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ABSTRACT

Hydrogen behavior in the containment during a severe accident in a two-loop
Westinghouse-type PWR nuclear power plant was simulated with the CONTAIN code. The
accident was initiated with a cold-leg break of the reactor coolant system in a steam generator
compartment. In the input model, the containment is represented with 34 cells. Beside
hydrogen concentration, the containment atmosphere temperature and pressure and the carbon
monoxide concentration were observed as well. Simulations were carried out for two different
scenarios: with and without successful actuation of the containment spray system. The highest
hydrogen concentration occurs in the containment dome and near the hydrogen release
location in the early stages of the accident. Containment sprays do not have a significant
effect on hydrogen stratification.

1 INTRODUCTION

During the accident at the Three Mile Island nuclear power plant in 1979, massive
amounts of hydrogen were generated and released into the containment atmosphere.
Combustion of the hydrogen-air mixture, which followed, caused a pressure rise of about 200
kPa, which represented a serious threat to the containment integrity. Following this accident,
modeling of hydrogen behavior became an important topic in nuclear safety analyses.

In the present work, hydrogen behavior during a severe accident in a two-loop
Westinghouse-type pressurized water reactor was simulated with the CONTAIN 2.0 computer
code [1]. The severe accident is initiated with a cold-leg break of the reactor coolant system
(RCS) in the south steam generator (SG) compartment, which is followed by reactor core
degradation and melting, relocation of the core melt in the reactor pressure vessel (RPV)
lower plenum and RPV failure at low pressure.

The containment in the input model is represented as a system of interconnected cells,
which communicate through mass and heat transfer. Cells represent actual containment
compartments or parts of compartments that are virtually subdivided (cut) into smaller cells.
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The following physical phenomena are modeled: gas and liquid flow between cells, heat
conduction and convection, boiling, evaporation and condensation on heat structures and on
water droplets, settling of aerosols and molten core-concrete interaction (MCCI).

The combustion of hydrogen is not modeled, because the purpose of the simulation was
to investigate hydrogen mixing and stratification and to identify critical regions in the
containment where ignition of combustible gas could occur. It is generally accepted that
ignition may occur when the hydrogen mole fraction exceeds a value of about 0.07 [1]. As
accidental ignition is a random process, a high hydrogen mole fraction in the present work
shall be interpreted as a high probability of ignition.

The simulation of the severe accident was performed for two different scenarios: with
and without successful actuation of the containment spray system. The temperature and
pressure responses, hydrogen and carbon monoxide concentrations and effect of containment
sprays during the first 10 hours of the accident were observed.

The simulation results were also evaluated qualitatively by comparison with
experimental data obtained at the NUPEC facility in Japan [2].

2 CONTAINMENT INPUT MODEL

2.1 Containment Cells

The containment input model for the CONTAIN code is based on Ref. [3]. The
development of the input model for the Westinghouse-type PWR nuclear power plant
containment was already started in the course of earlier work [4], [5], [6].

The containment is divided into 34 cells with 3 additional cells representing the annulus
and the environment (Fig. 1). The containment main compartment is divided into 30 cells,
which are arranged in 7 horizontal levels. The number of cells at each level varies from 2 to 6.
The 3 upper levels represent the containment dome.

The cold leg break of the RCS is modeled in cell 33 (south SG compartment), which is
located in the containment lower part.

2.2 Flow Paths between Cells

One hundred and five flow paths, which are modeled with the CONTAIN option
ENGVENT [1], are used to connect the containment cells (Fig. 1). An unobstructed flow of
gas and liquid was allowed during the entire simulation in all flow paths. The fluid mass flow
in each flow path is calculated with the so-called "hybrid" flow solver [1].

Seven flow paths connect the south SG compartment (cell 33) with the main
compartment.

2.3 Heat Structures

The following heat structures were taken into account: containment vessel cylinder and
dome, shield building cylinder and dome, polar crane, elements of the reactor coolant system,
electrical and miscellaneous equipment, HVAC (heating, ventilation and air-conditioning
system), platforms, piping, embedments, refueling canal and interior concrete walls [3].

The following heat transfer mechanisms between heat structures and the containment
atmosphere are modeled: convection, evaporation and condensation of water on heat
structures.
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Figure 1: Schematic view of containment nodalization
(arrows represent flow paths between cells)

2.4 Engineered Safety Systems (ESS)

The containment spray system and fan coolers are included in the containment input
model. The model for the sprays is described in detail in Ref. [7]. The spray system actuation
pressure was set to 260 kPa [3]. In one of the simulated scenarios, failure of the spray system
was assumed.

2.5 Initial and Boundary Conditions

The initial temperature of the containment atmosphere and of the heat structures was set
to 322 K, whereas the initial pressure of the containment atmosphere was set to 101.3 kPa.

Sources of primary coolant, gases, aerosols and core melt were obtained during
previous simulations with the RELAP5 [8] and MELCOR codes [4]. Release of the coolant in
the atmosphere through the cold-leg break started at time 200 s. During the next 1300 s, more
than 150⋅103 kg of coolant was released into the containment. Other gases (H2, N2, O2, CO,
CO2) and fission products (Ba, Ce, Ur, Mo, Cs) were released into the containment through
the break as well. The amount of hydrogen, generated in the RCS and released during the
simulation, is shown on Fig. 2. After RPV failure at 14680 s, additional quantities of non-
condensable gases (H2, CO, CO2), which are products of MCCI, are released into the
containment from the reactor cavity.
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Figure 2: Hydrogen release rate during simulated severe accident
(total mass of released hydrogen: 347.5 kg)

3 RESULTS AND DISCUSSION

As mentioned before, two different accident scenarios were modeled. During scenario
S1, the containment spray system was successfully actuated whereas during scenario S2,
failure of the spray system was assumed.

The pressure response for both accident scenarios is shown on Fig. 3. A peak occurs
immediately after the cold-leg break at time 200 s. In scenario S1, sprays were actuated, as the
actuation pressure was exceeded. The pressure starts decreasing due to ESS operation and
heat transfer from the atmosphere to heat structures, but increases again after RPV failure.
The pressure is higher during the entire simulation in the case with spray system failure.
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Figure 3: Pressure of containment atmosphere during simulated accident for both scenarios

In Figures 4 and 5, the temperature of the containment atmosphere for both scenarios in
the early stages of the accident is presented. Because of the low location of the break, thermal
stratification occurs, with the highest temperatures in the dome and in the south SG
compartment. The lowest temperatures are predicted in the annular cells, which are somewhat
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isolated from the central cells of the main compartment on the same or lower levels. The heat
removal from the atmosphere is more intense during scenario S1. In the later stages of the
accident, the temperature reaches a steady-state-like value of about 330 K, except in the
reactor cavity, where the temperature in both scenarios sharply increases up to 800 K after
RPV failure.
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Figure 4: Atmosphere temperature in some containment cells during the first 6000 s of the
simulated severe accident (scenario S1)
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Figure 5: Atmosphere temperature in some containment cells during the first 6000 s of the
simulated severe accident (scenario S2)

Hydrogen concentrations (mole fractions) in some characteristic cells for both scenarios
are presented in Figures 6 and 7. It may be observed that hydrogen stratification occurs during
the first phase of the accident until 15000 s. The highest hydrogen concentrations are
predicted in the cell where the break is supposed to occur and in the containment dome. In the
later stages of the accident, hydrogen concentration in the containment slowly homogenizes
due to the intensive mixing of the containment atmosphere, which is caused by the production
of non-condensable gases during MCCI in the reactor cavity. However, this may also be an
indication that CONTAIN, which is a lumped-parameter code, is not suitable for modeling
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hydrogen stratification. Hydrogen concentration in the scenario S2 tends to be a bit lower,
because of higher water vapor concentrations. The absolute amount of released coolant and
hydrogen is equal in both scenarios, but saturated atmosphere contains more vapor at higher
temperatures (the temperature in scenario S2 is higher than in scenario S1), which
consecutively lowers the hydrogen concentration [7]. After 36000 s, the highest hydrogen
concentrations are predicted in the reactor cavity. According to simulation results, hydrogen
stratification is not significantly influenced by the operation of the containment spray system.
This result seems reasonable, as the same effect with a hydrogen source situated at a low
elevation was observed in the NUPEC experiments [2].
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Figure 6: Hydrogen mole fraction in some containment cells during simulated severe
accident  (scenario S1)
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Figure 7: Hydrogen mole fraction in some containment cells during simulated severe
accident  (scenario S2)

Finally, Figures 8 and 9 show the concentrations of combustible mixture (hydrogen and
carbon monoxide) for both accident scenarios. Combustible gas mixture concentrations (mole
fractions) were determined using the Le Chatelier formula (Eq. 1), which is used for
determining ignition limits for the gas mixture that contains more than one type of
combustible gas [9].



313.7

Proceedings of the International Conference Nuclear Energy in Central Europe, Portorož, Slovenia, Sept. 10-13, 2001

COHequiv XXX ⋅+= 541.0
2. . (1)

Carbon monoxide is present in the atmosphere after RPV failure, as one of the MCCI
products. Carbon monoxide is not as uniformly distributed in the entire containment as
hydrogen due to its higher molecular mass. The highest concentration of combustible mixture
is therefore predicted in the reactor cavity. There are no significant differences between both
simulated accident scenarios.
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Figure 8: Combustible mixture mole fraction in some containment cells during simulated
severe accident (scenario S1)
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Figure 9: Combustible mixture mole fraction in some containment cells during simulated
severe accident (scenario S2)
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4 CONCLUSIONS

Simulations of containment phenomena during a severe accident in a PWR nuclear
power plant were carried out with the CONTAIN code. Hydrogen stratification was predicted
in the early stages of the accident, with the highest hydrogen concentrations in the
containment dome. During molten core-concrete interaction in the reactor cavity, the
containment atmosphere starts to homogenize, except in the cavity, where the highest
equivalent concentration of combustible mixture is predicted at the end of the simulation.

The containment sprays did not have a significant effect on hydrogen behavior, but
caused a lower temperature and pressure of the containment atmosphere. The probability of
igniting the combustible mixture is therefore much higher in case of spray system failure.

REFERENCES

[1] K. K. Murata , D. C. Williams, J. Tills, R. O. Griffith, R. G. Gido, E. L. Tadios, F. J.
Davis, G. M. Martinez, K. E. Washington, Code Manual for CONTAIN 2.0: A Computer
Code for Nuclear Reactor Containment Analysis, NUREG/CR-65, SAND97-1735, Sandia
National Laboratories, 1997.

[2] D. W. Stamps, "Analyses of the thermal hydraulics in the NUPEC ¼-scale model
containment experiments", Nuclear Science Engng., 128, 1998, pp.243-269.

[3] Westinghouse, Krško NPP Updated Safety Analysis Report (USAR), 1995.

[4] I. Kljenak, "Low-pressure severe accident scenario simulation with the CONTAIN code",
Trans. American Nuclear Society, 79, 1998, pp. 381-382.

[5] I. Kljenak, A. Škerlavaj, I. Parzer, "Modeling of hydrogen stratification in a pressurized
water reactor containment with the CONTAIN computer code", Proc. Int. Conf. Nuclear
Energy in Central Europe '99, Portorož, Slovenia, September 6-9, Nuclear Society of
Slovenia, 1999, pp. 323-330.

[6] I. Kljenak, B. Mavko, "Simulation of nuclear power plant containment response during a
large-break loss-of-coolant accident", J. Mech. Engng., 46, 2000, pp.370-382.

[7] G. Bobovnik, Modeling of Hydrogen Behaviour in the Containment of a Nuclear Power
Plant During a Severe Accident, Diploma Thesis, Faculty of Mechanical Engineering,
University of Ljubljana, Slovenia, 2001.

[8] B. Mavko, A. Stritar, A. Prošek, "Application of code scaling, applicability and
uncertainty methodology to large-break LOCA analysis of two-loop PWR", Nuclear
Engng. Design, 143, 1993, pp.95-109.

[9] Min Lee, Chen Tsung Fan, ″Containment pressurization and burning of combustible gases
in a large, dry PWR containment during a station blackout sequence″, Nuclear
Technology, 99, 1992, pp.43-57.


	INTRODUCTION
	CONTAINMENT INPUT MODEL
	Containment Cells
	Flow Paths between Cells
	Heat Structures
	Engineered Safety Systems (ESS)
	Initial and Boundary Conditions

	RESULTS AND DISCUSSION
	CONCLUSIONS

