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Abstract

In order to ensure that the design intent of the containment of
Indian Pressurised Heavy Water Reactors (IPHWRs) is met, both analytical
and experimental studies are being pursued at BARC. As a part of
analytical studies, computer codes for predicting the behaviour of
containment under various accident scenarios are developed/adapted. These
include codes for predicting 1) pressure, temperature transients in the
containment following either Loss of Coolant Accident (LOCA) or Main Steam
Line Break (MSLB), 2) hydrogen behaviour in respect of its distribution,
combustion and the performance of proposed mitigation systems, and 3)
behaviour of fission product aerosols in the piping circuits of the primary
heat transport system and in the containment. All these codes have
undergone thorough validation using data obtained from in-house test
facilities or from international sources. Participation in the International
Standard Problem (ISP) exercises has also helped in validation of the codes.
The present paper briefly describes some of these codes and the various
exercises performed for their validation.

1. INTRODUCTION

The containment structure of Nuclear Power Plant (NPP) acts as the last
physical barrier to prevent the release of radioactivity into the environment.
Hence, in the event of accidents within the plant, ensuring the safety and integrity
of the containment structure assumes considerable importance. In order to
ensure and demonstrate the IPHWR containment integrity, both analytical and
experimental studies are being pursued at BARC for improving the understanding
of the various complex phenomena associated with the containment related
accident scenarios. The analytical studies pursued at BARC include
development of suitable computer codes and their thorough validation.
In-house test data and/or the international databases available in open
literature have been used for code validation. In addition, validation through
participation, whenever possible, in International Standard Problem (ISP)
exercises have also been performed. Besides the codes developed at BARC, a few
useful computer codes developed elsewhere are also under study at BARC. This
paper presents a brief description of the code development and validation
activities being pursued at BARC.
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2. THE CONTAINMENT OF INDIAN PHWRS

The PHWRs of standardised design in India use a double containment
(Fig. 1), the inner (primary) containment being made of prestressed cement
concrete and the outer (secondary) containment being made of reinforced
concrete. The annular gap between the two containments is maintained under
partial vacuum to prevent leakage from within to the atmosphere. The primary
containment can be further subdivided into two accident based volumes called V1
(drywell) and V2 (wetwell). These two volumes are interconnected by the vent
system via the vapour suppression pool. The vapour suppression pool, which
passively absorbs energy released during LOCA, also helps in the scrubbing
of significant fraction of fission products released, if any, in the event of accidents
leading to core damage.

3. ACCIDENT SPECIFIC SCENARIOS

The scope of analytical studies pertaining to containment safety
encompasses consequences of both, Design Basis Accidents as well as the severe
accidents.

3.1. Design Basis Accident (DBA)

The DBA postulated for the containment is the postulated Loss of Coolant
Accident (LOCA) involving a double ended rupture in the primary coolant
system or in the main steam line, followed by activation of Reactor Protection
System (RPS) and the Reactor Safety System (RSS) as intended. The
consequences of such an accident are restricted to release of high enthalpy
steam-water mixture into the drywell (V1), and then via the suppression pool
into wetwell (V2). The effectiveness of containment safety features in limiting
the peak pressure and temperature values during such an accident depends
upon several parameters as listed below.

Geometrical configuration of the containment.
Inter-compartmental gas transport mechanisms through complex shaped
flow paths.
Complex energy absorption processes by conduction, convection and
condensation.
Effectiveness of suppression pool in energy absorption.
Thermodynamic state of equilibrium/non-equilibrium.

The computer codes to be developed for performing analysis of
containments following DBA must ensure that all the above listed parameters and
processes are adequately modeled along with the basic sets of the governing
conservation equations of mass, momentum and energy.

3.2. Severe accidents

Severe Accidents, also termed as Beyond Design Basis Accidents
(BDBA), are defined on the basis of postulation of multiple failures, e.g. LOCA
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Fig. 1 Typical cross section of 220 MWe reactor building

followed by failure or delay in the activation of RPS and/or RSS. Due to the
choice of postulation of initiating events, the progress of severe accidents is
generally highly accident specific. Yet, typically the severe accidents might lead
to: a) release of large quantities of hydrogen gas into the containment, and b)
release of fission products in the form of aerosols into the containment. The
associated issues of concern to containment are the following:

Hydrogen distribution in the containment.
Deflagration/detonation of hydrogen-air mixtures and the Consequent loads
on the containment structure.
Aerosol behaviour following release from the core into the primary
coolant circuit.

• Aerosol transport behaviour in the containment building.

4. CODE DEVELOPMENT AND VALIDATION

The codes developed at BARC include, CONTRAN (CONTainment
TRANsients), HYCOMB (HYdrogen COMBustion) and HYRECAT (HYdrogen
REmoval by CATalyst). In addition, two other well known codes, viz. TRAPMELT3
and NAUA-MOD5 (obtained from IAEA and NEA data bank), for aerosol behaviour
studies in primary coolant circuit and in the containment respectively are also
commissioned. All these codes have gone through extensive validation exercises.
Brief highlights of some of the validation exercises performed at BARC along with
salient features of the codes are presented in the following sections.
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4.1. Computer code CONTRAN

The code CONTRAN has been developed for predicting the pressure and
temperature transients in the vapour suppression pool type containment
following LOCA. The multi-compartment containment geometry is modeled in the
code by a network of volumes interconnected by junctions. The detailed
formulation of the code accounting for the various aspects/processes listed earlier
under 3.1 is described in Ref. [1]. Some of the salient features of CONTRAN are
as below:

1. Provision of up to 20 volumes with a maximum of 6 junctions and
3 heat slabs of different materials per volume.

2. 1-D transient heat conduction model using ither uniform or non-uniform
grid, for structural heat transfer calculations.

3. Empirical models for convectiye heat transfer from steam-air
mixture to the structures inside the containment and from the
outer wall of the containment to the atmosphere.

4. Empirical models for condensation heat transfer to the
concrete/steelstructures within the containment.

5. Vent clearing transient model for vapour suppression pool based on 1-D
momentum equation [2].

6. Differential pressure driven hydrogen transportation model with
Adiabatic, lsochoric, Complete Combustion (AICC) model for hydrogen.

4.1.1. Validation of CONTRAN

The code has been extensively validated using the test data from various
sources. These include, a) 1/1 Oth scale model containment test facility at
Kalpakkam, India, b) BFC test facility, Germany and c) CSNI Numerical
Benchmark exercise.

a) Test data from Containment Test Facility, Kalpakkam

The experimental test facility (Fig. 2) at Kalpakkam, (India) is a 1/1 Oth
scale model of the vapour suppression pool type multi-compartment IPHWR
containment in which a large number of tests simulating blowdown from a PHT
model were carried out to study the influence of various governing
parameters on containment behaviour [3,4,5]. The code CONTRAN has been
extensively validated using these test data. One such typical result showing
comparison between code predictions and the experimental data in respect of
pressure transients in V1 and V2 for the test M4L0 [1] is shown in Fig. 3. The
designated test was performed to simulate a large break LOCA in MAPS
(Madras Atomic Power Station) reactor.

It can be seen from Fig. 3 that the first pressure peak of 121 kPa,
corresponding to pressure buildup in the fuelling machine vault till the rupture
of blowout panel has been predicted correctly. The subsequent pressure
transients and the value of the second pressure peak of 116 kPa (due to
pressurisation of V1 until vent clearing) seem to be on the conservative side
with respect to the test data. The predicted early initiation of pressure transients in
V2 and higher values of pressure than the experimental values are due to
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Fig. 2 One tenth scale vapor suppression pool containment experimental facility

higher predicted pressures in V1.
with data from other tests are also
be satisfactory.

The comparison of CONTRAN predictions
of similar nature and are generally found to

b) Validation using test data from BFC Test Facility, Germany

The Battelle-Frankfurt Containment (BFC) test facility in Germany (Fig. 4),
is a 1/4th scale model concrete containment with a total free volume of about
580 cu. m. [6]. The containment model has several compartments with a
provision to select different multi-compartment configurations. Several
containment related tests involving response to simulated blowdown from
PHT system, hydrogen distribution, aerosol dispersion and performance of
catalytic recombiners and igniters are reported to have been carried out in the
test facility. Validation of CONTRAN has been successfully carried out [7,1] using
the data from the two blowdown tests designated as D1 and D15, reported in
literature [8]. The CONTRAN validation results for the test D1 are presented here.

The test D1 involved blowdown of saturated steam with an average
enthalpy of 2774.2 kJ/kg in room R6 for 3.0 seconds. The results comparing the
CONTRAN predicted pressure transients in the break compartment R6 with the
test data up to 2.5 seconds are shown in Fig. 5. The corresponding predictions
of COBRA-NC for this test, reported earlier, are also shown in Fig. 5 for
comparison. The CONTRAN predicted pressure transients are observed to
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be conservative with respect to the test data. CONTRAN predictions show better
agreement with the experiment.

c) CSNI benchmark exercise:

The code CONTRAN has also been successfully validated [9] using the data
from the benchmark test [10] devised by the Committee on the Safety of
Nuclear Installations (CSNI) of the Organisation for Economic Cooperation and
Development (OECD). The benchmark exercise was devised to test the
containment analysis computer codes for numerical accuracy and convergence
errors in the computation of mass and energy for fluid and in the computation of
heat conduction in structural walls.

The benchmark test model, shown schematically in Fig. 6, consists of a
single fluid volume into which steam and water are injected and from which
heat is transferred to a single concrete wall. Based on the semi-infinite solid heat
slab with a specified constant heat transfer coefficient on the inner wall surface,
analytical solutions were provided to arrive at the transient wall surface
temperature, total pressure and steam partial pressure in the containment. The
code CONTRAN successfully predicted all the three transients with remarkably
close agreement. Fig. 7 shows the comparison of predicted transients for total
containment pressure and structural wall surface temperature with the test data.

d) Hydrogen distribution calculations using CONTRAN

As a first step towards enabling hydrogen distribution calculations, the
capability of accounting for differential pressure driven inter-compartmental
hydrogen transport has been provided in CONTRAN. It is well acknowledged here
that modeling of hydrogen transport needs detailed formulation of many other
complex mechanisms. The capability of the code was validated [11] in a
limited way using the data of two hydrogen distribution tests performed in
BFC test facility [6]. Validation results for one of the tests (Test-6) are
described here.

The Test-6 was performed in a 2-room configuration (Fig. 8) of the BFC
test facility with total free volume of the compartments as 68 cum. A mixture
of hydrogen and nitrogen in the ratio of 66:34 (% v/v) was injected at the bottom
of lower compartment R1 at a rate of 0.29631 g/s at 292 K for the first 18 minutes
and subsequently reduced to 0.12357 g/s for next 108 minutes. The CONTRAN
predictions of hydrogen concentration transients in room R-1 and those
predicted by COBRA-NC are shown in Fig. 9. along with the test data. The
transient trends predicted by CONTRAN can be seen to be identical to the test
results. The differences in hydrogen concentration values can be due to the
assumption of homogeneous distribution of hydrogen within a compartment and
non-consideration of buoyancy force. The validation results for the second test
(Test-12) also resulted similar conclusions.

The code CONTRAN, is under extensive use for studying the
performance of the containment of IPHWRs for various LOCA/MSLB scenarios
[12].
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4.2. Computer code HYCOMB

Due to very large volume of containment of Indian PHWRs, the global
average hydrogen concentration assuming 100 % clad oxidation is estimated to
be lower than the detonable limit of hydrogen-air mixture. In order to analyse
deflagration phenomena in the containment, (although highly unlikely)
computer code HYCOMB has been developed. The model in HYCOMB considers
deflagration of hydrogen in a single closed compartment for predicting the
resulting pressure and temperature transients within it. The peak
deflagration pressure and temperature calculations are on the basis of AICC model
and the transient deflagration calculations are on the basis of laminar burning
velocity model [13] with a provision to extend to the turbulent burning velocity
model using empirically available turbulence factors.

4.2.1. Validation of HYCOMB

The code HYCOMB has been validated using experimental data of Kumar
et al. [14], wherein several hydrogen combustion tests are reported to have been
carried out in a 6 cum spherical vessel. Fig. 10 shows the comparison of
combustion pressure transients predicted by HYCOMB with the experimental data
for the combustion test at 29.5 % (v/v) hydrogen concentration. The code HYCOMB
calculates the upper limit of burning velocity on the basis of calculated AICC
temperature for the burnt gas mixture (case-a in Fig. 10). The code has also an
option of calculating the burning velocity based on mean temperature of the burnt
and unburnt species for calculating the pressure transients (case-b in Fig. 10).
The close agreement of case-a with the test data shows that combustion of
hydrogen-air mixture corresponding to near stoicheometric compositions follows
the AICC model. For the lower concentrations of hydrogen, the experimental
data is found to fall between the two predictions made by HYCOMB [15] for the
above mentioned two approaches.
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4.3. Computer code HYRECAT

There are currently four approaches being investigated worldwide for
hydrogen mitigation, viz.

inertisation of the hydrogen-air mixture,
deliberate ignition of combustible mixtures,
catalytic recombination of hydrogen with oxygen [16],
combination of deliberate ignition and catalytic recombination [17] or
simultaneous inertisation and catalytic recombination [18].

Among these, the catalytic recombination method seems to be very
promising due to its hydrogen removal efficiency even at low hydrogen
concentrations and in presence of steam as demonstrated by the German
experimental studies. BARC has successfully developed a special type of
activated platinum catalyst impregnated on polyester cloth and the laboratory
tests have demonstrated its satisfactory performance [19]. Large scale
experiments are planned for carrying out engineering feasibility studies
and to generate more performance data for the device using this approach [19].

Simultaneously, a computer code HYRECAT has been developed [20] for
predicting the performance of the proposed catalytic device. The model is based
on the solution of equations for mass and energy conservation within a
homogeneously mixed hydrogen-air-steam mixture undergoing oxidation of
hydrogen on the catalyst surface. The kinetics of catalytic oxidation of hydrogen
is described by Arrhenius type empirical rate equation, (on the basis of unit
mass of catalyst or unit area of the catalyst coated surface [21,22]).
Appropriate heat transfer mechanisms are modeled for the dissipation of
exothermic heat of reaction to the surroundings.

4.3.1. Validation of HYRECAT

The validation of HYRECAT has been carried out [20] using data from two
of the several laboratory tests performed at BARC. Results of only the second
test are presented here. The test was performed in a 22 litre stainless steel vessel
with a catalyst coated curtain of known dimensions and known catalyst loading
(i.e. mass of catalyst per unit area) mounted within and initial hydrogen
concentration of 5.1 % (v/v). The variation of the total pressure in the vessel
was recorded continuously. This is taken as an indication of the consumption of
hydrogen and oxygen due to oxidation reaction.

The code HYRECAT was used to simulate the test and predict the data in
respect of total pressure, bulk gas temperature and the catalyst surface
temperature. Excellent agreement has been observed between the predictions of
HYRECAT and the measured total pressure in the vessel as seen from Fig.11.
More detailed results of validation are presented elsewhere [20].

Subsequent to the validation of the HYRECAT, the code was used [23] to
pre-calculate the transients for the proposed engineering scale tests to be
conducted at BARC. These tests would give additional data to validate the
code further.
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4.4. Computer codes TRAPMELT3 and NAUA-MOD5

Presently, the computer codes TRAPMELT3 and NAUA-MOD5 are under
use for studying the aerosol behaviour in the primary coolant system and in the
containment respectively. Both these codes are well documented in open literature
[24,25]. Validation of both TRAPMELT3 and NAUA-MOD5 has been done by way
of participation in the ISP-34 exercise held under the auspices of OECD and
conducted in the FALCON test facility, Winfrith Technology Centre, Dorchester,
UK. Results of validation of these two codes are presented briefly in the
following section.

The ISP-34 [26] exercise was intended to test and assess models used
for fission product transport and deposition behaviour within the primary circuit

323



and the containment. Some of the important parameters for participants to predict
were the aerosol deposition profiles and composition, key chemical species and
reactions, evolution of suspended material concentrations, and the effects of
steam condensation on to the aerosols and particle hygroscopicity for the
following two tests:

FAL-ISP-1 (Open Test): Low relative humidity in the containment, with
relatively high particle concentrations of multi-component aerosols
involving different chemical species,
FAL-ISP-2 (Blind Test): High containment relative humidity and low particle
concentration.

The tests were performed in the FALCON test facility shown schematically
in Fig. 12. The facility comprised of core region, primary circuit piping and the
containment. Simulant fuel samples clad in zircaloy-4 were placed in a silica
vessel simulating the core region. Heating of the fuel was achieved in a 40 kW
induction furnace. Helium gas as a carrier medium is admitted at the bottom of
the silica vessel and aqueous boric acid solution can be introduced on the
heated sample. The thermal gradient tube and the stainless steel pipe simulated
the primary circuit. The containment was a 0.3 cu.m stainless steel chamber
connected to the primary circuit.

4.4.1. Validation of TRAPMELT3

While the final comparison report [26] gives all the detailed results, only
a few comparative results are presented for the FAL-ISP-1 test. Fig. 13 shows
the comparison of TRAPMELT3 predictions of concentration profiles for strontium
in the silica tube with the test data. Similar remarkably good agreement was
predicted for boron. However, the predictions of concentration profiles of other
aerosol species represented the trends satisfactorily but deviated from the
magnitudes significantly.

4.4.2. Validation of NAUA-MOD5 [26,27]

Comparison of predictions of NAUA-MOD5 in respect of air-borne mass
concentration transients for caesium in the containment with the test data of
FAL-ISP-1 is shown in Fig. 14. Similar satisfactory agreement was also observed
for boron. However, deposition of the aerosols on the vessel walls was not well
predicted by NAUA.

5. CONCLUDING REMARKS

The various codes under use at BARC for analysing containment
related scenarios following DBA or severe accidents have been briefly described.
The results of the validation exercises performed to test the code capabilities
have also been described. The code CONTRAN for predicting thermal
hydraulic transients in the containment has been validated extensively. The
codes for hydrogen and aerosol behaviour have gone through a reasonable degree
of validation.
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