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RESUME

On a construit un modèle simple afin de prédire les transitoi-

res de propriétés découlant de la déflagration d'un mélange combustible

à l'intérieur d'une sphère ou d'un cylindre pourvu d'un évent d'évacua-

tion du mélange gazeux dans l'environnement. On y décrit en détail, à

l'intention des utilisateurs éventuels, le programme de traitement du

modèle, appelé VENT.
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ABSTRACT

A simple model has been constructed to predict the property

transients resulting from the deflagration of a combustible mixture in a

sphere or cylinder with venting of the gas mixture to the environment.
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NOMENCLATURE

A flame surface area

A vent area

b a non-dimensional constant signifying the energy release due
Co chemical reaction

C, coefficient of discharge

Cv average specific heat of the mixture at constant volume per
unit mass

e internal energy per unit mass of the mixture

e energy of formation per unit mass of the mixture at standard
temperature T

E energy of the mixture including the energy of formation per
unit mass

I macroscale of turbulence

m mass

n ratio of burnt mass to initial mass

P pressure

P pressure/initial pressure

r spherical flame radius

R cylinder or sphere radius

R gas constant J/(kg.K) of the mixture

Re, turbulent Reynold's number u'A/v
A

S burning velocity

t time

At integration time step

T temperature

u' rms turbulent velocity



V volume

W molecular weight of the mixture

y vector of dependent variables

SUBSCRIPTS

a ambient condition

b burnt mixture

bo burnt mixture at reference temperature T

f adiabatic constant volume combustion condition

i initial mixture

I laminar condition

o reference condition

t turbulent condition

u unburnt mixture

uo unburnt mixture at reference temperature T

v venting mixture

GREEK CHARACTERS

p mixture density

3

n burnt gas volume

Y ratio of specific heats

X Taylor microscale

v kinematic viscosity

u dynamic viscosity



1. INTRODUCTION

*
The containment system of a multiunit CANDU station (Figure 1)

consists of reactor buildings and a vacuum building (volumes) intercon-

nected by duct work. For certain postulated dual accidents involving

loss of coolant and loss of emergency coolant, hydrogen may be produced

by the zirconium-water chemical reaction and enter one of the reactor

buildings along with the high-enthalpy steam-water mixture and fission

products. The hydrogen may react chemically with oxygen in the reactor

building resulting in a temperature and pressure transient. An increase

in pressure contributes to the venting of the gas mixture from the build-

ing to the fuelling duct, thus tending to relieve the pressure buildup.

Part of the Whiteshell Nuclear Research Establishment (WNRE)

containment program is aimed at studying hydrogen burning effects,

both experimentally and analytically, in vessels (volumes) of different

sizes and shapes. This work is part of the program. A model that can

calculate the transient properties resulting from vanted deflagration of

hydrogen in a vessel is required to interpret experimental results, par-

ticularly those expected from the WNRE Containment Test Facility (CTF).

Such a model would also permit idealized calculations of pressure and

temperature histories for multiunit CANDU stations, where the reactor

buildings are linked to a large vacuum building.

In this report, a simple model is constructed to predict pres-

sure and temperature transients resulting from deflagration of a combus-

tible mixture in a sphere or cylinder, with venting of the gas mixture

to the environment. The model and governing equations are presented in

Section 2. A computer program has been written to solve these equations.

The solution procedure and a detailed description of the program are

presented in Section 3 and Appendix A. Model results are discussed in

Section 4.

CANada Deuterium Uranium
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2. MODEL

2.1 PROBLEM AND APPROACH

The physical situation to be modeled is deflagrative burning

of a combustible mixture in a volume that vents to a very much larger

volume, essentially infinite in size compared with the first volume.

The mixture may burn under laminar or turbulent conditions, and ignition

may occur at any point.

The flow resulting from the venting of the gas mixture through

a localized opening is three dimensional in character. A detailed de-
(2)

scription of this situation is provided by the conservation equations

for mass, momentum, energy, and species continuity, an equation of state,

and submodels for transport coefficients, chemical kinetics and turbu-

lence in the case of turbulent burning.

The computer solution of the three-dimensional equations and

detailed submodels is expensive. Empiricism is invariably involved in

defining the equations of the submodels. Since a definite flame is ex-

pected to propagate in the volume, an alternative and much simpler ap-

proach may be developed using empirical relations for the burning

velocity.

2.2 LITERATURE SURVEY - TH£ PRESENT MODEL

Models of differing complexity, which use an empirical rela-

tion for the burning velocity, exist in the literature . The prob-

lem considered in these references is the propagation of a spherically

symmetrical laminar flame in a sphere initially containing a premixed,

homogeneous, combustible mixture, ignited at the centre. Bradley and

Mitcheson considered the burnt gas to be composed of discrete adia-

batic volume element.'J (spherical shells) to account for the spatial non-
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uniformity of its properties, which vary with time. They also consid-

ered the finite thickness of the flame and employed (computationally)

time-consuming chemical-equilibrium calculations to determine the prop-

erties of each burnt element. The assumptions of spatially uniform

properties for both the burnt and unburnt gas, and an infinitely thin

flame separating these two, eliminate the spatial dependence of the

properties, and enable the problem to be posed by a set of ordinary dif-

ferential equations. Munday derived these equations for a sonic

venting case, and reported good agreement with measured pressure histo-

ries of pentane-air explosions in a closed spherical vessel. Pender-

gast extended Munday's equations to include subsonic venting, but as-

sumed equal ratios of specific heats for the burnt and unburnt mixtures.

In the model presented here, the assumption of equality of the

specific heat ratios is relaxed. The equations are reformulated in a

general form to accommodate the flame shape, resulting from non-central

ignition, and to accommodate venting of the burnt gas. The independent

variable of the equations, previously taken to be burnt mass fraction,
.(8)is changed to time for convenience. Empirical relations for laminar

(9)
and turbulent burning velocity are incorporated into the model. The

assumptions are stated below.

2.3 ASSUMPTIONS

The derivation of the model equations is based on the follow-

ing assumptions:

1. A premixed, homogeneous mixture of ideal gases is ignited at a

point in the volume.

2. An infinitely thin, smooth, spherically symmetrical flame pro-

pagates outwards from the point of ignition.

3. The burning is slow so that the pressure in the volume at any

instant is uniform.
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4. All compressions and expansions of the unburnt mixture are

isentropic.

5. The properties of the burnt and unburnt mixtures are spatially

uniform.

2.4 EQUATIONS

2.4.1 Mass Balance

IF <Vmi> + IF (n) + IF <V"i> " ° (1)

where m is the mass, n (m /m.) is the fraction of the initial mass burnt,

t is time and the subscripts i, u, b and v denote initial, unburnt,

burnt and venting quantities, respectively.

The mass ratios in equation (1) are expressed as follows:

mu/mi = ( e u V
/ ( p i V (2)

where p is the density and V is the volume. Using the isentropic rela-

tion:

Yu
P/(p) = constant (3)

where P is the pressure and y is the ratio of specific heats, one ob-

tains:

n^/nu = P U (1-n3) (4)

where P is the ratio of the pressure (P) at any time t to the initial

pressure (P,), and n is the fraction of the initial volume occupied by

the burnt gas.

(4)
Using the orifice discharge relations , the venting term,

for the choked condition (P /P < 1/P . . . ) , can be written as:
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<L_ (m /m ) = c -^
dt v i d m .

and, for the subsonic condition (P /P < 1/P . . . ) , can be written as:
3. ClTl'CXCclX

o7 (mvmi) =

Here C, is the coefficient of discharge, P is the exit pressure, A is

the vent area, and p and y are the density and specific heat ratio, re-

spectively, upstream of the vent, p, and y, are used if burnt gas is

venting, and p and y are used if unburnt gas is venting. The critical

pressure is given by:

T , Y/(Y-D

critical

2.4.2 Burning Rate

Using the definition of burning velocity, the rate of forma-

tion of the burnt mass, as a fraction of the initial mass, is given by:

where A is the flame surface area and S is the burning velocity, which

is a function of the pressure P, temperature T , mixture composition and

turbulence parameters. Substituting p.V. for m. in equation (8) and

using the isentropic relation (3), we get

dt V 1
 # w

A functional relationship between A/V. and n defines the flame shape in

a given volume. This relationship is part of the input to the model

calculation. Some relationships used in this work are provided later in

this section.



- 6 -

For burnt gas venting, the rate of formation (in place of

equation (9)) is given by:

(1/Y ) j m

2.4.3 Energy Balance

Assuming spatially uniform, volume-averaged properties for the

burnt and urburt gas mixtures, one can write

f- A E ) + ±- (n E. ) + E ̂ - A ) = 0 (11)
dt m u dt b u dt m.

where the mixture energy per unit mass, including the energy of forma-

tion, is defined as

E = e + Ae (12)
o

Ae = e(T) - e(TQ) (13)

where e is th ? energy of formation per unit mass of the mixture at

standard temperature T and standard pressure, and e is the internal

energy of the mixture per unit mass.

Substituting equations (12) and (13) and assuming time-invari-

ant composition for the burnt and unburnt gas mixtures, we get

dt Sn^ dt V ; 6bo dt * U* J

By substituting equation (1) into equation (14), the right-hand side of

equation (14) can be simplified to:
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(e - ê  ) £. (15)

uo bo dt

Using the ideal gas relation,

Ae = Cy(T - T Q ) (16)

where Cy is the average specific heat of the mixture per unit mass. As-

suming that C is time invariant, equation (14) can be written as:

St <^ V + <cv)
b IF (n V + ( V u Tu IF £ >

Tf

By substituting equation (1) into equation (17), the right-hand side of

equation (17) can be simplified to:

Dividing both sides of equation (17) by (C ) T., and substi-

tuting the ideal gas relations,

PV = mRT (19)

R = Cv(y - 1), (20)

we get,

A f_ r>~\ y.. - ! A _ •> A~ J 1 - i/Y..) A m

where the non-dimensional constant b is given by:

. euo - ebo + To [(CV>b - (CV)ul
b =

(22)
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For burnt gas venting, the right side of the energy equation (21) takes

the form

, |~ v - 1 3 | , m
b dn + b _ ^ L _ IIL. M_ (-SL) (23)
dt I y, - 1 n dt m b

Equations (1), (8) and (21), along with the auxiliary relations (5) and

(6), and the functional relationship between (A/V ) , in equation (9),
3

and n , constitute three equations for three non-dimensional dependent
3

variables, P, n and n. The independent variable is time t. These

equations are written together here for convenience.

Final Equations:

B1A22 - B2A12
dt

3 B A. - B L .
_ 2 11 l 21

dt

•j£ = (A/V1) P
 U S; unburnt gas venting (9)

(1/Y ) d m
= (A/V±) P

 U S - ~ (^); burnt gas venting (10)

where

3 -WVu ~ 1}

= (l - n3) P /yu

-
A = -P
A12 *

A21 = 1 + n
3(Ye - 1)

A22 = f (Ye ~
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m
B = _ dn _ d_ _v
1 dt dt > /

d n U d v

B = b — - P j — (—) ; unburnt gas venting
i

, p 3 , m
= b df + (b " Ye ~^} dT (^T } ; burnt gas v e n t i ns

(Yu - D/(Yb -

b = ye Pf - 1 .

2.4.4 Ini t ia l Conditions

3

The initial conditions, P = 1, n = 0 , and n = 0, correspond-

ing to a point ignition, pose a difficulty in starting the numerical in-

tegration because the derivatives in equations (9), (10), (24) and (25)

assume zero values for these initial conditions. To avoid this starting

difficulty, a small positive amount of the burnt mass, fraction n, is

considered as an initial condition, such that the pressure increase in

the volume due to the burning of this small amount is negligible. Then,

the following relation can be derived using the ideal gas law:

P V HL T W

P.V. " m. T. W, ( 2 6 )

11 lib

n3/n = (Wi/Wb) (Tb/T±) (27)

where W is the molecular weight of the mixture, and T, is the burnt gas

temperature. W, and T, can be calculated for adiabatic, constant-pres-

sure (isenthalpic) combustion of the initial mixture. For an assigned

small value (say e = 10 ) for n, the initial conditions are

P = 1 (28)

n = e (29)

n3 = e(Wi/Wb) (Tb/T±). (30)
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We have verified that the time history of the dependent variables is not

sensitive to an order of magnitude variation in e.

2.5 AUXILIARY RELATIONS

2.5.1 Laminar Burning Velocity (S )
• JC

Accurate burning velocity data are crucial to the model calcu-

lations. The laminar burning velocity is a function of pressure, tem-
(8)

perature and mixture composition. Liu and MacFarlane measured and

correlated laminar burning velocities in a mixture of hydrogen, air and

steam at atmospheric pressure and various compositions and temperatures.

Their correlation equation is

A2(0.42 - xR ) + A3(0.42 - Xf} )

. T
A5(0.42 -

2 exp (A, x_, n)

(32)

where xTT and
Ho

are the volumetric fractions of hydrogen and steam in

ythe unburnt gases and T is temperature (K). The coefficients, A. to A,,

ire listed below.

\

\ A1

\ A -

\ A 3
\A
\

V5

\6"

V
4.644

2.119

2.344

1.571

3.839

2.21

X

X

X

X

0.42

io-4

io-3

io-3

l O " 1

V
4.644

9.898

- 1.264

1.571

- 2.476

- 2.24

>

X

X

X

X

0.42

1 0 -4

io-4

io-3

IO- 1
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The burning velocities can be significantly different at pressures

other than 101 kPa. Manton and Milliken provide an empirical rela-

tion for the pressure correction. It has the form

TA" = (!-) (33)

where S is the burning velocity at reference pressure P (101 kPa).

They provide a relation between the exponent x and £' in graphical

form. The laminar burning velocity is calculated in this work using

equations (32) and (33).

2.5.2 Turbulent Burning Velocity

Turbulence increases the burning velocity. Experiments by
(9 12 13)

several researchers ' ' showed that the turbulence induced by fans

in the initial mixture, contained in an explosion vessel, increases the

burning velocity substantially. Several correlations of the experimen-

tal data in the form

S /S. = f (dimensionless turbulent quantities) (34)

(9)
are reported in the literature. These are reviewed by Andrews et al. .

They proposed a new correlation between S /S and a turbulent Reynold's
C Xi

number Re. , and argued that Re. is a practical parameter to quantify the
A A

fluid dynamic influences of the turbulent cold flow, and that the chemi-

cal influences are embodied, to some extent, in the value of S.. Also,

the pressure effect enters the correlation through the kinematic vis-
cosity v in Re . By plotting disparate data on turbulent burning veloc-

A
ity, they obtained a fair correlation between S /S and Re . This cor-

t X/ A
relation curve is used in this work to calculate the turbulent burning
velocity. The Reynold's number Re. is calculated using a relation due

(14)
to Dryden for isotropic turbulence, between the Taylor microscale A

and the mean size of the large eddies t. This relation is

A2/Jl = 48.64 v/u\ (35)
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The input turbulence parameters to calculate the ratio S /S , then, are

the macroscale I and the rms turbulent velocity u'.

As an alternative to using these correlations, a facility to

specify the ratio S /S as a constant (see equation (34)) is provided in

the computer program.

2.5.3 The Constant b

The dimensionless constant b arises in the manipulation of the

energy equation to a convenient form (equations (11) to (22)). The num-

erical value of b can be determined conveniently from equation (21).

For a no-venting (closed vessel) case, it can be written as

^ P(l - n3) + ^" _ i Pn3 - bn = 0 (36)

3 Yu ~ 1 - 3
P(l - n ) + — f Pn - bn = constant . (37)

Yb

The value of the constant is unity, as can be verified from the initial
3 -

conditions, n = 0, n = 0, and P = 1, corresponding to a point ignition.
3

Substituting the maximum value of unity for n and n (corresponding to

the consumption of all the initial mixture by the flame in a closed ves-

sel), the resulting pressure (Pf), and the average, burnt gas, specific

heat ratio (y,) yields

Y - 1
^ P - 1. (38)

f
b
* Yb

Dissociation influences the burnt gas properties (y,,V~) . Dissociation

of the product species, BLO, 0-, N_, and C0_, occurs at temperatures
(15) i l l i

above 'v 1000°C , a value in the vicinity of the flame temperature

near the lower flammability limits of hydrogen-air mixtures. Dissocia-

tion becomes more pronounced at higher temperatures. Being an endother-

mic reaction, dissociation has the effect of reducing the product tem-

perature and pressure, P,.



- 13 -

For the case of no dissociation, the computer program calcu-

lates the values of Pf and y, for a given mixture, assuming adiabatic,

instantaneous, constant volume combustion. If significant dissociation

is expected, then first-law and chemical-equilibrium calculations are

required to find accurate values of Pf and y,. These calculations have

to be done separately, and the resulting values of P- and y, become part

of the model input and override the no-dissociation values. The program

calculates the value of Y as the arithmetic mean between the initial
3 U

and final (n -*• 1) values of the unburnt mixture, and determines the

values of b (equation (38)) for a given problem.

2.5.4 Flame Surface Area/Vessel Volume (A/V.)

The functional relationship between A/V and the burnt gas
3 x

volume fraction ri (equation (9)) defines the flame shape in a given

volume. These relationships are provided in this section for the cases

considered in the model (Figure 2). It is assumed here that the flame

curvature at all times is spherical, centred at the point of ignition.

Case 1

1-a Ignition at the centre

A/vf * 4irr*/V

r - R(,V'3 - 0

1-b Ignition on the surface

irr2(2R - r)/(VR)

r 4 - (8/3) (Rr3) + 4 VRn3/ir = 0
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Case 2 Cylinder

2-a-l Ignition at the centre: r < R

Same as Case 1-a

2-a-2 Ignition at the centre: r > R

2 2 1/?
A/V± = 4Trr[r - (r - R ) ' ]/V

r3 - (r2 - R 2 ) 3 / 2 - 3Vn3/(4ir) = 0

2-b-l Ignition at the top or bottom centre: r < R

A/V± = 2irr
2/V

r - (3Vn3/27r)1/3 = 0

2-b-2 Ignition at the top or bottom centre: r > R

A/V± = 2irr[r - (r
2 - R2)1/2]/V

r3 - (r2 - R 2 ) 3 / 2 - 3Vn3/C2ir) = 0

Calculation of the parameter A/V. for a given n requires the solution

of a non-linear equation (in general), which is obtained by the Newton-

Raphson method.

3. SOLUTION

3.1 COMPUTER PROGRAM

The non-linear differential equations (9), (10), (24) and (25)

of the model are of the form
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) (39)

where 'v indicates a vector, y is a vector of dependent variables and t

is the independent variable.

A computer program has been written to integrate the equation

set (39) numerically using a fourth-order accurate, explicit Runge-Kutta

method. The auxiliary relations described in the previous section and a

time-step controller are built into the program. Potential users of

this program can find a detailed description in Appendix A. The time-

step controlling procedure is described below.

3.2 TIME-STEP CONTROL

Efficient numerical integration of equation set (39), subjected

to a prescribed accuracy, requires controlling the time-step size. Es-

timates of the local truncation error are used to control the time-step

size. There are several methods available in the literature to es-

timate the local truncation error. We chose an efficient, simple, em-

bedding form due to Sarafyan

This method, as applied to the equation set, is briefly de-

scribed here. A well known fourth-order accurate Runge-Kutta explicit

method to solve equation set (39) is:

? + \ <h + 2*2
 + 2*3 + V

where k., = At r ( t , y )

At £(t + \ At, y + |

k^ = At £(t + | At, y + | £2)

lc4 = At 2(t + At.y + ^ 3 ) .
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Here At is the time-step size and the subscript on y denotes the order

of accuracy of the formula.

In deriving the embedding method, one attempts to build lower-

order formulas with different linear combinations of the same set of

k's used in constructing the higher-order formula.

For the fourth-order method (equation (40)), Sarafyan has

shown the existence of the following lower-order formulas:

M:+At ^t , y ,,-,..
yl = y 1 * *

^t+At M: , y
y2 = y 2 '

An estimate of the truncation error obtained by |y, - y« j is used

to control the time step, as described below.

A correction factor, C, for the time step is defined by:

At = C At . , (43)
new old

C2
where C = (.e^ej ; 1/C^ < C < ^ , (44)

e1 is the user-selected error-tolerance value and

I ,^t+At M:+At,. ,^t+Ati ....
max | (y^ - y ^ )/y^ \ , (45)

where i stands for the dependent variables. The values of constant C.

(default value 2), defining the rar^e of C, and the component C_ (de-

fault value 1/3) have been selected based upon experience, to ensure

both accuracy and efficiency of the integration. For values of C less

than 1/C., the current solution is rejected and the calculation is

repeated with the time step reduced by 1/C^. The maximum permitted

value of C is C..
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4. RESULTS AND DISCUSSION

In this section, model results are compared to experimental

results available in the literature. The effects of burning rate, vent-

ing rate and ignition location on the pressure buildup in the vessel are

discussed. For this purpose, vessels of the same sizes as those of the

Containment Test Facility were chosen as a basis for the model results.

4.1 MODEL-EXPERIMENT COMPARISON

4.1.1 Sphere - Laminar Burning

The transient pressure variation resulting from laminar

burning of a hydrogen-air mixture in a closed sphere, 0.30 m in diame-

ter, is shown in Figure 3. The laminar burning velocities used in the

model were calculated using the empirical relations discussed in Section

2.5.1. The model satisfactorily predicts the pressure buildup in the

closed vessel.

4.1.2 Cylinder - Venting

(19)
Cousins and Cotton measured the peak pressures resulting

from the vented deflagration of a hydrogen-air mixture in a 0.215-m

cylindrical vessel. They plotted peak pressure in the vessel against

the vent surface area. These results are compared with those of the

model in Figure 4. Since some of the information required for the com-

parison was not available, the following were assumed as input for the

model:

1. Bottom ignition in one case and central ignition in the other,

2. Unburnt gas venting,

3. A discharge coefficient of 0.6,

4. Laminar burning.
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The model results agree qualitatively with those of the ex-

periment in that lower peak pressures result from larger vent areas.

The burning rate is higher for central ignition because the flame sur-

face area is larger. This results in higher peak pressures. The model

input does not account for either the distortion of the spherical flame

shape, caused by venting through a localized opening in the vessel, or

any turbulence that may have been generated. These effects increase the

rate of burning, causing higher peak pressures.

4.2 DISCUSSION OF EFFECTS

The rate of pressure rise in the vessel depends (see equation

(24)) on the competing effects of burning and venting along with the

mixture properties, the burnt gas volume and the pressure in the vessel.

Burning tends to increase the pressure whereas venting relieves it. The

venting and burning rates are influenced by venting layout, ignition

location and its position relative to the vent, flame instabilities and

turbulence. These are very much problem dependent.

The burning rate (equation (9)) is proportional to the flame

surface area, the burning velocity and the density of the mixture just

ahead of the flame. The development of the flame surface area depends

on the ignition location and its position relative to the vent. Venting

of the gas mixture through an opening (localized) in the vessel produces

velocity fields that distort the flame in the direction of the vent and

may cause flame instability , which greatly increases the burning

rate.

Another cause of increased burning rate is turbulence. Experi-
(9 12 13)

ments by several researchers ' ' showed that turbulence, induced by

fans in the initial mixture contained in an explosion vessel, increases

the burning velocity substantially. The flow of gases towards the vent

may create regions of sufficient shear to generate turbulence . The

presence of obstacles in the vessel may also generate turbulence.
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Empirical relations are required to quantify the effects that
(9)

Influence the burning rate. A correlation, due to Andrews et al. , of

the experimental data between the turbulent burning velocity and a tur-

bulent Reynold's number based on the Taylor microscale is built into the

model (Section 2.5.2). As an alternative to using this correlation, a

facility to specify the turbulent burning velocity as a constant mul-

tiple of the laminar value is provided in the computer program. It is
(21)

of interest to note that Hertzberg ' estimated that the flame propaga-

tion rate in the hydrogen burn in the containment at Three Mile Island

was 25 times faster than expected with a laminar flame propagation.

A few cases have been run with the VENT code to demonstrate

these effects.

The effect of increased rate of burning (S /S = 10) on the
t A*

peak pressure and on the rate of pressure rise in a spherical vessel,

venting to the environment, is shown in Figure 5. The vessel size and

venting area are the same as those for the sphere in the Containment

Test Facility. An increased burning rate not only Increases the rate of

pressure rise but also increases the peak pressure, since there is less

time for venting to relieve the pressure. The peak pressure would be

maximum for no venting, and this is also shown for laminar burning

rates.

The influence of ignition location on the pressure rise in the

spherical vessel is shown in Figures 6 to 8. For the chosen venting

layout, venting of the unburnt gas mixture results if ignition takes

place at the top; bottom ignition results in burnt mixture venting.

Following ignition, the flame surface area (proportional to the burning

rate) increases initially followed by a progressive decrease to zero as

the burning approaches completion. The pressure curves have inflection

points and reflect this trend.

Burnt gas venting results in a lower rate of pressure rise in

the vessel. The vessel pressure is a measure of the amount of energy in
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the vessel and, as previously mentioned, its history is determined by a

balance between the rate of chemical energy released by combustion and

the rate of energy discharged by venting. The rate of energy vented

depends on the mass flow rate and its specific internal energy. Based

on equations (5) and (6), the ratio of the mass venting rates between
1/2

the burnt and unburnt gases is proportional to (PJ/P ) while the

ratio of their specific internal energies is proportional to (p /Pi)•

Thus,

Burnt gas energy removal rate , t \l/2
Unburnt gas energy removal rate " pu'pb

Since the density of the unburnt gas is 5 to 15 times larger

than the density of the burnt gas, the larger energy removal rate for

burnt gas venting results in a slower pressure rise. The slower pres-

sure rise, and thereby a lower unburnt gas temperature, lowers the burn-

ing velocity. The burnt mass venting, by its direction, further slows

the flame velocity in the direction away from the vent so that the time

taken for the flame to sweep the entire volume is larger in this case.

Although the energy removed from the vessel during this time is larger

than the corresponding amount for the unburnt gas venting, more 'chemi-

cal energy1 is added since all of the combustible mixture remains in the

vessel to release its energy.

The rates of pressure rise and peak pressures are problem de-

pendent. For example, a five-fold increase in the vent area (see Figure

7) results in a lower peak pressure for burnt gas venting thar that for

unburnt gas venting, while a five-fold increase in the burning rate

(S /S = 50) (see Figure 8) results in about the same pressure buildup

rate for both cases.
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5. CONCLUSIONS

A simplified model has been constructed to predict the prop-

erty transients resulting from vented deflagration of hydrogen in a

sphere or a cylinder. A computer program VENT has been written to solve

the model equations. The model satisfactorily predicts the pressure

buildup resulting from deflagration of hydrogen, ignited at the centre

of a closed, small spherical vessel.

Two key parameters in the model are the flame surface area and

the burning velocity. The functional relationship of these parameters

with the dependent variables is problem dependent. The model uses sim-

plified relations for these parameters, but is flexible so that more

complex relations can be easily incorporated.
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APPENDIX A

PROGRAM VENT

A.I. PROGRAM ABSTRACT

Program name - VENT

Computer for which program is designed - DEC, PDP-10.

Problem solved - The program calculates property transients

resulting from deflagration in a premixed, homogeneous, reactant mixture

(hydrogen-air-steam or methane-air), initially enclosed in a spherical

or cylindrical vessel, ignited at the centre or surface, and venting to

the environment.

Method of solution - Three ordinary differential equations are

solved simultaneously for the pressure, the volume of the burnt gas, and

the mass cf the burnt gas as functions of time, using a fourth-order

Runge-Kutta algorithm. These equations embody mass and energy conserva-

tion and an empirical relation for the burning velocity.

Typical running time - 5 to 15 seconds CPU time depending on

mixture composition, venting rate and vessel volume.

Unusual features - Program contains on-line storage of the

results and plotting capabilities.

Status - A version of the program, frozen 1981 June, is avail-

able for distribution.
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Machine requirements - 15 K words

Programming language - FORTRAN IV

Operating system - DECsystemlO, FOROTS

Other information - Program is designed for execution from an

interactive teletype and makes extensive use of an in-house computer

plotting system.

Name and establishment of authors - S.R. Mulpuru and G.B. Wilkin,

Atomic Energy of Canada Limited, Whiteshell Nuclear Research Establishment.

Keywords - hydrogen, deflagration, venting

A.2. PROGRAM DESCRIPTION

A.2.1 BASIC LAYOUT

Upon entry, MAIN, calls READ to input the case data. In a

run, VENT will perform any number of the following operations: a com-

bustion calculation, plotting of data that has been stored on a perma-

nent library, or manipulation of this permanent library. If the first

five characters of the case title are "PLOT ", READ calls the plotting

routine PLOT3. If the five characters are "LIBRA", READ calls the lib-

rary management routine PLMAN. Otherwise, READ continues to read the

combustion case data and to prepare case-dependent data (moles of re-

actants and products, heats of formation, and internal energy tables)

using tabular data stored on a permanent binary file. Included in the

initialization is an estimation of the final pressure and specific heat

ratios for burnt and unburnt gases for constant pressure (PCOMB) and

constant volume (VCOMB) combustion.
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3
The equations for the three dependent variables, P, r\ , and

n, (pressure, volume and mass, respectively) are integrated by the

fourth-order Runge-Kutta algorithm. The integration loop is contained

in MAIN and subroutine FUNC calculates the functions, k,, k_, k«, and

k,, of the Runge-Kutta method. FUNC employs functions SU (burning ve-

locity) , XMVMI (mass venting rate), and AV (ratio of flame area to ves-

sel volume) in generating the k.. After each iteration, STEP takes one

of the following courses of action: (a) if the results are acceptable -

STEP advances the time step and continues; (b) if the truncation error

is too large - STEP rejects the iteration, reduces the size of the time

step and repeats the calculation; or (c) if the combustion is complete,

STEP terminates the loop. The user sets the acceptable error limit and

the approximate number of times the solution is to be printed. The pro-

gram prints the total number of iterations that were required to complete

the calculation. At completion, the results are written to the library

for retention and/or plotted immediately.

During a plotting operation, up to eight sets of results are

read from the library. Six variables are stored as functions of time

for each set: pressure, temperatures of burnt and unburnt gas, volume

and mass of burnt gas, and radius of flame front. These six variables

can all be plotted on one frame for a single case, or any one of the six

variables can be plotted for all eight cases on one frame.

A library management operation can either list the current

contents of the library or delete unnecessary data sets from the li-

brary. The modified library replaces the old library, and the old

library is saved as a backup.

After completion of each operation, VENT reads the case title

for the next operation. Any number of operations can be performed in a

single run. VENT terminates at the end of the input file, or if the

first five characters of the title are "STOP ".



- 35 -

Input data is read from unit 5 and tabular data is read from

unit 50. Formatted output is written to unit 2 (teletype), unit 6

(printer) or appended to a file on a user-selected unit for retention.

Case results are appended to the binary library file on unit 51 for re-

tention and the backup library is saved on unit 52.

A.2.2 MODULE MAP

The following table illustrates the module call structure of

program VENT.

MAIN FUNC

INI

PLOT*

PRNT8

READ

AV

SU

XMVMI

AV

SU

COMP

PCOMB

PLMAN

PLOT*

TABLES

VCOMB

EPP

ERR

EPP

ERR

STEP

*N0TE: PLOT symbolizes a package of plotting routines not listed here.
(A 1)

This package includes contributions from the PLTPAK System * .

A.2.3 MODULE DESCRIPTIONS

This section contains a brief description of each subroutine

and function contained in VENT.
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MAIN initiates the solution by calling the setup routines READ

and INI. It contains the main integration loop which uses a fourth-order

Runge-Kutta algorithm to solve three ordinary differential equations for

the three dependent dimensionless variables, P (pressure ratio, Y(l)),

T) (burnt volume ratio, Y(2)), and n (burnt mass ratio, Y(3)), as func-

tions of time. MAIN also controls program output in four forms: tele-

type, printer, permanent library, and plotter.

INI initializes the integration procedure by calculating ini-

tial values for P, n , and n (Section 2.4.4).

'V 'V *V %

FUNC calculates the functions k , k , k and fc required by

the Runge-Kutta integration method (Section 3.2).

READ reads the input data and determines the type of operation

to be performed: (1) for a plotting operation, READ calls the plotting

routine PLOT3; (2) for a library management operation, READ calls PLMAN;

and (3) for a combustion calculation, READ calls TABLES and COMP to pre-

pare tabular data, calculates molecular weights and heats of formation

for the mixture components, calls PCOMB and VCOMB to estimate the final

pressure and specific heat ratios for burnt and unburnt gases, and

finally prints input and case data.

STEP uses an embedding method (Section 3.2) to determine the

truncation error for each time step. Based on a user-selected error

criterion, the step is either accepted or rejected and the size of the

time step is adjusted accordingly. STEP also terminates the integration

loop when n = 1 .

PLOT1 collects the data to be plotted during the integration

process. PL0T2 is the entry point that plots these results.

AV calculates the surface area of the flame divided by the
3

volume of the vessel as a function of n and the geometry of the problem
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(Section 2.5.4). Newton-Raphson iteration is used to solve the non-

linear algebraic equations.

jU calculates laminar and turbulent burning velocities as

functions of pressure, temperature, mixture composition, and turbulence

parameters. Empirical relations are built in only for hydrogen-steam-

air mixtures and methane-air mixtures (Sections 2.5.1 and 2.5.2).

XMVMI calculates the rate of mass venting based on pressure,

vent status, vent area, and gas being vented - either burnt or unburnt

(Section 2.4.1).

COMP calculates the mole fractions of reactants and products

based on the fraction of fuel burnt.

PRNT8 handles result output with a variable format that dis-

plays five significant digits in an easy to read form.

PCOMB and VCOMB calculate burnt gas properties for constant

pressure and constant volume combustion, respectively, assuming no dis-

sociation (Section 2.5.3).

ERR and EPP look up reactant and product internal energy tables

for PCOMB and VCOMB, respectively.

PLMAN is the plot-library management routine, handling the

listing and deleting of case data stored in the library.

PL0T3 is the plot-library plot routine, handling the plotting

of the case data stored in the library.

TABLES reads and prepares internal energy tables and other

constant data read from the binary data file.
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A.2.4 DATA FILE FORMATS

Data File

Binary data file VENT.DAT contains internal energy tables,

molecular weights, heats of formation at standard temperature and pres-

sure (STP), and title data for reactants and products. The format is as

follows:

Record 1: L - length of tables, i.e., the number of temperatures at

which internal energy is tabulated. Currently L is fixed at

62.

Record 2: (TR(I),I=1,L) - temperatures in ascending order

Record 3: ((ER(J,I),1=1,L), J=l,4) - "reactant" internal energies

Record 4: ((EP(J,I),1=1,L), J=l,4) - "product" internal energies

Record 5: (WR(J),J=1,4), (WP(J),J=1,4), (HRO(J),J=l,4), (HPO(J),J=l,4),

(TTR(J),J=1,4), (TTP(J),J=1,4) - molecular weights, heats of

formation and titles, for "reactants" and "products", respec-

tively.

The index J refers to the particular molecular species as fol-

lows:

Ĵ  "Reactants" "Products"

1 CHA C02

2 °2 °2
3 N2 N2

The terms "reactants" and "products", above, are used for convenience in

describing how the data are stored in the file. Before calculations

begin, subroutine COMP rearranges the above tables yielding the true re-
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actants and products necessary for the particular case being studied.

The actual reactants and products used in the computations are listed by

subroutine READ, together with the other input data.

Library File

The plot-library file contains case results that have been

stored for subsequent plotting. The library resides in binary file

F0R51.DAT, and the backup library, in binary file FOR52.DAT. The format

is as follows:

Record 1: ID, NCC, (TTL(I), 1=1,12)

- case identification number, number of time steps, and a 12-word

title describing the case. VENT places the current date and

time in the last three words of TTL.

Record 2: ((DATA(I,J), J=l,7), 1=1, NCC)

- case results.

The index J refers to the result item as follows:

1 Item

1 Time value of the time step

2 Pressure ratio, P,/P. (P)
b i

3 Unburnt gas temperature ratio, T /T.

4 Burnt gas temperature ratio, T,/T

5 Burnt gas volume ratio, V./V (n )

6 Burnt gas mass ratio, m, /m. (n)

7 Ratio of flame front radii, r, /rf 1

Records 1 and 2 are repeated for each set of case results con-

tained in the library. The file is EOF terminated.
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A.3. USER INSTRUCTIONS

A.3.1 INPUT DESCRIPTION

An executable version of the program, VENT.EXE, and the binary

data file, VENT.DAT, have been stored in area [75,76] on the PDP-10

computer. To run the program from his own area, the user first couples

a data source to unit 5 (either a CDR file or the teletype) and then

types

.RUN VENT[75,76].

The library files, FOR51.DAT and FOR52.DAT, are written into the user's

area. Examples of both CDR and teletype input can be f^und in Section

A.3.4.

User-controlled input to VENT is read from unit 5. Each oper-

ation is initiated with a title card used to identify the results on

printed and plotted output. The first five characters are examined to

determine the type of operation or terminate the run as follows:

(a) "PLOT " = plotting operation,

(b) "LIBRA" = library management operation,

(c) "STOP " = terminate run, and

(d) any other five character combination = combustion calculation.

Following the title card, one or more sets of numerical data

are input in standard FORTRAN IV NAMELIST format. For example, a com-

bustion calculation might have input as:

CASE TITLE

$COMB IGE0M= 1 R=1.25 FUEL=0.1 AIR=0.9 $

where COMB is the NAMELIST name followed by the required variable-value

pairs, and the entire string is enclosed by two " $" character pairs.
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The variables may be input in any order, and the string may span any

number of input lines. Upon entry into VENT, each NAMELIST variable is

given a default value, shown in brackets in the descriptions that fol-

low. For each operation during a given execution of VENT, only those

variables that are to differ from the previous operation (or the de-

faults, if this is the first operation) need be entered in the NAMELIST

input. Those variables not input remain unchanged. "Ampersand" signs

may be used in place of the "$" signs if desired. Any number of opera-

tions may be performed in a single VENT run. VENT terminates when

either the title is "STOP " or the end of the input file is reached.

Combustion Calculation

"LIBRA".

Title Card - first five characters not "PLOT ", "STOP ", or

NAMELIST - COMB

IGEOM - ignition/geometry flag (1)

1 = spherical vessel, centrally ignited

2 = spherical vessel, side ignited

3 = cylindrical vessel, centrally ignited

- 4 = cylindrical vessel, centre of top or bottom ignited

ISUH - fuel type flag (0)

0 = hydrogen

1 = methane

MPP - approximate number of iteration time steps to be printed.

(The actual number printed may differ slightly from MPP and

should, in any case, be less than or equal to 25.) (10)

ITLIM - maximum number of iteration time steps permitted (2000)

IPLOT - plot flag (0)

0 = no plotting

1 = plot the results for this case
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IVNT1 - vent type flag (0)

0 = no venting

1 = rupture disk (or open vent if PV=1)

2 = relief valve

IOUT - formated output flag (6)

2 = teletype

6 = printer

any other value = results appended to formatted file on unit

IOUT

IFILE - library output flag (0)

0 = no output to library

> 0 = append results to binary library file F0R51.DAT on unit 51

using the identification number IFILE, for later use by

the plotting routine

IPGG - special dissociation flag (0)

0 = VENT calculates P, /P., Y, , and v assuming no dissociation
b i b u

1 = VENT calculates Y only; user inputs Ph/
pj and Y, (PBPI,GB)

2 = user inputs'P/P, Yfe and Y U (PBPI.GB.GU)

IVUB1 - type of gas vented (0)

0 = vent unburnt gas

1 = vent burnt gas

ITURB - laminar/turbulent burning flag (0)

0 = laminar burning

1 = turbulent burning; user inputs S /S. (TFC1)
t Ar

2 = turbulent burning; VENT calculates S./S.; user inputs u,

u' and i (XMU.UT.XLT)

R - vessel radius in m (0.0)

H - vessel height in m; only required for cylindrical vessels and

must be greater than or equal to R (0.0)
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PI - initial mixture pressure in Pa (101325.0)

TI - initial mixture temperature in K (298.0)

2
ALPA - area of vent opening in m (0.0)

PV - pressure at which vent opens divided by initial pressure (1.0)

PA - exit pressure divided by initial pressure (1.0)

CD - coefficient of discharge (0.6)

TFC1 - ratio of turbulent/laminar velocities, S /S , required if

ITURB=1 (1.0)

XMU - dynamic viscosity of unburnt gas in kg/(m.s). y required if

ITURB=2 (0.0)

UT - root mean square turbulent velocity in m/s. u1 required if

ITURB=2 (0.0)

XLT - mean size of large turbulence eddies in m. SL required if

ITURB=2 (0.0)

DTI - initial time-step size in s (1 x 10~ )

DN1 - initial value for n, ratio of burnt mass to initial mass

(1 x 10~5)

-4
EREL - Interation error limit for calculating A/V. (1 x 10 )

EREL1 - time-step truncation error limit, e. (1 x 10~ )

FE - time-step exponential factor, C-, must be less than 1 (0.3)

FT - time-step adjustment factor limit, C , must be greater than

1 (2.0)
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HFR - fraction of H~ burnt; if 0.0 is entered, HFR is calculated by
(A.2)

the program using results of D. Liu et al. . Not used for

methane mixtures. (0.0)

FUEL - volume fraction of fuel (either hydrogen or methane) in the

mixture (.0.0)

AIR - volume fraction of air in the mixture (0.0)

H20 - volume fraction of water vapour in the mixture; used only for

H_ combustion (0.0)

PBPI - final pressure ratio, Pb/P±» required if IPGG>0 (0.0)

GB - burnt gas specific heat ratio, y,, required if 1PGG>O (0.0)

GU - unburnt gas specific heat ratio, y .required if IPGG>1 (0.0)

Plotting Operation

Title Card - first five characters are "PLOT "

NAMELIST - IDNOS

IFILE - list of identification numbers of the cases to be read in from

F0R51.DAT on unit 51. If an identification number occurs more

than once on the file, the last occurrence defines the data

set used. Maximum of eight cases allowed. Example:

$IDNOS IFILE = 301, 302, 303 $

If a negative value is entered in the IFILE list, the absolute

value refers to the case's sequential position in F0R51.DAT.

Example:

$IDNOS IFILE * -1, -4 $

would read the first and fourth case sets. This permits read-

ing sets where duplicate identification numbers exist.
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NAMELIST - FRAME

IT - plot type flag (0)

0 = terminate plotting

1 = one variable plotted for all cases on one frame

2 = all six variables plotted versus time for one case on one

frame

IX,IY - data selectors for IT=1; variable IY is plotted versus varia-

ble IX for all cases input; variable numbers are:

1 = TIME, 2 = PB/PI, 3 = TU/TI, 4 = TB/TI, 5 - VB/VI, 6 - MB/MI,

7 = RB/RFIN. (0,0)

IC - case selector for IT=2; variables 2-7 are plotted versus time

for case IFILE(IC) (0)

XL - maximum value for determining X-axis scale; if 0.0 is input,

program determines maximum value (0.0)

YL - maximum value for determining Y-axis scale; if 0.0 is input,

program determines maximum value (0.0)

NAMELIST FRAME is repeated for each plot desired. The operation is ter-

minated when IT=0 is input. Each NAMELIST starts on a new line of input.

Library Management Operation

Title Card - first five characters are "LIBRA"

NAMELIST - IDNOS

IFILE - list of identification numbers (positive) or sequential posi-

tion numbers (negative) of case sets to be deleted from

FOR51.DAT. Example:

$IDNOS IFILE = 301, 302, -6, -7 $
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would delete all occurrences of sets 301 and 302 as well as

the sixth and seventh sets. A maximum of 20 entries is al-

lowed. The input

$IDNOS IFILE = 0 $ or $IDNOS $

simply lists the library contents.

Results of each run are appended to file F0R51.DAT when IFILE>0,

without searching for duplicate values of IFILE.

2. Default values for the integration parameters are:

DTI = 1.0 x 10~3

DN1 = 1.0 x 10~5

EREL1 = 1.0 x 10~4

FE = 0.3

FT = 2.0

EREL =1.0 x 10"4

These values can be adjusted to achieve an acceptable compromise

between accuracy and execution time for the particular set of cases

under consideration.

3. If venting is specified, IVNTl>0, the vent opens when PL/PJ reaches

PV. The vent remains open in the rupture-disk case, IVNT1=1, re-

gardless of the pressure, whereas, in the relief valve case, IVNT1*2,

the vent closes again if P^/PJ falls below PV. In either case, no

venting occurs if Pb/P± falls below PA.

4. Before a library manipulation run deletes any cases, the original

library in file FOR51.DAT is copied to file FOR52.DAT as a backup.

If a system failure occurs during deletion or a required case is

inadvertently deleted, this file can be renamed to FOR51.DAT to

recover the lost data.
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5. If IOUT is set to a value other than 2 and the run is terminated by

a Control-C command, the output file should be closed with a

.CLOSE command

6. Input items XL and YL can be used when plotting a series of graphs

for comparison to obtain the same scale on the X-axes and Y-axes,

respectively.

A.3.2 OUTPUT DESCRIPTION

VENT produces output in three basic forms: formatted, unfor-

matted, and plotted. A combustion calculation can list the formatted

output on the user's teletype or on the high-speed printer, or it can

append the formatted output to a data file for retention and eventual

listing on the printer. The input variables are described in Section

A.3.1, and the intermediate and final result variables are described in

Section A.3.4. If the formatted output is not routed to the teletype,

an abbreviated print of the integration time steps is listed on the

teletype during execution. Plotting and library manipulation operations

can only list the formatted output on the teletype (see Section A.3.4).

Unformatted output takes the form of a binary file library of

case results. Under user direction, each combustion operation can ap-

pend the case results to the end of the library. These results are then

available for plotting at a later time. The items saved are: time,

V. /V , m,/m., P , / P , , T / T . , T , /T . and r , / r , . n . Library manipulat ionb i D i b i u i b i b f i n a l

operations delete entries from the library by copying the library drop-

ping the unwanted cases. The library file format is described in Sec-

tion A.2.4.

Plotted output is prepared by both combustion operations (data

is plotted immediately after completion of the calculations) and plot-

ting operations (data is retrieved from the library). Increased flex-

ibility is available when plotting from the library. A sample output

plot can be found in Section A.3.4.
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A.3.3 ERROR MESSAGES

Error and warning conditions are indicated by the following

messages:

**WARNING** SU=xxxx UNREASONABLE, RESULTS SUSPECT

The value of the laminar burning velocity (SU) should lie be-

tween 0.15 and 10.0 m/s. Check the mixture composition. VENT

continues execution.

***ERROR*** R=xxxx H=xxxx INVALID

For cylindrical geometry, height (H) must be greater than or

equal to radius (R). Program terminates.

***ERROR*** HFR=xxxx INVALID

The fraction of H burnt (HFR) must be specified between 0.0

and 1.0. Program terminates.

**WARNING** N=xxxx NO DATA FOR PLOTTING

Plotting operation found no data for case IFILE(N). Check

values of IFILE and IC. Program continues execution.

***ERROR*** INTEGRATION PROCEDURE EXCEEDED ITERATION LIMIT

TRY INCREASING DN1, OR INCREASE ITLIM

The maximum number of time-step iterations specified (ITLIM)

was exceeded. The number of iterations is also dependent on

input EREL1, FE and FT. Adjusting these may reduce the itera-

tions required. Also if burnt gas venting is specified with

a large vent area, the flame may not propagate through the

mixture. If adjusting the above values does not help, try

reducing the vent area. Program terminates.
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A.3.4 SAMPLE CASES

Several sample cases are presented here to familiarize the

user with the form of VENT input and output. These cases should not be

considered '"test" cases, as model verification is documented elsewhere.

Sample cases are included for the three possible operations: combustion,

plotting, and library management.

The user first ran two combustion cases using file F01.CDR for

input. Two different concentrations of H~ in air were burnt under lam-

inar conditions in a sphere ignited at the sphere surface with no vent-

ing. The results were stored in the library under identification num-

bers 101 and 102. The CDR file and teletype output are shown in Fig-

ure A-l, and the full line printer output is shown in Figure A-2. Note

that for the second case, only the file number and reactant concentra-

tions were input. The full output contains the following: all input

variables including the reactant mixture composition (COMP); vessel

volume (V); mole fractions for reactants (MOLE-R) and products (MOLE-P);

molecular weight and heat of formation for unburnt gas (WU, EUO) and

burnt gas (WB, EBO); and Pb/P., Y » Yb> and the constant b (PBPI, GU,

GB, B). Intermediate and final values are then printed for: time, cur-

rent time-step size (DT), P./P. (PBPI)
D 1

Tb/T± (TBTI), and radius of flame (RB)

rent time-step size (DT), P,/P. (PBPI), n3 (VBVI), n (MBMI), T /T. (TUTI),

The user then assigned the teletype to unit 5 to allow the

running of VENT without creating CDR files first. The input is typed

exactly as it would appear in a CDR file. The input and output are

shown in Figure A-3; the underlined portions were typed by the user.

First, the user listed the contents of the library; he then deleted the

previous version of files 101 and 102; and finally he plotted pressure

versus time for the newly created files 101 and 102. The resulting plot

is shown in Figure A-4. When running VENT with unit 5 assigned to the

teletype, the STOP command must be used to insure proper closing of all

output files.
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>TYPE F01.CDR

LAMINAR BURNING-SPHERF/H2=0.15
8COMB IFILE-101 R=.1524 FUEL. ==.15 AIR=.85 IGE0M=2 X

LAMINAR BURNING-SPHERE/H2=0.2
SCOMB IFILE=102 FUEL=,2 AIR=,8 &

.SET CDR FOi

•RUN VENTC75»763

VENT (VERSION 11.0) 30-Jul-81 14:14

LAMINAR BURNIN6-SPHERE/H2=0.15

N TIME
1 5.7780-4
2 8.3295-3
3 0.016371
4 0.024605
5 0.033889
6 0.044247
7 0.054489
8 0.066553
9 0.079768
10 0.094557
11 0.097207

PBPI
1.0000
1.0076
1.0450
1.1338
1.3183
1.6638
2,1925
3.0983
4,3694
5.5046
5.5748

VBVI
4.5710-5
6.9821-3
0.039695
0.11039
0.23200
0.39934
0.57058
0.75193
0.90412
0.99441
0.99914

104 ITERATIONS

LAMINAR BURNING-SPHERE/H2=0.2

N TIME
1 3.2015-4
2 4.1886-3
3 8.2673-3
4 0.012428
5 0.017059
6 0.022118
7 0.027970
8 0.034554
9 0.041641
10 0.049378
11 0.050749

PBPI
1,0000
1,0076
1.0446
1.1323
1.3123
1.6424
2.2622
3.3658
5.0394
6.6429
6.7458

VBVI
5.5542-5
o • 60oo""3
0.037467
0.10399
0.21717
0.37065
0.55685
0.74571
0.90217
0.99426
0.99910

106 ITERATIONS

STOP

MBMI
1.0000-5
1.5378-3
9.0222-3
0.026930
0,064527
0.13613
0,24797
0.44395
0,72530
0,98109
0.99702

MBMI
1.0000-5
1.1975-3
7.0092-3
0,020882
0,049664
0,10339
0,20667
0.39560
0.68990
0.97781
0,99643

END OF EXECUTION
CPU TIMEt 5.57 ELAPSED TIME: 54.40
EXIT

FIGURE A-l: Input CDR File and Teletype Output for the Sample Combustion
Cases. The underlined portions were typed by the user.



LAMINAR BURNÏNG-SPHERE/H2=0

IGEOM
IFILE
IPGG
R
ALPA
DTI
FT
XLT
COMPJ
MOLE-R
MOLE-P
WU
PBPI

N
1
2
3
4
5
6
7
8
9
10
11

ISUH IVNT1
IOUT IPLOT
ITURB ITLIM
H PI
PV PA
DN1 EREL1
TFC1 XMU
EREL V
HFR H2

i H2 02
: H20 02
MB EUO
GU GB

TIME
5.7780-4
8.3295-3
0.0JÂ371
0.024605
0.033889
0.044247
0.054489
0.066553
0.079768
0.094557
0.097207

IVUB1
MPP

TI
CD
FE
UT

AIR H20
N2 H20
N2 H2

1.
3.
7.
1.
1.
1.
2.
2.
3.

EBO
B

DT
0000-3
8766-4
5463-4
1516-3
5720-3
9342-3
2310-3
8223-3
6905-3

1.5112-3
1.1385-3

.15

2
101
0

1.5240E--01
O.OOOOE-01
1.0000E-03
2.0000E+00
O.OOOOE-01
l.OOOOE+00
1.5000E-01
1.5000E-01
2.4825E+01
5.5880E+00

PBPI VBVI
1
1
1
1
1
1
2
3
4

.0000 4.5710-5

.0076 6.9821-3

.0450 0.039695

.1338 0.11039

.3183 0.23200

.6638 0.39934

.1925 0.57058

.0983 0.75193

.3694 0.90412
5.5046 0.99441
5.5748 0.99914

0
6
0

O.OOOOE-01
l.OOOOE+00
1.0000E-05
l.OOOOE+00
1.0000E-04
1.5000E-01
1.7850E-01
1.0350E-01
2.6838E+01
1.4011E+00

MBMI
1.0000-5
1.5378-3
9.0222-3
0.026930
0,064527
0.13613
0.24797
0.44395
0.72530
0.98109
0.99702

30"-Jul-81 14*. 14

0
0

2000
1.0133E+05
l.OOOOE+00
1.0000E-04
O.OOOOE-01
1.4827E-02
8.5000E-01
6.7150E-01
6.7150E-01
-9.9801E+04
1.2850E+00

0
10

2.9800E+02
6.0000E-01
3.0000E-01
O.OOOOE-01

O.OOOOE-01
O.OOOOE-01
O.OOOOE-01
-1.5535E+06
6.8651E+00

TUTI TBTI RB
1.0000 4.
1.0022 4.
1.0127 4.
1.0366 5.
1.0823 5.
1.1569 5.
1.2520 5.
1.3823 5.
1.5254 5.
1.6296 6.
1.6355 6.

9416 6.9047-3
9461 0.037918
9704 0.069743
024A 0,10136
1242 0.13498
2763 0.16920
4540 0.19943
6733 0.23109
8883 0.26239
0318 0.29539
0396 0.30125

104 ITERATIONS

FIGURE A-2: Full Printer Output for the First Sample Combustion Case
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.ASSIGN TTY 5
TTY52 assigned

• RUN VENTC75>76:]

VENT (VERSION li.O) 30-Jul-81 14J20

LIBRARY

LIBRARY 30-Jul-81 14J21

&IDNOS &
NO
1

IFILE TITLE
101 LAMINAR BURNING-SPHERE/H2=0.15
102 LAMINAR BURNING-SPHERE/H2=0.2
201 TURBULENCE EFFECT~SPHERE/NOVENT/TFC=1
202 TURBULENCE EFFECT-SPHERE/VENT/TFC=1
203 TURBULENCE EFFECT-SPHERE/VENT/TFC=10
101 LAMINAR BURNING-SPHERE/H2=0.15
102 LAMINAR BURNING-SPHERE/H2=0.2

2
3
4
5
6
7

LIBRARY

LIBRARY

&IDNOS IFILE=-l>-2 &
DEL IFILE TITLE
X 101 LAMINAR BURNING-SPHERE/H2=0.15
X 102 LAMINAR BURNING-SPHERE/H2=0.2

201 TURBULENCE EFFECT-SPHERE/NOVENT/TFC=1
202 TURBULENCE EFFECT-SPHERE/VENT/TFC=1
203 TURBULENCE EFFECT-SPHEftE/VENT/TFC=10
101 LAMINAR BURNING~SP«Elie/»«2=0.l5
10? LAMINAR BURNING-SPHE*E/H2=0.2

30-Jul-
30-Jul-
30~Jul-
30-Jul-
30-Jul-
30-Jul-
30-Jul-

81
81
81
•81
81

•81
•81

09:12
09:12
09:17
09'. 18
09U8
14:14
14:14

30-Jul-81 14:24

30-Jul-
30-Jul-
30-Jul-
30-Jul-
30-Jul-
30-Jul-
30-Jul-

81
81
•81
•81
•81
81
81

09U2
09:12
09:17
09:18
09:18
14:14
14:14

30-Jul-81 14:26

4 8 1 14*14
30-Jul~81 14:14

PLOT

PLOT

&IHNOS IFILE=101>102 %
N IFILE TITLE
1 101 LAMINAR BURNING-SPHERE/H2=0.15
2 102 w-AMINAR BURNING-SPHERE/H2=0.2
tFRAME IT«1 IX«1 IY=2 8

PLOTTED:PB/PI VERSUS TIME (SEC)
tFRAME IT«O X

STOP
STOP

END OF EXECUTION
CPU TIME: 3.12 ELAPSED TIME: 7:3.33
EXIT

FIGURE A-3: Teletype Input and Output for the Sample Library List and Delete Cases
and the Sample Plot Case. The teletype replaced the CDR file in these
examples. The underlined portions were typed by the user.



- 54 -

PB/PI VERSUS TIME (SEC)

© .
©
©
<0

LRMINflR BURNINGrSPHERE/H2=0.15
LRMINflR BURNING-SPHERE/H2=0.2

1

i r
0.000 0.020 0.040 0.060

TIME (SEC)
0.080

FIGURE A-4: Pressure Ratio Versus Time Plot of the Sample Combustion
Cases Generated by the Sample Plot Case
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