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ABSTRACT - Hydrogen distribution during a severe accident in a nuclear power plant with a two-loop
Westinghouse-type pressurized water reactor was simulated with the CONTAIN computer code. The accident is
initiated by a large-break loss-of-coolant accident which is not successfully mitigated by the action of the
emergency core cooling system. Cases with and without successful actuation of spray systems and fan coolers
were considered. The simulations predicted hydrogen stratification within the containment main compartment
with intensive hydrogen mixing in the containment dome region. Pressure and temperature responses were
analyzed as well.

The accident at Three Mile Island in 1979 drew attention to the potential threat of unmitigated
hydrogen accumulation in the containment of nuclear power plants during a severe accident.
In most postulated severe accidents, the dominant process for producing hydrogen is the
reaction of steam with overheated fuel rods. If molten fuel falls on the concrete floor,
hydrogen will also be produced when the large mass of water released from the concrete
bubbles through the molten mass. The safety concern is that the hydrogen, when mixed with
containment air and ignited, will produce unacceptable mechanical and thermal loads to
containment structures and equipment. Prediction of the stratification and mixing behavior of
hydrogen in containments is thus an important step in assessing the hydrogen threat,
identifying unfavorable situations and assisting in the design of mitigation measures.

Many experiments on integral facilities such as the NUPEC [5] or the HDR [6] facility were
performed to investigate the mechanisms of hydrogen distribution in containments. These
experiments were also used for validating severe accident codes. However, in these
experiments, gases (hydrogen or helium) were injected from a single source. If gases enter the
containment main compartment through several openings (for instance, through the openings
of a steam generator compartment), the ensuing transport process is much more difficult to
understand qualitatively, thus necessitating an analysis with an appropriate computer code.

In the present work, hydrogen stratification during the first 10000 s of a hypothetical severe
accident in a two-loop Westinghouse-type pressurized water reactor (PWR) was studied with
the CONTAIN 1.2 computer code [3]. The RELAP5 and MELCOR code were also used to
obtain certain data. The severe accident is initiated with a large-break loss-of-coolant accident
(LB LOCA), which is not successfully mitigated by the action of the emergency core cooling
system (ECCS). Core meltdown, relocation and release of radioactive material to the
containment through the break thus occur, which is followed by reactor pressure vessel failure
and debris spilling at low pressure. The influence of containment sprays and fan coolers was
also assessed. Containment pressure and temperature responses were analyzed as well.
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2. INPUT MODEL

Containment Compartments - CONTAIN is a lumped-parameter code and therefore
considers the atmosphere in each control volume (cell) as being well mixed. To study
hydrogen stratification, the containment main compartment was subdivided into several cells.
The geometry of the containment input model is based on [1]. The containment is subdivided
into the following compartments: main compartment with dome (30 cells), annulus (2 cells),
reactor cavity (1 cell), north steam generator (SG) compartment (1 cell), south SG
compartment (1 cell) and pressurizer compartment (1 cell). Figure 1 shows a side view of the
containment nodalization.
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Figure 1. Schematic of NPP containment nodalization (36 cells) with elevations [in] (not to
scale).
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The main compartment is cut in two symmetric parts by a vertical divide in the middle and,
except for 6 central cells located below elevation 115.55 m, all the other cells are further cut
in two symmetric parts by another vertical divide in the middle, which is perpendicular to the
first one. Thus, above elevation 115.55 in., the main compartment is divided into four equal
quarters. The outer (annular) part of the main compartment between elevations 100.30 m and
115.55 m is modeled as consisting of two flours of four cells each (referred in the paper as
annular cells).

Flow Paths and Engineering Vents - One hundred and twelve engineering vents connecting
different cells are modeled. Many of these vents are fictional, as cells are physically not
separated, and some duplicate as vents of type GAS and POOL, to allow the flow of both gas
and liquid. The cavity is connected to the main compartment through the annular opening
around the reactor pressure vessel (RPV), through a ventilation opening to the annular part of
the main compartment, and through a conduct between the instrument chase and the lower
part of the main compartment.

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 primary
system, platforms, piping, embedments, reftieling canal and interior concrete [1 ].

Engineered Safety Features (ESF) - Four fan coolers and 2 spray systems were modeled.
Sprays are initiated when the containment pressure reaches 2.60 bar.

Physical Models - Among the many modeling options offered by the CONTAIN code, the
following are most relevant to the present work:

- flowrates between compartments are calculated with the inertial flow model,
- default natural convection correlations (heat transfer between atmosphere and

structures) are used,
- liquid coolant may remain dispersed in the containment atmosphere (it does not drop

instantly to the floor),
- molten core - concrete interaction is modeled with the CORCON code, which is

included in CONTAIN,
- energy generation in the core melt is taken into account by applying the CONTAIN

implementation of the ANSI-standard decay power curve; in this work, 10% of the
decay heat was applied to the cavity atmosphere, whereas the rest was applied to the
concrete layer and the intermediate layer between the concrete and the coolant pool.

- burning of combustible gases is not considered.

Boundary Conditions: Coolant, Gas and Aerosol Releases and Melt Ejection - The
CONTAIN code does not model phenomena which take place in the reactor coolant system.
A time-dependent source of coolant from the primary system was obtained from a simulation
with the RELAP5/MOD2 code. To obtain time-dependent sources of gases, aerosols and
molten core material, a LB LOCA with no safety injection was simulated with the severe
accident code MELCOR 1.8.3, as in [2] and [4]. The following sources were obtained:

- gases: N2, 02, H2, C02, CO,
- aerosols: Ba, Ce, Cs, CsI, Mo, U, Xe,.
- molten core material: the majority of the core inventory is released to the cavity at low

pressure after vessel creep rupture at about 5500 s.

All the sources obtained with RELAP5 and MELCOR were than included in the CONTAIN
input model.
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Initial Conditions - The large break was defined to occur at t = 200s. The initial pressure in
the containment was prescribed to be 1.013 bar. Thle initial temperature of the containment
atmosphere and heat structures was set to 322 K.

3. RESULTS AND DISCUSSION

A simple simulation was performed first, with a single source of hydrogen located in the
reactor cavity and without modeling the cavity ventilation opening. In addition to the
hydrogen generated by molten core-concrete interaction, 200 kg were uniformly added into
the cavity from 5500 s to 10000 s to obtain a sufficient quantity for a meaningful simulation
of hydrogen transport to be carried out.

Results of hydrogen distribution over the height of the containment main compartment are
presented on figure 2 (in this, as well as in other presented cases, there was no significant
difference in the overall hydrogen and temperature distribution in different vertical quarters of
the main compartment). The resulting distribution agrees with what might have been
expected, based on experiments performed in integral facilities: most of the hydrogen is
ditributed in the dome region, where it is thouroughly mixed. The hydrogen concentration is
lower in the cells located below the annular cavity opening around the RPV, and in the
annular cells.

In other simulated cases, sources of gas, aerosols and coolant were placed in the south SG
compartment, where the break is considered to occur. Coolant inflow was simulated until
1500 s, when failure of ECCS occurs. The main source of hydrogen in the containment is the
flow from the primary system, as may be seen on figure 3.

In the second simulated case, containment sprays and fan coolers were not actuated. The
containment pressure response is shown on figure 4. The first peak occurs immediately after
coolant release through the break. The pressure than drops due to vapor condensation, but
increases again after gases from the primary system start flowing in the containment. After
reaching a second peak, the pressure slowly decreases to a steady-state- like value.

Figure 5 shows the atmosphere temperature over the height of the main compartment. The
different curves reveal the complexities of the containment processes due to the presence of
coolant and inflow into the main compartment through several openings. After the initial
transients, observation of the long-term trends reveals the following:
- the highest atmosphere temperature occurs in the cell connected to the reactor cavity through
the annular opening,
- the lowest temperatures occur in the annular cells,
- there is a distinct temperature difference between the regions above and below the cavity
annular opening. However, the temperature is quite uniform in both regions.

Figure 6 shows the hydrogen mole fraction in the main compartment. The behaviour of the
concentration after the injection of hydrogen into the main compartment appears to be
chaotic. However, after hydrogen inflow stops, a well ordered pattern develops, with the
following characteristics:
- high concentration in the annular cell which is directly connected to the cavity,
- somewhat lower concentration in the region above the cavity opening,
- lowest concentration below the cavity annular opening.
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In the third case, successful actuation of sprays and fan coolers was simulated. The
containment pressure response is shown on figure 4. In contrast to the previous case, there is
only one peak immediately after coolant injection. The pressure than drops sharply and
reaches a much more lower steady-state-like value, the main reason being the enhanced vapor
condensation on heat structures.

Figure 7 shows the atmosphere temperature over the main compartment height. The
behaviour of the temperature is similar to that of the pressure: after reaching a peak
immediately after coolant release, the temperature drops quickly to a steady-state-like value,
which is uniform over the entire main compartment. As in the previous case, the lowest
temperature occurs in the annular cells, and than in the cells below the cavity annular
opening. The temperature in the cell immediately above the cavity opening is not distinctly
higher as in the previous case.

Finally, figure 8 shows the hydrogen mole fraction in the main compartment. As in the
previous case, somewhat chaotic behaviour occurs after the injection of hydrogen into the
main compartment starts. However, in contrast to the previous case, the behaviour seems to
be a little more ordered, as curves start merging much earlier. This is due to the much smaller
amount of vapor present in the atmosphere, which is also the reason for the higher values of
the hydrogen mole fraction. The following may be observed on the figure:
- the hydrogen concentration in the region comprising the region above the cavity annular
opening and a cell immediately below the opening is uniform,
- the concentration is low in the annular cells,
- the behaviour of the concentration in the lowest cell is somewhat irregular.

For a more detailed analysis of the hydrogen distribution processes in both previous cases, the
flows between cells would have to be investigated in detail, which is beyond the scope of the
present paper.

A fourth run was also performed, analog to the case with no ESE actuation, where most of the
heat structures from one quarter of the main compartment were shifted to an adjacent quarter.
However, this redistribution did not break the axial symmetry of the hydrogen distribution
within the main compartment.

4. CONCLUSIONS

Hydrogen distribution in a PWR containment during a severe accident was simulated with the
CONTAIN computer code. The analysis considered the time interval before significant
hydrogen generation due to molten core-concrete interaction occurs. The results exhibited the
following main characteristics of the steady-state-like distribution, after the inflow of
hydrogen from the primary system almost ceases:

1. If ESFs are not actuated, a high hydrogen concentration is observed in the annular
compartment which is directly connected to the cavity. The concentration in the dome region
is uniform.

2. If ESFs are actuated, the hydrogen concentration is the highest in the region comprising the
dome region above the cavity annular opening and a cell immediately below the opening. The
concentration in this region is uniform as well.
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Figure 2. Hydrogen distribution in containment with single source from reactor cavity
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Figure 3. Hydrogen sources from primary system and molten core-concrete interaction
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Figure 4. Containment pressure
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Figure 5. Atmosphere temperature in containment main compartment (case with no ESFs)
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Figure 6. Hydrogen distribution in containment main compartment (case with no ESFs)
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Figure 7. Atmosphere temperature in containment main compartment (case with ESFs)
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Figure 8. Hydrogen distribution in containment main compartment (case with ESFs)
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