp.
(OC)
(in/out)
30/30

Absent

Gas oil
Short residue

12
12

Absent
Absent

Short residue

12

Present

f
(s)
1210

5
9

260/270
418/405

159
1

Model
pa meters
'rM
f
N
1226
4,83
2
1568

0.0008
0.0007

Experimental (MRT=1210s)

0.000

-Tanks-in-series
ith backmixing model
(VIRT =1226 s f4.83, N--2)

0.0005
W 0.0004
0.0003
0.000:
0.000
0

0

1000

2000

3000

4000

5000

6000

Time (s)

Fig. 2 Comparison of experimental and model simulated RTD curves (Run )
0.001

1

0.0009
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Fig. 3 Comparison of experimental and model simulated RTD curves (Run 4)
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4. DISCUSSION
Since the volume (V) of the soaker was 4 litres and liquid phase is fed into the system
at a flow rate of 12 litre/hour, the theoretical mean residence time =V/Q) of the feed in the
soaker was estimated to be 1200 seconds.
The first run was carried out at room temperature with gas oil as feed and without any
internals in the soaker. The mean residence time (i) was determined from the experimentally
measured RTD curve and was found to be 1210 seconds (see Table 1). It may be noted that
the experimentally measured MRT (i) matches well with the theoretically measured RT
(T). This indicates that the entire volume of the soaker is utilized for flow and there does not
exist any dead volume in the soaker, as there is no evolution
gas inside the soaker n er
cold conditions. In case of simulation using tanks-in-series with backmixing model, the three
model parameters i.e. mean residence time (rm), backmixing coefficient
and number of
tanks (N) were estimated and found to be 1296 seconds, 483 and 2 respectively. 'Me low
value of tank number indicates high degree of backmixing. The values of model predicted
mean residence times (.) were in good agre ement with experimentally measured and
theoreti C-al MRTs.
The second run was carried out with gas oil as feed and the soaker inlet and outlet
temperatures were 260 C and 270 C, pressure kg/cm and without any internals in the
soaker. The experimentally measured mean residence time (i) was found to be 1596 seconds,
which was much higher than the theoretical MRT 1200 seconds). This increase in the MRT
might be due to production of gas, which causes circulation of feed inside the soaker. This
implies that significant quantity of gas is produced in the soaker when the feed is heated more
than 260 C. This fact is fiifther substantiated by high values of backmixing coefficient
(f--13) obtained by simulating the experimentally obtained RTD curve with tanks-Mi-senes
with backmixing model. However, the degree of mixing (N=3) was found to be less tan the
cold case (Run 1), which was not expected. The tanks in series model predicted MRT ('c.)
was in good agreement with the experimentally obtained NMT (i).
The third rim was carried out in hot conditionsMth short residue as feed and without
any intemals (see table 1). The feed was heated to about 420 C and pumped into the soaker.
The pressure inside the soaker was maintained 9 kg/cm. The experimentally measured NMT
(f ) was found to be 1289 seconds as against the theoretical MRT () equal to 1200 seconds.
The values of model parameters f and N indicate relatively high degree of backmixing in the
soaker.
The fourth run was carried out at ot conditions with short residue as a feed and four
perforated plates mounted inside the soaker at four different axial locations. he
experimentally measured NMT (i) was ound to be 1069 seconds, which was about 130
seconds less than the theoretical MRT(,c) Tis indicates presence of small amount of dead
volume in the soaker. The dead volume may exits near the wall below the baffles. The
parameters of the TSBM i.e. ., f and N were also estimated to be 1098 seconds, 312 and 3,
respectively.
The comparison of the results of the RTD runs with and without baffle plates (Run 3
and 4 indicate that the presence of the baffles inside the soaker reduce the mean residence
time, backmixing coefficient (f) and degree of backmixing (N). The reduction in backmixing
may be due to reduction in interstage exchange velocity Ub, which in turn increases the
theoretical number of stages. he reduction in mean residence time could be explained only
when the exact analysis of products is known.

285

5 CONCLUSIONS
From the present study, following conclusions are drawn:
1. Bromine-82 as dibromobiphenyl used in the present study was found suitable for
measurement of RTD of organic phase in bubble columns (soakers) operating at high
temperatures i.e. 400-450 C and thus could be used for tracing in full scale industrial
soakers.
2. The technique could be used to estimate the extent of coke deposition (dead volume) in
full-scale industrial soakers and schedule the plant shutdown for clean up operation.
3. The excellent fitting (RMS=0.0001) of experimentally measured and model simulated
RTD curve indicated that tanks-in-series with backmixing model was to desc ribe the
liquid phase dynamics in bubble columns (soakers) with and without baffle plates,
4. The soaker did not behave as a plug flow reactor at the presently used operating and
process conditions as desired for visbreaking process.
5 . The presence of baffle plates inside the visbreaker reduce the mean residence time and
degree of mixing. This implies that the presence of suitable perforated baffle plates
mounted along the axial positions inside the visbreaker will help it to behave as a plug
flow reactor and will improve its efficiency.
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Abstract: Radioactive tracer measurements, using impulse injections of Ar4', powdered oxide
of Mn56 and real catalyst particles doped with an oxide of Mn56, conductedzat the Advance
Fuels Development Unit (AFDU) slurry bubble column reactor during dimethyl ether (DME)
synthesis at LaPorte, Texas, are interpreted successfully using the gas-liquid recirculation
model (Gupta et al. 4
The model is able to predict the characteristic features of the
experimental responses observed for gas, slurry powder and catalyst tracers at different
reactor elevations.
I

INTRODUCTION

Traditionally, ideal flow patterns (e.g. perfectly mixed liquid and plug flow of gas)
and the axial dispersion model (ADM) with interface mass transfer have been used in design
and modeling of bubble columns (BCs). These models represent the simplest description of
the flow pattern in bubble columns, and do not account for the actual fluid dynamics of the
system. The use of ideal flow patterns can lead to serious over design, and the uncertainty of
the axial dispersion coefficients precludes a more accurate design based on ADM. The current
representation of complex flow pattern in SBC by the axial dispersion model (ADM) attempts
to lump the description of too many physical phenomena into a single dispersion coefficient
which cannot be done in a precise manner (Degaleesan and Dudukovic 21).
Success in interpretation of such tracer responses provides a theoretical guarantee that
these models are capable of predicting the reactor performance for systems with linear but
known kinetics, and gives comfort in modeling of non-linear systems. 'Me models used in this
work predicted the tracer responses during the methanol and Fischer-Tropsch (FT) synthesis
reasonably well under different operating conditions and in different columns (Degaleesan [11;
Gupta et al. 3 4). The purpose of this work is to examine the capability of the developed
models to predict the tracer responses during liquid phase dimethyl ether (LPDNEE) synthesis
at AFDU, LaPorte, Texas.
2

TRACER EXPERIMENTS

The experiments were conducted i the Alternative Fuels Development Unit (A-FDU)
Oxygenates High Pressure reactor at LaPorte, Texas. A physical mixture of a commercia
methanol catalyst and a commercial dehydration catalyst (- 36 wt % loading) is used in the
slurry reactor to co-produce DME with methanol. The experimental conditions are reported in
Table 1. The procedure in calculating the parameters (7,
nz, and c) which determine gas
holdup profile is briefly described in the next section.
A schematic of the AFDU slurry bubble column reactor can be found elsewhere
(Degalcesan [11; Gupta et al., 3, 4]). The reactor has an internal diameter of 0.46 m and a
height of 15.24 m, with the iquid - gas - solid dispersion level maintained at 13.25 m (/D
ratio of 28.8) during the runs discussed here. he vapor phase, liquid phase and solid (catalyst)
phase tracer experiments were conducted separately. Radioactive A'41, used to study the
residence time distribution of the vapor phase, was injected as a pulse at the inlet of te
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reactor. Radioactive powdered oxide of Mn 56 (Mn2O3) suspended in the'heat transfer oil was
used for liquid (slurry) phase tracmg. Pulse injections were made at the lower nozzle N 4.5" (I 14 cm) from the wall. Real catalyst particles, doped with an oxide of Mn56, were used
for solid phase tracing. Pulse injections were made at four different locations: (1) lower
nozzle N - 45" (I 14 cm) from the wall, 2) nozzle N - at the wall, 3) upper nozzle NI 4.5" (I 14 cm) from the wall and 4) nozzle N I - at the wall. The axial levels of these
injection points 9.66 m and 356 m from the distributor for injection points NI and N2,
respectively). The injections made at 45" (I 14 cm) from the wall will be referred to as
Cccenter injections", as they are made into the core part of the column flow where the liquid is
known to move upward by convection (Degaleesan [I]).
Table 1.

Operating Conditions and Model Parameters of Tracer Runs during DE
Synthesis Run 17. 1.
Operating Temperature (K)
Operating Pressure MPa)
Wet Superficial Gas Velocity (cm/s)
Outlet Superficial Gas Velocity (cm/s)
Change in Flowrate (%)
Average Superficial Gas Velocity (cm/s)
Liquid/Slurry Superficial Velocity (cm/s)
Height of Dispersed Media (cm)
7 (mean gas holdup)
,VM (Parameter of radial gas holdup profile)
.c (parameter of radial gas holdup profile)

523.0
5.27
17.1
13.4
21.6
15.2
0.0
1325
0.429
2.0
0.778

Radioactive measurements of the responses to a pulse injection of vapor, liquid and
catalyst tracers were made using several 2 by 2 Nal scintillation detectors positioned outside
the column, at various axial elevations. Sets of four detectors were placed at 90 degree angles
at seven elevations. During the liquid and catalyst tracer studies, the inlet detector was placed
close to the liquid injection point to monitor the shape of the injected pulse.
3

MODELING

The gas-liquid recirculation model (Gupta et al. 3 4 based on a constant bubble
size, describing gas-liquid mass transfer superimposed on turbulent mixing of the gas and
liquid phases, is used to simulate the liquid tracer responses acquired during DME synthesis.
Detailed derivation of the gas-liquid recirculation model equations, the solution procedure and
parameter estimation is described elsewhere (Gupta et al. 3 4).
The sub-model for parameter estimation procedure requires as input theradial gas
holdup profile, which is represented as
I)
_;7
m+2
6G
G
(m+2-2c
In the above equation, 6-G is the volume averaged gas holdup, estimated using the
Differential Pressure (DP) measurements, m is the exponent which is taken as 2 as suggested
by Degaleesan [1] for churn-turbulent flow, while c is the parameter that aows for a nonzero holdup at the wall. This is estimated using the chordal average holdup obtained using
Nuclear Density Gauge (NDG) measurements. These parameters,
, m and c ) are also
reported in Table .
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4

RESULTS AND DISCUSSION

The calculated mean liquid phase axial and radial eddy dispersion coefficient for Rn
17.1 is 650 c/s and 40 cm2/s, respectively. The predicted centerline liquid velocity is I.3)6
m/s and the mean recirculation velocity is 45.4 cm/s.
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Comparison of experimental and simulated gas tracer response curves.

Figure I show the comparison of the simulated results with experimental data for the
radioactive gas tracer injected below the gas sparger. From these figures one can notice that
the reproducibility is excellent. The reason is the fact that the gas tracer is injected into the gas
feed line prior to the gas sparger. As a result, the pressure drop across the sparger ensures a
uniform and reproducible distribution of the tracer
the reactor cross-section at the point of
tracer entry into the column, and hence the excellent reproducibility of tracer responses. The
thermodynamically estimated Henry's constant (H =
17), which is dimensionless and is
defined as the ratio of the concentration of Argon in the iquid to that in the gas when the gas
and liquid phases are in equilibrium, was used in the simulation. One can see from Figure I
that the model predictions are in good agreement with the experimental responses. The times
of the response peaks are well captured while the experimental tracer responses have more
spread as expected. The reasons for discrepancy may lie in the effors associated in the
estimation of the Henry's constant and gas holdup profile. In addition, t he excessive spreading
of the recorded experimental radiation intensity responses is due to insufficient shielding of
the scintillation crystals. Nevertheless, it is clear that the model with no fitting parameters
predicts the observed tracer responses well.
Both liquid and catalyst tracer were injected at center-bottom (M-Center). The
comparison between responses from the catalyst and M203 tracer injections are shown in
Figure 2 for the center tracer injection at the bottom (N2 - center). From these figures, it is
clear that the difference between the catalyst (solid) and Mn.203 (liquid-like) tracer responses
at a elevations is well within the range of the variation in traper responses seen from
repeated
2O3 injections. This indicates that there is a high probability of wen-suspended
catalyst in the liquid medium and, as a first approximation, one is justified in treating the
liquid phase plus the solids as a pseudo-homogeneous slurry phase for modeling purposes.
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Comparison of experimental and simulated MU-203 tracer responses (Injection
Pt.: N - Center)

Figure 3 shows the comparison of the simulation predicted results with experimental
data for liquid tracer injection at center-bottom (M-Center). The reproducibility of liquid
tracer response for detectors far away from the injection point M-center) is acceptable; while
for the detectors which are near the injection point is not as good. 'Me major reason for the
observed discrepancies close to the injection point is that the tracer impulse injection is a
point injection into the system. 'Me flow at these points of tracer entry into the column is
continuously changing with time and the likelihood of the tracer to encounter the same flow
conditions at the instant of tracer injection from repeated tracer injections is small. The
variable local flow conditions result in a different initial spread of the tracer
the reactor
cross-section. Such difference has a more pronounced effect on the tracer responses recorded
at the elevations which are close to the injection point than those far away from the injection
point. The simulated tracer response arrives earlier than the experimental data for detectors at
Levels 3 which is near the injection point (N2). The model assumes uniform tracer
concentration in either upflow region (for center injection) or downflow region (for sidewall
injection) at the tracer injection elevation at t = 0. As explained above the real tracer injection
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is actually a point injection, and thus in the experiment the tracer needs more time to spread
radially. This effect is pronounced for the detectors near the injection point (i.e., Levels 3 and
is the major reason that the model predicts the earlier arrival of the tracer responses than the
experimental data at these elevations. The simulated tracer response agrees very well with the
experimental data for Levels 7 which is far away from the injection point because the nonuniformity of the tracer concentration at the injection elevation affects these results much less.
Overall the model seems to capture the essential features of liquid mixing in the column.
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Figure 4 show the comparison of the typical simulated tracer responses with
experimental data for catalyst tracer injection at different location. Similar to liquid tracer
injection, the simulated tracer responses arrives earlier than the experimental data for
detectors which are near the injection point (Figure 4a and 4d), while the simulated tracer
responses agree very well with the experimental data for detectors which are far away from
the injection point (Figure 4b and 4c).
5

SUMMARY AND CONCLUSIONS

Radioactive tracer responses were obtained both to Vulse gas tracer injection (A r4l)
and to pulse injections of catalyst particles labeled with M 6 during dimethyl ether (DNffi)
synthesis in the AFDU at LaPorte. The differences in the responses obtained by the catalyst
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and fe powdered M11203 tracer injections are minimal indicating the validity of the pseudohomogeneous assumption for the liquid plus the solid (catalyst) phase (i.e., pseudohomogeneous slurry assumption is valid). The gas, liquid and catalyst tracer data have been
interpreted with the gas-liquid recirculation model (Gupta et al. 3 4). The model is based on
constant single bubble size and incorporates the description of the gas-liquid mass transfer
superimposed on turbulent mixing of the gas and liquid phases.
For the gas phase tracer analysis, the model is able to give good predictions for all the
detectors. While the arrival times of the response peaks are well captured, the experimental
tracer responses have more spread. The reason for this may lie i the errors associated in the
estimation of the Henry's constant, gas holdup profile, and the insufficient shielding of the
scintillation crystals.
For the case of the liquid and catalyst tracer, the model yields good predictions for the
detector responses that are far from the injection points, while the simulated tracer response
arrives earlier than the experimental data for detectors which are near the injection point
because the model assumes the initial tracer injection to be axisymmetric.
The overall reasonable agreement of the simulated predicted results with the tracer
data acquired during DME synthesis, and the fact that the same model was previously hown
to predict both gas and liquid radioactive tracer responses during methanol and Fischer
Tropsch (FT) synthesis (Gupta et al. 3, 5]), points to its generality and robustness. Since the
operating conditions, as well as physical properties, for methanol, DME and FT synthesis are
quite different, it is clear that the model, which is based on physics of two phase flows, has
the capability of handling a diversity of chemistries, as intended. This suggests that this model
is a valuable tool for assessing mixing and transport in bubble columns for a variety of gas
conversion processes.
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Abstract: A method to measure liquid carry-over from scrubbers using gamma-emitting
tracers is described and results from field tests at two onshore installations are presented. One
water/1,2-ethanediol (MEG) and two hydrocarbon liquid (condensate) tracers have been used
in the tests. One of the condensate tracers deposited to some extent inside the process pipe,
while the other had a too high vapour pressure. The water/MEG tracer showed no EG
carry-over while the carry-over of MEG was documented to be considerable.
1. INTRODUCTION
The objective of this paper is to present a method to measure liquid carry-over from
scrubbers by the use of gamma-ernitting tracers, and to present results from field tests at two
onshore installations.
Scrubbers are vertical separators used to separate liquid from gas at high pressure
(typically 50-80 bar). The volume is typically 50 m 3and the liquid fraction is normally less
than I % (v/v). In a scrubber, liquid is separated from the gas by use of gravity and
forces. Within the srubber there ae different types of dernisting arrangements to
improve liquid droplets coalescence and gas-liquid separation. In scrubbers there may be two
liquid phases to be separated from the gas: a hydrocarbon liquid phase (condensate) and a
water/1,2-ethanediol (MEG) phase.
Liquid carry-over from scrubbers may cause operational problems downstream of the
scrubbers. Compressors and other liquid intolerant equipment will be upset, leading to
process interruption or shut down. In gas processing systems, high separation efficiency is
crucial to be able to meet the product specifications. Hence, liquid carry-over is very costly
for the gas processing industry and robust techniques are required to verify liquid carry-over.
The methods have to quantify liquid carry-over very accurately.
Liquid carry-over fom scrubbers can be measured with the following three methods:
liquid accumulation tests, gas chromatography in combination with hydrocarbon dew: point
analysis, and online measurements using radioactive tracer
A liquid accumulation test is easy and inexpensive. A disadvantage is that it may have
poor reproducibility. The accuracy of the results is depending on PVT calculations based on
an updated feed composition. The configuration of separator internals can interfere with the
test results and may result in incorrect quantities of liquid.
Use of as analysis to quantify hydrocarbon liquid carry7Pver is generally more
accurate than liquid accumulation tests. By.this method the compositions are updated and the
efficiency may be established in.combination with liquid accurnula 'don tests. This method is
depending on representative gas samples. Sampling in two-phase regimes requires isokinetic
sampling, and representative samples may be hard to obtain.
We have tested the third method, online measurements using radioactive tracers, at two
onshore installations. One of these installations has several scrubbers where the liquid carry-
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over is well documented through thoroughly testing, and was therefore a sitable installation
for our tests. One water/MEG and two condensate tracers have been used in the tests.
2. METHOD
Passive gamma-emitting liquid tracers are used to measure liquid carry-over from
scrubbers. The tracer is injected as a pulse upstream of the scrubber, and is detected at the
inlet and the gas outlet of the scrubber by collimated detectors mounted on the outside of the
pipeline (see Fig. 1). The liquid carry-over is given by the ratio of the integral of the tracer
response curves at the gas outlet and the inlet. The tracer needs to be homogenously mixed
with the process fluid within the pipeline upstream of the scrubber, or be completely
representative for the process fluid (droplet size distribution and surface tension are
important parameters). It is imperative that the tracer stays in the liquid phase, either the
condensate or the water/MEG phase. It m ust passively follow the liquid flow and not
evaporate into the gas phase or deposit inside the pipeline or scrubber.
The detectors must be intercalibrated. It is an advantage if the distance between the
detectors and the pipe is identical for all detectors, and if the dimensions of the pipe
(diameter and thickness of the wall) are identical at all positions where detectors are placed.
Further, the tracer velocity and distribution should be identical at the inlet and the gas outlet.
If one or more of these conditions are not fulfilled, corrections have to be made.
Detector ring
Gas outlet
Detector r
Scrubber
Injection point
Liquid outlet

Fig. I. A sketch of the setup.
3. EXPERIMENTAL SETUPS
Four scrubbers, named A, B C and D in the present paper, have been used in the tests.
Liquid carry-over of condensate and water/MEG from the scrubbers B C and D is well
documented through thoroughly testing with different methods.
Scrubber A had a temperature of 14 'C. The pipeline upstream of the scrubber has an
inner diameter of 55 cm, and the injection point was 76 m upstream of the scrubber. Three
2'x2' Nal(TI) detectors were used to detect the tracer along the gas line. The insulation was
removed and the detectors placed below the pipeline. The first detector was placed 16 m
downstream of the injection point, the second detector was placed at the scrubber inlet, and
the third detector was placed at the gas outlet of the scrubber. The two detectors upstream of
the scrubber were used to measure the tracer velocity, using the first moment of the response
curves to define the point of times when the tracer passed the detectors.
Scrubber
had a temperature of 9 'C. The pipeline upstream of the scrubber has an
inner diameter 70 cm, and the injection point was approximately 10 m upstream of the
scrubber. A ring of four collimated 2"x2" Nal(TI) detectors was mounted both at the inlet
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and the gas outlet of the scrubber. The system was not nsulated and the detectors were
mounted directly on the pipeline.
Scrubber C had a temperature of 7 'C. The pipeline upstream of the scrubber has an
inner diameter of 70 cm, and the injection point was approximately 50 m upstream of the
scrubber. A ring of collimated 2x2" Nal(TI) detectors was placed both at the inlet and the
gas outlet of the scrubber, four detectors at the inlet and three detectors at the outlet. The
insulation was removed and the detectors were mounted directly on the pipeline.
Scrubber D had a temperature of 22 'C. The pipeline upstream of the scrubber has an
inner diameter of 84 cm, and the injection point was approximately 50 m upstream of the
scrubber. A ring of four collimated 2"x2" Nal(TI) detectors was placed outside the 1 cm
thick insulation both at the inlet and the gas outlet of the scrubber.
4. RESULTS
4.1.

["Br11,3,5-tribromobenzene as condensate tracer

[12 Br] 1,3,5-tribromobenzene was used as tracer to measure condensate carry-over from
scrubber A at different gas velocities. The tracer was produced by neutron activation of
1,3,5-tribromobenzene at IFE's
esearch reactor at Kjeller, Norway. [12 Br] 1,3,5tribromobenzene is a solid, and was dissolved in 10 ml toluene before it was pumped into the
pipeline with condensate taken from the process.
Five tracer injections with 0.5 GBq were performed, The measurements were
repeatable, but the tracer response curves showed an increasing background during the time
the tracer passed the detector. This is illustrated in Fig. 2 showing the tracer response curves
used to calculate the carry-over from the last injection. This was corrected for by assuming a
linear increasing background. However, it shows that a fraction of the tracer deposited inside
the pipeline, leading to an underestimation of the carry-over. Thus, only a lower limit of the
liquid carry-over was obtained.
The cause for such deposit is not quite evident. However, two possible explanations
have been proposed: the heavy [82 Br] 1,3,5-tribromobenzene molecules settle on a film of
heavy components on the wall inside the pipe, or Isome [82 Br] 1,3,5-tribromobenzene
molecules are destroyed during neutron activation (Szllard-Chalmers process [1]) resulting in
82 Br containing compounds which adsorbs to the wall of the pipeline.
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Fig. 2 Normalized tracer response curves
tr'bromobenzene into scrubber A.
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The liquid esidence time equalled the -as residence time in the pipeline upstream of
the scrubber for the two highest flow velocities (see Table 1), indicating that the liquid
moved as small droplets in the gas phase. However, for the lowest flow velocity the liquid
residence time was considerable higher than the -as residence time, indicating that the
condensate moved as large droplets or as a continuous phase. This was confirmed with the
second detector placed in a bend, resulting in tracer response's strongly dependent on the
flow regime due to centrifugal forces. The tracer response was much higher in the first
injection than the others, even though the velocity was lower. The consequence of such a
flow regime may be an underestimation of the carry-over because large droplets and a
continuous liquid phase is easier separated than small droplets, leading to higher tracer
velocity at the gas outlet than at the inlet of the scrubber.
Table 1. Residence times in the pipe upstream scrubber A at different gas velocities.
Injection
number
1
2
3
4
5
4.2.

Gas
velocity
0.94 M3/S
- F23 -m"-/s
F23 m- I's
_43 rn s
1.43 rn/s

Gas residence time between
the first and second detector
18 S
14 s
14 s
12 s
12 s

Liquid residence time between
the first and second detector
23 s
14.5 s
14 s
12 s
12 s

[13'lliodobenzene as condensate tracer

[13 'fliodobenzene was used as tracer to measure condensate carry-over from the
scrubbers C and D. 100 GBq 131 1 as iodide in NaOH solution was added 25 mmol Nal and
1.0 mmol Na2S203- [13 'fliodobenzene was then synthesized through decomposition of a
diazonium ion equivalent intermediate in aceton/water containing 70 GBq of the [13 '11iodide.
After product extraction with diethylether, NaCl/Carbonate wash, and evaporation of the
ether, the product was diluted with 50 ml chlorobenzene to a 2 % (v/v) tracer solution, and
dispensed in 10 ml portions into 20 ml vials. The 10 ml tracer solution was pumped into the
pipeline with condensate taken from the process.
Three condensate tracer injections with 24 GBq were performed on scrubber C and
two condensate tracer injections with 45 GBq were performed on scrubber D. Fig. 3 shows
the tracer response curves from scrubber C after the first injection.
The measurements were repeatable, but the tracer method overestimated the carry-over
significantly. Subsequent investigations showed the cause to be evaporation of tracer into the
gas phase. Simplified calculations prior to the tests using the equation of state for an ideal
gas, tabulated vapour pressures for iodobenzene 3] and the Clausius-Clapeyron equation 21,
concluded that evaporation could be neglected. However, more realistic simulations using
PVTsirn 4] and HYSYS [5] showed that a large amount of the tracer evaporates at the given
process conditions. The evaporation estimated with PVTsim, and HYSYS did not fully
account for the deviation between the measured carry-over and the documented carry-over.
However, such simulations are connected with large uncertainties, especially with respect to
the selection of equation of state as they can be very inaccurate, particularly when used in
simulations of trace elements as in this case. Evaporation has, based on this, been concluded
to be the cause to the given deviation.
It is impossible to obtain acceptable accuracy using a tracer with non-neglecting
evaporation. However, simulations with PVTsim have shown that alternative condensate
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tracer candidates have neglectable evaporation at the given conditions, i.e. are suitable for
future test work.
The pipelines upstream and downstream the scrubbers C and D are insulated due to low
temperature. In order to verify whether it was necessary to remove the insulation to improve
the detection limit (shorter distance between the detector and the pipe) and the accuracy in
measured carry-over (easier to control the distance between the detectors and the pipe), a
Monte Carlo simulation with ECRIN2 was performed 6 Insulation thickness at each
detector position on scrubber D was used as input. The results showed that the effect of the
insulation on the accuracy was neglectable, while the detection limit would have been
reduced by 9
if the insulation had been removed.
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Fi-t) 3 Normalized tracer response curves from the first condensate injection in scrubber C.
4.3.

["'Iliodide as MEG tracer

1131 fliodide was used as water/MEG tracer. 30 GBq of the [1 3'Iliodide solution
described in Section 42 was diluted to 50 ml with a Olo (v/v) water in MEG solution, and
dispensed in 10 ml portions into 20 ml vials. The 10 ml tacer solution was pumped into the
pipeline with water/MEG taken from the pocess.
Two injections with 2 GBq were performed on subber
and one injection with 2
GBq was performed on scrubber C. No arry-over was measured, even though the carry over
was documented to be considerable.
This deviation has not yet been explained. However, two possible explanations have
been proposed: th e tracer settles out as particles due to low solubility in small droplets or the
droplets of the injected fluid are larger than the process fluid.
The solubility of the tracer in the water/MEG is high. This has been verified with
water/MEG from the process. However, the solubility decreases with the droplet size 7.
When the droplets become very small, the solubility may become so low that the tracer settle
out as particles and thus are easily separated.
If the injected fluid does not mix properly with the process fluid and the droplet size
distribution differs from the droplet size distribution of the process fluid, erroneous results
may be the consequence. If the droplets of the injected fluid are too large they are easily
separated, if they are too small the tracer may settle out as particles due to reduced solubility.

297

5. DISCUSSION AND CONCLUSIONS
None of the tracers included in the presented tests gave acceptable results. [82Br] 1,3,5tribromobenzene deposited to some extent inside the [I 3pipeline, [1311, lodobenzene
overestimated the carry-over due to high vapour pressure, and 111iodide. indicated o carryover while the carry-over was documented to be considerable. However, the tests have
shown that the method is fully acceptable if suitable tracers are available. The carry-over
measurements were repeatable and the counting statistics were very good. The detection limit
is dependent on the counting statistics, and in the presented tests the detection limit for carryover of tracer was typically I %. The uncertainties in the measured tracer carry-over have
been estimated to vary between 4 and 14 %. These estimations are based on counting
statistics, repeatability of the experiments, accuracy of the distance between the detectors and
the pipe, accuracy of the thickness of the pipe wall, and information on skewed tracer
distribution inside the pipe obtained by the dfferent detectors in a detector ring.
The tracer should be as representative as possible for the liquid it is going to trace. It is
therefore ecommended to dissolve and inject the tracer with the same liquid, taken from the
process, as it is going to trace. Use of a jet to control the droplet size of the injected tracer
and simulation to check the degree of tracer evaporation should be considered.
The detectors should be placed on straight pipelines to avoid skewed liquid
distributions, and a ring of detectors should be used both at the inlet and gas outlet to verify
whether the liquid distribution is skewed or not. Valuable information on the flow conditions
is obtained by measuring the tracer velocity inside the pipeline. It is not necessary to remove
the insulation from the pipeline, neither due to accuracy nor due to detection limit. However,
the thickness of the insulation should be measured at each detector position to confirm this in
each case.
With suitable tracers this method has the potential to become a powerful tool for liquid
carry-over easurements from scrubbers.
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VISUALIZATION OF FLOWS IN A LIQUID LAYER
WITH THE ACTIVE INTERFACE
Tomasz R. Sosnowski
Warsaw University qf Technology, Departmentof Chemical and Process Engineering
Warsaw, Poland

Abstract: The results of visualization of the Marangoni effects in the liquid film covered
with a phospholipid monolayer (DPPC) are presented. The effective superficial transport of
particles in the Langmuir trough is demonstrated as a support of the concept of
hydrodynamic removal of aerosol deposits from the pulmonary zone of the respiratory
tract. Additional results of the flow profile visualization in the liquid layer form the starting
point for the further investigation on hydrodynamic instabilities induced by surface
velocity gradients.
1. INTRODUCTION
Liquid films are present in many technical applications and biological objects. The
presence of surface-active compounds in such systems influences the hydrodynamics
leading to the specific flows (known as Marangoni effects) as a result of superficial
velocity gradients induced by surface tension variations 1-3].
The pulmonary surfactant system of the lungs is one of the most important natural
thin liquid layers with such properties and they play here the essential role in lung
physiology. It is suggested that Marangoni effects may be responsible for hydrodynamic
transport of inhaled particles deposited at the liquid surface, allowing for their removal
from the distal lung regions (alveoli) towards the upper airways 4,5], Fig. I.

(A)

ALVEOLUS

(B)

Fig. I. The concept of hydrodynamic displacement of deposits in the pulmonary
surfactant system by Marangoni effects: A - air expiration, - air inspiration.
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Under certain circumstances, the surface velocity gradient might be expected to
induce flow instability, which would promote an abrupt mixing of the fluid. In such
conditions the mass transfer across the liquid layer is expected to be accelerated what could
be fundamental for the rate of gas exchange in the lungs 6, 71.
The current study is focused on the visualization of Marangoni effects in a thin liquid
film using tracer techniques.
2. METHODS
2.1. Marangoni flows at the interface
The dynamics of an aqueous film containing dipalmitioylphosphatidylcholiiie
(DPPQ - as a model of the pulmonary surfactant
was studied with the modified
Langmuir balance (KSV, Finland). The system was constructed as a shallow vessel 6 mm
deep) filled with water, Fig.2, The surface of the liquid was periodically swept by a barrier
(1), while the surface flow to the other section of the vessel was possible only via a grove
in the stationary barrier 2). Hydrodynamic transport of soot particles deposited at the
interface was tape-recorded (XM-1 DC, Canon). The aim of this study was to compare
patterns of flows of the interface of pure water and of the interface with DPPC.
tracers

barrier drive

TOP
VIEW
1

2
2:

SIDE
VIEW

-------

Fig.2. Modified Langmuir balance for studies of particle displacement at the
interface: mobile barrier (1), stationary barrier with a groove 2).
Tracer particles (soot) are located at the top of the liquid.
2.2. Flow structure in the liquid layer
The flow profile in the liquid film with DPPC monolayer on the top surface was
studied using the Langmuir balance and colored fluids dosed to the interfacial region. The
idea of the experiment is given in Fig.3. Two types of color liquid tracers were used: the
phenolphthalein in an alkaline solution (pink, quickly vanishing due to pH decrease on
dilution) and the methyl blue in water (blue, slowly vanishing). The colored solutions were
dosed from a mcrosyringe driven by the infusion pump (Cole Parmer, USA). The flow
pattern was recorded with the video camera.
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Fig.3. Set-up for the study of the velocity profile in the liquid layer.

3. RESULTS
3.1. Marangoni flows at the interface
The comparison of particle displacement at the interface of pure water and at the
interface with the surfactant is presented in Fig 4 The final positions of tracer particles
were recorded after five oscillations of the barrier (1), i.e. after 45 s from the start of the
exeriment.
w er
P

t--45 s

position
of the
stationary
barrier (2)
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A z& A

t--0 S

---------0
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60
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Fig.4. Positions of tracer particles after area oscillations
for different interface composition.

The effective superficial transport of the tracers was observed in the case of the intface
with DPPC. Floating particles were pushed out to the other section of the fluid (beyond the
stationary barrier - triangles in Fig.4) due to the Marangoni effects. If surface tension
gradients were absent (i.e., for pure water), all particles remained almost at the same
positions at the liquid surface, as indicated by circles in Fig.4. This experiment indirectly
confirmed the concept presented in Fig.1, and it emphasized the role of the surfactant in
this phenomenon.
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3.2. Flow structure in the liquid layer
Fig. presents the picture of the velocity profile across the layer, which was taken
several centimeters away from the moving barrier (system depicted in Fig.3). The
surfactant (DPPQ was present in the system what allowed the surface tension gradient to
be developed along the interface. The superficial flow driven by the surface tension
gradient makes the film flow in the opposite direction in the vicinity of the bottom.

Direction of the
barrier motion

2

3
4

- - - - - - - - - - - - - --

- - - - - --

Fig.5. Visualization of the flow profile in the liquid layer imposed by the movement of the
barrier at the surface of the liquid with DPPC. I - dosing needle, 2 - colored liquid,
3 - liquid layer (water), 4 - bottom of the vessel.

4. DISCUSSION AND INDICATIONS FOR THE FUTURE RESEARCH
Two types of experiments utilizing tracer techniques for flow visualization of the
liquid layer in the presence of a surfactant indicated the peculiar hydrodynamic behavior of
this system. The effect of the intensified superficial flow should be important for the
transport of particles at the surface of the human lungs.
A strong fluid deforination (Fig.5) occurs as a result of a surface drag induced by
surface tension gradient. It was postulated that amplification of such effect may lead to the
onset of hydrodynamic instability 6 As predicted by Bialecki and Holyst [8], the
conditions of such instability require that the gradient of surface velocity (aVlax - caused
by the surface tension gradient) is high enough to fulfill the inequity:
aV, H2
c9x 4 v > 421

(1),

where H [m] denotes the depth of the layer, and v [M2 S-1] - the kinematic viscosity of the
liquid. In such case the development of vortices across the layer can be expected.
Unfortunately, these conditions cannot be achieved in the existing experimental system,
which is based on the commercial Langmuir balance of the fixed geometry and a limited
speed of the barrier.
As a consequence, a modified experimental system is under development. It will
utilize the original vessel from the Langmuir balance, while the barrier will be set in
motion by a different mechanism what allowing for a faster surface deformation and higher
surface velocity gradients, Fig. 6 Additional modification of such system is considered by
using a deeper vessel (the condition given by eq. I strongly depends on the layer depth).
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Fig.6. Concept and a iew of details of a new experimental setup for studying flow
instabilities in the liquid layer.

The proposed experimental system together with the validated tracer techniques
opens a possibility of further investigations of a cellular convection patterns inside the
liquid layer, which are driven by the superficial flows resulting from surface tension
gradients 2 6 8].
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COMPARTMENTAL ANALYSIS OF RESULTS OF (RADIO) TRACER
EXPERIMENTS IN NON-LIVING SYSTEMS IN STEADY STATE
Zvonimir 1. Kolar
Department of Radiochemistry, Inferfaculty Reactor Institute, Delft University of Technology,
Allekelweg 15, 2629 JB DELPT, The Netherlands
Abstract: Compartmental analysis has for many decades been used for evaluation of the
results of mainly in vivo (radio)tracer experiments. However, its potential for working-out
similar experiments but in living.systems has as yet been rather overlooked. This paper aims
at reversing this situation. To this end same basic principles of compartmental analysis are
given followed by examples of its use in chemistry related laboratory radiotracer studies..,
1. INTRODUCTION
In 1962 a book appeared entitled "BASIC PRINCIPLES OF THE RADIOTRACER
METHOD; Introduction to Mathematical Tracer Kinetics". C.W. Sheppard, a professor of
physiology at the University of Tennessee Medical Units wrote the book [1]. lt"is a research
monograph which thoroughly reviews the princi les" of the tracer method 2 However,
"Unlike most books on tracers, it does not tell the reader how to perform a tracer experiment,
but it does tell - in detail - what may or may not be done with the results in order to obtain
meaningful information" 2]. Similar, mainly biology and medicine i.e. non-living organisms
oriented books dealing with the tracer method soon followed the pioneering Sheppard's book.
The titles of a number such books printed between 1971 and 1992 are given in 3-8]. Each of
these books has parts devoted to the compartmental analysis but there are also books entirely
dealing with it. For examples of such books see 9-1 1. One of them [I 1 contains (also) some
information about the appl ication of compartmental analysis in systems other then in vivo
ones. An evaluation of the cited books (partly) related to the compartmental analysis approach
to (radio)tracer experiments, points out a considerable popularity of that approach in
biomedical sciences but almost a complete neglect of it in other branches of science. Evoking
the interest for this approach of scientists performing (radio)tracer experiments in chiefly nonliving systems is the main scope of this paper. To this end the basics of the compartmental
analysis will is shortly delineated followed by description of three typical compartmental
analysis aided radiotracer studies.
1. THEORETICAL BASIS 11, 5, 101
A compartmental system consists of a finite number of compartments interchanging a
substance of interest. Within each of the compartments there is an adequate level of
homogeneity with regard to that substance. The flow or the rate of transfer, F(in mol or kg per
second) to a compartment from an other one i.e. donor compartment is assumed to be directly
proportional to the quantity, , (in mol or kg) of the substance of interest in the latter
compartment, namely: F = k , where k (in I/second) is the rate constant. Compartmental
systems can be closed, which are isolated from their surroundings, as distinct from open ones.
A closed two-compartment system is the simplest closed system (Fig. 1.).
Fb,
d-

Fig. 1. A two-compartment system comprising of compartments a
and b. Two arrows indicate the flows of a substance of interest.

ab
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In such a compartmental system the flows of a substance of interest to compartment a
from compartment b and to compartment b from compartment a are: Fb, = kb,,Q,, and
F,, = kbQb. A specific category of compartmental systems are those in dynamic equilibrium
or steady state, characterised by stationary state for the quantities of the substance of interest,
rate constants and indeed the flows. In the case of a closed, two-compartment system this
means that Fb,, = h. Moreover, one should realize tat the term "compartment" does not
necessarily implys a specific volume (e.g. vessel or a part of it). It is merely a kinetically
homogeneous, distinct entity.
In order to asses one or more parameters of a two-compartmental system a small
quantity of the radiotracer for the substance of interest has to be introduced in one of the two
compartments at zero time i.e. t 0. Next the radiotracer quantity, q, (in becquerel, Bq or
count rate) is measured in one or both compartment as function-of time.
An optimal i.e. ideal radiotracer - for example a molecule labelled with a suitable
radionuclide - should mimic the substance under observation in all relevant chemical and
physical properties. Radiotracers are often accompanied by unlabeled material having the
same chemical composition as the tracer. The total amount of both substances to be added to a
compartment must be negligibly small if compared with the quantity of substance of interest
present in that compartment. This in order to avoid any_ perturbation of the compartmental
system under observation
The rate of change of quantity of radiotracer in a compartment is established by the
composite influence of rates of acquisition and rates of loss of radiotracer, Differential
equation delineating these rates of change of q i.e. q(t) in the compartments a and b of a twocompartment system are:
dq.ldt = kbqb

- kq.

qbldt

= kq

- kqb

(1) & 2)

Note: The rate constant of an ideal radiotracer, k, for a substance of interest is
commonly assumed to be identical with the rate constant, k, pertaining to that substance.
Consequently, the symbol k is used for both rate constants.
Integration of differential equations (1) and 2) should be carri ed in a wa that will
enable calculation of Vs and F's from the observed time curve for
a sampled
compartment i.e. compartment to which t radiotracer was added at t -. 0. Hence,
q.(t)1q.(O = Hjexp(-gI1) H2

qb(t)1q.(O

= KIexp(-gj/) +

K2

(3) & 4)

where for zero time q,(t)1q,,(O = 1, qbt1q4O = and for
HI H2 = 1, K, + K2 = 0, H2
Q.I(Q + Q)
and K2 = Qbl(Q. + Q).The coefficients H and K emerge from integration as
equivalents of complex expressions involving rate constants, k, and the exponential slopes, g.
The complexity of equations similar to latter equations increases with the number of
compartments comprising a compartmental system. In fact the equation for compartment a of
a closed n-compartment system contains (n-1) exponential terms (each including a
coefficient) and a constant. In practice, however, the number of compartments, their sizes
(quantities of a substance of interest) and interconnections (substance transport routes) as well
as the rates of transfer (flow) of the: substance are not known a priori. Therefore a
compartmental analysis aided radiotracer experiment should lead to a compartmental model
of the system and provide all the Q's and k's of that model. The procedure to be followed
includes at least steps, namely:
1. Addition of radiotracer to one of the compartments (e.g. compartment a) at t 0;
1. Measurement of radiotracer quantity as function of time, , in compartment a;
1. Calculation of q,,(t)1qAO) for all results and plotting the obtained data as function of time;
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1. Fitting equations of type 3) for n = 2 3 etc through experimental points and finding n
corresponding the best fit;
1. Calculate all IT s and g's;
1. Design a tentative compartmental model of the system (using already established n) and
calculate the k's belonging to tat model from g's and Irs using explicit equations
relating these parameters (see for example page 215-222 in [5]);
1. Calculation of new g's and ITs from the obtained k values and composing a new (3)-type
equation and comparing it with experimental data i.e. q,(t)1q,,(0) data;
1. If necessary repeating steps 6 and 7 until an optimal agreement has been achieved
between calculated curve and the measured data.
3. EXAMPLES OF COMPARTMENTAL ANALYSIS AIDED STUDIES
3.1. Interfacial exchange of cadmium in CdS suspensions f12, 131. Closed system.
In the eighties the aqueous CdS suspensions were of interest as systems for photocatalytic conversion of solar energy into chemical energy. Applications of such systems
require long-term stability of CdS suspensions. This implies absence of net ass transfer to
the aqueous phase from the solid CdS phase. Only an exchange - a balanced bidirectional
transport - of cadmium and sulphide ions between CdS and its equilibrium solution may
occur. Compartmental analysis aided radiotracer method has been applied for obtaining
information on the kinetics of the bidirectional transport of cadmium across te solid/liquid
interface in equilibrated acidic aqueous suspensions. To this end a minute amount of )tdlabeled CdC12 as radiotracer was added to CdS suspension previously equilibrated with dilute
H2SO4 or CdSO4 solution (all in dark) and the radiotracer quantity measured at different
points in time in samples of suspension filtrate. Subsequently the usual (t)1q,(0) versus time
plots were made (Fig. 2.

q.(t)

q.n

4X7

&5

Fig. 2 Relative radiotracer quantity versus
contacting time for three suspensions differing
in CdS and cadmium concentration. The lines
are obtained by fitting type 3 equations
ugh the experimental points. The optimal fit
was obtained for n = 3.

The evaluation of the experimental results
points at an n = 3 i.e. three-compartment system
with compartment a being cadmium in solution.
1. 1: . I" As the QL, is known one can calculate total solid
Thm
mm
related exchangeable cadmium, h +
=
,
using equation H = Q,,I(Q, + Q,). This resulted
in a quantity of exchangeable cadmium related to solid equal ta 30 ± 4 Rrnol/rw a value 25
0.3 times higher then the theoretically calculated surface cadmium concentration. Further
analysis led to a compartmental odel with compartment attached to compartment b The
corresponding mean residence times or transition times, r, for cadmium in the latter two
OL2

compartments wurc calculated from Q's and F's'orVs using equations- 7
Qbl(Fb +
b) "
I kb + kb) and r =
lFbc= I kh,. Depend ing on the initial cadmium concentrations in
solutions the obtained value range firom 12 - 43 minutes and 49 - 17.0 days, espectively.
Shortr points to cadmium in adsorption layer and longer indicates cadmium in surface layer
of CdS an probably a layer there beneath.
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3.2. Interfacial exchange of phosphate in bovine milk 141. Closed system.
Much controversy xists about the state in which the casein bound inorganic phosphate
is present. Milk can be considered as a two-phase system of casein micelles in state of
dynamic equilibrium i.e. steady state system with a permanent, bidirectional flow of
phosphate ions of "micellar calcium posphates" with such ions in whey ("milk serum"). The
compartmental analysis aided radiotracer experiments may provide information about the
number and size of compartments in the system as well as the number of phosphate transport
routes in such a system and the corresponding flows i.e. rate constants.
Phosphate exchange experiments were carried out with bovine milk to which a small
amount of 32plabelled Na214PO4: an ideal radiotracer for milk phosphates was added. Milk
1.0
samples were taken at selected
points in time and the serum
0.9
was separated from casein by
08

ultracentrifugation of samples
and the quantity (activity) of
radiotracer in the supernatant
was measured. A plot of relative
radiotracer quantities versus

0.7

------

0.6-1
0.5

6

200

ow

SW

t h*ur

time is shown in Fig. 3 It is
evident that the system is 4compartment one.

Fig. 3 Time course of the serum fraction, q(1), of the initial radiotracer dose, q(O). The full
line represents the best fit according to equation of type 3) but for n = 4 the dashed line is for
n = 3.
F

F

a

Fig. 4 A four-compartment model of a system pertaining to
inorganic phosphate in milk.

ab
F

The model showed in Fig. 4 has a central compartment, a,
(soluble inorganic phosphate in whey) and three peripheral
compartments (belonging to solid phase), b, c and d. The latter 3
compartments are assumed not to interact with each other but with compartment a only. No
transport of phosphate within the solid phase is expected to occur. The phosphate flows to and
from each of peripheral compartments are equal. For example: b = F,,b.
In the present study another, yet not mentioned algorithm for calculation of rate
constants, , and the sizes Q of the compartments was applied. The rates of change of the
relative quantity of radiotracer in four compartments were obtained by dividing by q(O) each
term of equations analogues to equations (1) and 2) but for n = 4 and then simultaneously
solving these equations for six rate constant using data points shown in Fig. 3 Starting with a
known Qa and the rate constants resulting from aforementioned fitting procedure te missing
Q's were also calculated. The most valuable result of this study is the finding of three
kinetically different inorganic phosphate entities (compartments) in bovine casein micelles.
The corresponding mean residence times = Ilk) calculated from k, k, and kd are 818, 24 and
23 hour, respectively.
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3.3. Oxygen transport in an air-water contacting vessel 1151. Open system.

Air/4Ar

Output
Fan
De

Fr

CW

board
Water

Lead
QO..

.. O

Baffle

10
r1ger

Gas-liquid contacting in a
vessel is one of the major unit
operations in (bio)chemical industry,
e.g.
aerobic
fermentation
and
oxidation reactions. Hereby crucial
parameters are the rate of oxygen
transfer to liquid phase from gas, the
hold-up and the residence time
distribution of oxygen in the vessel.
Compartmental
analysis
aided
radiotracer experiment may provide
this information. Fig 5 Shows the
experimental air aerated contactor
used in the present experiments.

Figure 5. Experimental set-up consisting of a gas-liquid contractor and two lead-shielded
radiation detectors.
As the diff-usion coefficient in water of argon and its "Henry's Law Constants" are very
similar to oxygen's one the 4Ar argon is selected as the radiotracer for oxygen. At t = a
small amount of it was ijecte into the system at the inlet and the radiotracer concentration
monitored at the outlet as a function of time. The Fig. 6 shows a typical experimental
qj(t)1qb(0) versus time data points and a fitted a line corresponding to the next equation which
is characteristic for a three-component open system,

qKt)lqb = LI exp(git) + L2 eXP(-92t) + L3 exp(-g3t)

(5)

where subscripts f and L,pertain to freeboard and bubbles, respectively (see Fig. 5).
OA

Figure 6 A typical experimental qj(t)1qb(0) values

fitted with a 3-exponential terms function.

02 qfA)
z05

with

2

(tentative) compartmental model (Fig. 7 for
oxygen transport in the aforementioned contactor.

0.1
0

0

Further compartmental analysis combined
some other data eventually led to a

la

20

30
TWm

40

SO

Fof

a

Moreover the values of all model parameters i.e.
and Q's have also been calculated.

s, Vs

Figure 7 Compartmental model for oxygen transport in a
gas-water contactor. Subscripts (, and s denote outside and
solution, respectively.
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CONCLUSION
The author of this paper recommends the use of compartmental analysis for extracting a
maximum of meaningful and often even unique information from te results of radiotracer
experiments in steady state
ACKNOWLEDGEMENTS
The author is indebted Prof.Dr.1r. J.J.M. de Goeij for critically reading a part of the
manuscript and to W. den Hollander for his assistance in finalising it.

REFERENCES
[1]. Sheppard C.W.: Basic principle of the tracer method. Introduction to mathematical
tracer kinetics, John Wiley
Sons, New York London 1962,
[2]. Ibidem, book wrapper, inner side.
[3]. Steele, R.: Tracer probes in steady state, Charles C. Thomas publisher, Springfield,
Illinois 1971.
[4]. Welch 0.C., E.J.P. Potchen, M.J. Welch.: Fundamentals of the tracer method, W.B.
Saunders Company, Philadelphia, London, Toronto 1972.
[5]. Shipley R.A., R.C. Clark.: Tracer methods for in vivo kinetics. Theory and
applications, Academic Press, New York and London, 1972.
[6]. Norwich, K.: Molecular dynamics in biosystems. The kinetics of tracers in intact
organisms, Pergamon Press, Oxford, New York, Toronto etc 1977.
[7]. Whicker, F.W., V. Scultz.: Radioccology: nuclear energy and the environment.
Volume ii, CRC Press, Boca Raton Florida 1982.
[8]. Wolfe, R.R: Radioactive and stable isotope tracers in biomedicine. Principle and
practice of kinetics analysis, Willey-Liss, New Nork, Chichester, Brisbane etc, 1992.
[9]. Jacquez, J.A compartmental analysis in biology and medicine. Kinetics of
distribution of tracer-labeled materials, Elsevier Publ. Comp., Amsterdam, London, New
York 1972.
[10I.Robertson, I.S.: Compartmental distribution of radiotracers, CRC Press, Boca
Raton, Florida 1983.
[I 1] Godfrey, K.: Compartmental models and their application, Academic Press,
London, New York Paris etc 1983.
[12]. H6vell tot Westerflier, S.W.F.M. van, et al.: A radiotracer study of cadmium
transport across the CdS/aqueous solution interface. Croat. Chim. Acta, 60, 1900, 97-104.
[13]. Hvell van Wezeveld en Westerflier S.W.F.M. van: Interfacial cadmium exchange
in equilibrated aqueous suspensions of cadmium sulphide a compartmental analysis assisted
radiotracer study. Doctoral dissertation, Delft University of Technology, Delft, The
Netherlands 25January 1990, 200 pp.
[14]. Kolar, Z.1., Verburg, T.G., Dijk, H.J.M. van: Three kinetically different phosphate
entities in bovine casein micelles revealed by isotopic exchange method an compartmental
analysis. J. Inorg. Biochem., 90, 2002, 61-66.
[15]. Abellon, R.D., Kolar, Z.I.: Utility of 4 Ar as radiotracer for oxygen transport
Studies in air-water Contacting systems. Appl. Radiat. Isot., 44, 1993, 1183-1191.

310

PLN 100,-

Institute of Nuclear Chemistry and Technology
Dorodna 16, 03-195 Warszawa, Poland
phone: 4822) 811 09 16, fax: 4822) 811 1 32

ISBN 83-909690-2-5

