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ANALYSIS OF CSNI BENCHMARK TEST ON CONTAINMENT
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ABSTRACT

A programme of experimental as well as analytical studies on the behaviour of
nuclear reactor containment is being actively pursued. A large number of
experiments on pressure and temperature transients have been carried out on
a one-tenth scale model vapour suppression pool containment experimental
facility, simulating the 220 MVe Indian Pressurised Heavy Water Reactors. A
programme of development of computer codes is underway to enable prediction
of containment behaviour under accident conditions. This includes codes for
pressure and temperature transients, hydrogen behaviour, aerosol behaviour
etc. As a part of this ongoing work, the code CONTRAN (CONtainment Transient
Analysis) has been developed for predicting the thermal hydraulic transients
in a muiticompartment containment. For the assessment of the hydrogen beha-
viour, the models for hydrogen transportation in a muiticompartment config-
uration and hydrogen combustion have been incorporated in the code CON-
TRAN. The code also has models for the heat and mass transfer due to con-
densation and convection heat transfer. The structural heat transfer is mod-
eled using the one-dimensional transient heat conduction equation. Extensive
validation exercises have been carried out with the code CONTRAN.

The code CONTRAN has been successfully used for the analysis of the
benchmark test devised by Committee on the Safety of Nuclear Installations
(CSNI) of the Organisation for Economic Cooperation and Development (OECD),
to test the numerical accuracy and convergence errors in the computation of
mass and energy conservation for the fluid and in the computation of heat
conduction in structural walls. The salient features of the code CONTRAN,
description of the CSNI benchmark test and a comparison of the CONTRAN pre-
dictions with the benchmark test results are presented and discussed in the
paper.

Bhabha Atomic Research Centre
Bombay 400 085, INDIA



ANALYSIS OF CSNI BENCHMARK TEST ON CONTAINMENT
USING THE CODE CONTRAN

S.K. Haware, A.K. Ghosh, V. Venkat Raj and A. Kakodkar

1.0 INTRODUCTION

The accidents at Three-Mile Island and Chernobyl have focussed renewed
attention to the issue of safety of nuclear reactors. This has led to a general
re-examination of the potential threat posed by hydrogen in severe accidents
which are characterised by major fuel overheating and possible fuel failures
accompanied by releases of large amounts of radionuchdes and hydrogen into
the containment. The most obvious issue related to the simultaneous presence
of large quantities of hydrogen and suspended radionuclides is that of the
potential for containment failure, caused by overpressure due to hydrogen
deflagration/detonation, followed by a release of airborne radionuclides to the
environment. The consequences of hydrogen combustion depend not only on
the amount of hydrogen generated but also on the plant specific features,
such as the containment design and failure pressures, number of compart-
ments, net free volume and provision of engineered safety features for post-
accident control of the containment atmosphere. The need for estimating cor-
rectly, following an accident, the peak pressures and temperatures in the
containment, the impact of generation, distribution and combustion of hydro-
gen, the transportation of radionuclides within the containment etc. lias re-
sulted in the establishment of a number of experimental facilities [1-7] and the
development of the relevant analytical tools to study the complex phenomena
involved [8-12].

A programme of experimental as well as analytical studies on the behaviour of
nuclear reactor containment is being actively pursued. Experiments on pres-
sure and temperature transients have been carried out on a one-tenth scale
model of 220 MWe Indian Pressurised Heavy Water Reactors (PHWRs) contain-
ment with a suppression poo) [13-16]. A program of development of computer
codes is also underway to enable prediction of pressure and temperature
transients, hydrogen behaviour, aerosol behaviour etc. in the containment. As
a part of this, the computer code CONTRAN (CONtainment TRansient ANalysis)
has been developed for predicting the thermal hydraulic transients in a multi-
compartment containment following a Loss of Coolant Accident. Extensive
validation exercises have been carried out with the code CONTRAN 117-181.
This code has also been successfully used for the analysis of the benchmark
test devised by CSNI, to test the numerical accuracy and convergence errors
in the computation of mass and energy conservation for the fluid and in the
computation of heat conduction across structural walls.

The salient features of the code CONTRAN, description of the CSNI benchmark
test and a comparison of CONTRAN predictions with the benchmark test results
are presented and discussed in this paper.

2.0 DESCRIPTION OF THE CODE CONTRAN

The prediction of pressure and temperature transients in the containment,
following a Loss of Coolant Accident CLOCA) or Main Steam Line Break (MSLB)



involves solution of the mass and energy conservation equations formulat-
ed suitably considering the steam-water discharge into the containment
during LOCA or MSLB, the mter-compartmental flows, energy absorbed by
the structures, suppression pool phenomena, chemical reactions etc. The
containment geometry is converted into a network of volumeB (.which
represent compartments) interconnected by junctions (which represent
inter-compartmental openings). The salient features of the code CONTRAN are
briefly described below.

2.1 Salient Features of the Code CONTRAN

1. The volumes VI (drywell) and V2 (wetwell) of the euppresmon pool type
containment can be a network of compartments interconnected through
openings.

2. Each compartment can have up to six junctions (i.e. openings to the
neighbouring compartments), which can act as inlets or outlets to the
compartment depending upon the pressure gradient.

3. Each compartment can have up to three heat slabs, of different materials,
which act as heat sinks.

4. A Vent clearing transient model for vapour suppression pool has been
incorporated [191.

5. The model for condensation heat transfer to the containment structure
accounts for the turbulence in the break compartment during blowdown
transients and also the effect of presence of noncondensibles (20].

6. Model for convection heat transfer to the containment structure has been
incorporated in the code.

7. Pressure driven hydrogen transportation model has been incorporated.

8. Hydrogen combustion model has been incorporated to study the hydrogen
combustion effects in the event of Beyond Design Basis Accident (BDBA).
The hydrogen combustion can be initiated at a user defined concentration
value. The effect of the presence of inerts on the combustion process lias
not been considered at present.

9. A one-dimensional transient heat conduction model, with uniform as well
as nonuniform grid sizes, has been incorporated in the code for structur-
al heat transfer calculations. A lumped parameter option is also available.

10. Model for heat transfer from the outer surface of the containment struc-
ture to the atmosphere based on convection heat transfer has been
incorporated.

11. Restart Option has been incorporated in the code.

2.2 Analytical Model

The code CONTRAN uses a generalised compartment model consisting of a liquid



region and a vapour region. The vapour region is considered to be a homoge-
neous mixture of the noncondensible gas species (oxygen, nitrogen and hydro-
gen), steam and water droplets. The thermodynamic state of this mixture is
calculated at the end of each time step based on the compartment mass and
energy inventories. Initialisation of the standard compartment conditions based
on the known initial compartment pressure, temperature, relative humidity
conditions and the molar fractions of the noncondensible gas species, is per-
formed as follows:

The water vapour partial pressure in each compartment is given by:

p s = P sat x H U M (1)

The initial mass of water vapour in a compartment is given by:

Miw = Vg x HUM / V g s a t (2)

And the initial mass of the noncondensible constituents in a compartment is
given by:

X j x Vg x (P-P s) x
(3)

T g x R
j =

The mass and energy exchange due to the steam/water blowdown, hydrogen
release, inter-compartmental flows, heat transfer to structures and exothermic
hydrogen combustion are calculated and updated for each compartment after
each time step. The governing conservation equations of mass and energy in
terms of the number of moles N :̂ of j**" species in i compartment connected
to k t n compartment by l t n junction (see sketch below) can be written as
follows [9], where flow across the junction 1 is considered positive from com-
partment i to compartment k.
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The total number of equations to be solved simultaneously is given by:

Neqn = ( Ngas + ^ c o m p + Njunc (6>

A model for calculating the interco mpart mental flows based on the laentropio
flow of a mixture of steam, noncondensible gases and water through an orifice
is used.

At the end of each time step, a mass/energy balance is performed on the
vapour region to determine the region temperature, based on the assumption
that the noncondensible-gas-steam-water mixture is homogeneous ana in
thermal equilibrium. A search is performed in the steam tables based on the
specific volume of water vapour in the atmosphere region and the trial tem-
perature values, until a vapour temperature corresponding to the total
vapour energy is found. The equations used for vapour region are as follows
(81:

Vg = Mw x v w (7)

Eg = Z Mj x Uj (8)
j

j = ^2O'°2'N2*H2

For superheated single-phase conditions:

Ttf x R
P = Pg + _? x z N,j (9)

j x O21N2.H2

and for the saturated conditions the pressure and apecjfio volume are



determined from

x R
P = Pa + x LUij (10)

x s * Mw x v g J

j = O2,N2,H2

v w = ( l -x s )*v f + xs*Vg (11)

Equations (7) to (11) are solved iteratively. The quantities V ,̂ Eg, Mw and M,
are known and Tg, P and xg are to be determined. The iteration IB on Tg.
Once this temperature is determined, the mixture quality is obtained from tne
solution process and the total pressure is calculated from equation (9) or (10).
The code maintains a separate inventory of all the species in each compart-
ment.

3.0 DESCRIPTION OF THE CSNI BENCHMARK TEST [21]

OECD/CSNI devised a benchmark problem to test the containment analysis
computer codes for numerical accuracy and convergence errors in the compu-
tation of mass and energy conservation for the fluid and in the computation oi
heat conduction in structural walls. The problem consists of a single fluid
volume into which steam and water are injected and from which heat is trans-
ferred to a single concrete wall. The benchmark test model is shown schemati-
cally in Fig. 1. An analytical solution of the heat conduction into the concrete
wall was formulated based on the specified variation of wall surface tempera-
ture with time. The concrete wall was considered as a semi-infinite solid slab.
By specifying the constant heat transfer coefficient on inner surface of the
concrete wall the containment gas temperature was found. Using a constant
enthalpy of the input water, the required inflow of mass and energy was then
evaluated. This became the standard input data required by the code. The
problem time scale and wall thickness were chosen to meet the boundary
conditions.

The limiting assumptions in this benchmark test are:

1. homogeneous equilibrium mixing of liquid, vapour and air

2. the thermal properties of water/steam are taken from standard steam
tables

3. constant specific heat of air

4. constant thermal properties for the concrete wall

5. constant heat transfer coefficient between containment atmosphere and
wall surface.

The temperature wave will penetrate only a few millimeters into the concrete
wall in the short time scale of this test problem. This will make the test a
stringent test of convergence.



3.1 Analytical Solution

The dimensions of the containment were based on one of the compartments of
the Bettelle-Frankfurt Containment Model Experimental Facility. The problem
was developed by specifying the wall surface temperature (Tg) as a function
of time given by

Ts = To + a (1-e-*) (12)

For this problem the values of the parameters a and A are 120 K and 0.5
respectively. For the above wall surface temperature profile, the solution for
the wall temperature (Tw) at a distance z from the wall surface at time t is
given by

r Z
Tw = To

2,/at

a e
-At

siz fi/k e r f + i

- i z e r f —: "i ( 1 3 )

From this, the total heat transferred through the surface between time t = 0
and time t is obtained:

4 a k
Q x Area =

-
Area (At)3/2 2 a ( t)P

p=0
(14)

where 1/3

The heat flux passing through the wall surface at time t is given by

dQ
Flux(t) * x Area = Area x

dt

4 a k
r
(3/2)

(At ) 3 /2

<*/? * ( A t ) P

Z a ( A t ) P + ( A t ) 3 / 2 Z a p | ( 1 5 )
p=0 p=0 t

The containment temperature (Tg) at time t was found using:

Flux(t)
T g " T s

Area x h
(16)



where h is a constant heat transfer coefficient. The mass of water/steam in
the containment (Mjn) at time t was then found as follows:

Energy of
of input
water

Energy re-
quired to
heat air

internal energy
of steam in
containment

internal energy
of water in
containment

energy
flowing
into wal1

= c v Mair T g + Pair d V + ( h g V + hf Mf ~ P s vf>

(17)

The integral P ^ dV, was approximated as -Pg^ (V -Vf) to simplify the calcu-
lation, as it has an insignificant effect on the results. Also, the hydrostatic
pressure in the containment was taken as zero. Thus

P = P + Pr r s rair

which becomes

(18)

P = P.
Tg V

+ Pc
T o V " V f

assuming air is an ideal gas.

Thus the energy balance equation becomes:

(19)

H i n M in cv «air V ps v + Min[* g -) +
g

- h4

vw" v f !
)

vg- vg-vf

- p. + Q Area (20)

Solving this equation, M̂ _ was calculated. The steam pressure, Pg> was found
from the saturated steam tables using the temperature, Tg, as were the values
for v^ Vg, hj and hg. A constant input enthalpy was used for the calcula-
tions. The product (Q x Area) for time t was obtained from equation (14). The
containment pressures at various times were calculated from equation (19). For
the purpose of input data specifications to the computer codes, the mass flow
rates at suitable time intervals were chosen such that, the intermediate values
of Mjn could be obtained by a linear interpolation method.

The geometry parameters and the thermal properties for the concrete wall and
containment volume are given in Table I.



Table 1: Geometrical parameters and Test Conditions

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11 .

12.

13.

Containment Volume

Initial Containment Pressure <PO)

Initial Containment Temperature (TQ)

Initial Containment R.H.

Initial Wall Temperature (TQ)

Thermal Conductivity of wall (k)

Thermal Diffusivity of wall (a) 7.

Heat Transfer Coefficient between
containment atmosphere and wall
surface (h)

Specific heat capacity of air in
the containment (Cv)

Enthalpy of input water (Hin) 1

Containment Wall Surface Area

Containment Wall Thickness

Input steam/water mass discharge rates
and the cumulative energy addition into
the containment are shown in Figs. 2 and
3 respectively.
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3.2 Modeling of the test using code CONTRAN

The objective of the calculation was to predict the wall surface temperature,
steam partial pressure and total pressure in the containment and compare it
with the results of the analytical solution. If the code-predictions agree well
with the analytical solution, then one can have confidence that the code is
correctly conserving mass and energy in the fluid volume, and that energy is
conserved in the conduction solution. One of the key factors in obtaining a
correct solution with the computer code is the discretisation of the thermal
conductor. A fine nodalisation must be used near the wall surface to correctly
resolve the steep temperature gradient near the surface. The predicted wail
surface temperature will be too low if the node size is too large near the wall
surface. This will result in larger heat transfer rates from the fluid and an
underprediction of fluid pressure and temperature. The use of nonuniform
grid spacing is often desirable, since it enables the deployment of computing
power effectively [22]. In general an accurate solution will be obtained only
when the grid is sufficiently fine. In fact the grid spacing should be directly



linked to the way the dependent variable changes in the calculation domain- In
view of this the 1-D transient heat conduction model of the code CONTRAN was
augmented with the nonunrform grid generation facility. For the present
analysis logarithmic grids were used.

4.0 DISCUSSION OF THE RESULTS

Comparison between CONTRAN predictions and the analytical solution for the
benchmark test are shown in Figs. 4 to 6. The total pressure in the contain-
ment volume is shown in Fig. 4, the partial pressure of the steam in Fig. 5
and the wall surface temperature in Fig. 6. For all the three parameters code
predictions are in nearly complete agreement with the analytical solution. This
indicates that the code CONTRAN conserves mass and energy in the fluid and
energy in the structural wall correctly. The correct prediction of the steam
partial pressure means that the fluid temperature is also correctly calculated,
since the fluid temperature is equal to the steam saturation temperature. The
good agreement of predicted wall surface temperature means that the wail
conduction is adequately modeled. The calculated temperature transients inside
the concrete structure are shown in Fig. 7. It is observed that the tempera-
ture wave penetrates only a few millimeters deep into the concrete as expect-
ed.

5.0 CONCLUDING REMARKS

Analysis of the CSNI benchmark test has been successfully carried out using
the code CONTRAN. The predictions of the code are found to be in nearly
perfect agreement with the analytical solution. Thus it can be concluded tluit
the code CONTRAN conserves mass and energy in the fluid and energy in the
structural wall correctly. The performance of the code is satisfactory with
regard to the test on numerical accuracy and convergence errors in the
computation of mass and energy conservation for the fluid and in the compu-
tation of heat conduction in structural walls.

NOMENCLATURE

A = Area = Surface area of containment wail
Cy = specif ic heat capacity of air in containment
dQ/dt = rate of change of e n e r g y in a compartment due to convect ion,

absorpt ion in s u p p r e s s i o n pool and chemical reaction
Eg = total internal e n e r g y in vapour region
E. = total e n e r g y content of t h e compartment i
F l ^ = volumetric flow rate from i compartment to k compartment
Fliy = volumetric flow rate from k compartment to ith compartment
HUM = input re lat ive humidity for compartment (fraction)
h = condensation heat transfer coefficient
hf = specific enthalpy of water
hg = specific enthalpy of steam
hy = enthalpy of the j t n ga6 species in i"1 compartment
n i H20 = enthalpy of water vapour in the ith compartment
hj^, = enthalpy of the j n gas species in k n compartment
ni(T) = enthalpy of the j gas species evaluated at the source

temperature
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JJair
5?

jwt
comp

junc

sat

,g

specific enthalpy of input steam/ water
thermal conductivity of wall
mass of air in containment
mass of water-steam in the containment at time t
mass of water in the containment vapour region
mass of steam in the containment vapour region
initial mass of water vapour in a compartment
mass of water and steam mixture in vapour region
mass of the j t n noncondensible species in the vapour region
molecular weight of j noncondensible species
number of compartments
number of equations
number of noncondensible
moles of water vapour iqj
moles of j b " species in
number of junctions

as species
compartment

compartment

In"

a

moles of j species in kfc compartment
total pressure in the vapour region
initial pressure in the containment
partial pressure of steam
saturation pressure in vapour region at the compartment
temperature.
heat flux per unit area
gas constant
temperature in the vapour region (absolute units)
surface temperatre of the structural wall
structural wall inner surface temperature
initial containment temperature
initial surface temperature of structural wall
specific internal energy of the ith noncondensible species as a
function of Tg
specific volume of saturated water as a function of Tg
specific volume of saturated steam as a function of Tg
specific volume of the water and steam mixture in vapour region
vapour region volume
specific volume of water vapour in a compartment corresponding
to Psat
volume of i compartment
volume of k tn compartment
quality of two phase region
fraction of j t n noncondensible specie
distance from wall
thermal diffusity of wall
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Fig. 1. BENCHMARK PROBLEM MODEL
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