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ABSTRACT

Steam over-pressurization resulting from ex-vessel steam explosion (fuel-coolant
interaction) may pose a serious challenge to the integrity of a typical light-water
reactor confinement building. If the steam generation rate exceeds the removal
capacity of the Airborne Activity Confinement System, confinement over-
pressurization occurs. Thus, there is a large potential for an uncontrolled and
unfiltered release of fission products from the confinement atmosphere to the
environment at the time of the steam explosion.

The GASFLOW computer code was used to analyze the effects of a hypothetical
steam explosion and the transport of steam and hydrogen throughout a typical light-
water reactor confinement building. The effects of rapid pressurization and the
resulting forces on the internal structures and the heat exchanger service bay hatch
covers were calculated. Pressurization of the ventilation system and the potential
damage to the ventilation fans and high-efficiency participate air filters were
assessed. Because of buoyancy forces and the calculated confinement velocity field,
the hydrogen diffuses and mixes in the confinement atmosphere but tends to be
transported to its upper region.
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I. INTRODUCTION

Los Alamos National Laboratory has performed a variety of safety assessments of a
typical light-water reactor confinement building. As part of this effort, the response
of a confinement to severe accidents that result in core meltdown has been
evaluated. One of the major issues is the ability of the confinement to survive an
energetic fuel-coolant interaction (FCI) accompanied by significant oxidation of the
debris.

Steam over-pressurization as a result of ex-vessel steam explosion (or FCI) may pose
a serious challenge to the integrity of a confinement building. Melt-through of the
stainless-steel outlet pipe brings molten core debris into direct contact with water on
the below-grade floor. In such a scenario, a large potential exists for the molten
debris to fragment and thoroughly mix with water, resulting in the rapid production
of saturated or super-saturated steam and hydrogen from the oxidation of corium
materials. This near-instantaneous creation of steam behaves as an explosive
source term for confinement and containment analyses. If the steam generation
rate exceeds the removal capacity of the Airborne Activity Confinement System
(AACS), confinement over-pressurization occurs. Depending on the magnitude of
the over-pressurization, confinement integrity may be lost because isolation
dampers, ducts, doors, and heat exchanger service bay hatches fail. In some cases,
the compression waves and over-pressurization may threaten the structural
integrity of the confinement. Thus, there is a large potential for an uncontrolled
and unfiltered release of fission products from the confinement atmosphere to the
environment at the time of the steam explosion.

H. ACCIDENT SCENARIO

For our analysis, a severe accident resulting in essentially total core melt down is
assumed. The molten debris, consisting mostly of aluminum, accumulates at the
tank bottom after it melts through the fuel assembly bottom-end fittings. If water is
present in the core, the melt forms a stratified layer covered by water. The mode of
heat transfer during this stage is film boiling because the melt temperature exceeds
the instantaneous nucleation temperature of water. Low heat-transfer rates, which
are characteristic of film boiling, are insufficient to remove decay heat. Therefore,
the melt reheats, relocates into the effluent piping, and accumulates at the bottom of



these pipes. The debris is no longer coolable and is released to the below-grade floor
after it melts through the stainless-steel pipe walls. At the time of pipe failure, the
debris temperature is thought to be approximately 2000 K.

Upon ejection, the melt falls into the below-grade water pool formed by the con-
finement heat removal system (CHRS) and reactor room spray system (RRSS). The
pool height is expected to vary between 1 and 3 ft, depending on the relative flow
rates of the CHSS and RRSS. We assume that the pool water supply is adequate for
melt quenching with the chemical energy contribution included. The debris may
break into fine fragments because of thermal-hydraulic phenomena, which results
in an energetic FCI that is referred to as a steam explosion. For this analysis, and
hence to define a source term for steam and hydrogen, we assume that the steam
explosion is triggered by failure of a single outflow pipe and subsequent release of
3138 kg of aluminum to the below-grade pool. Following the work of Rao and
Darby,1 we assume that this generates 1569 kg of steam and 110 kg of hydrogen in
the first pulse at a temperature of about 412 K. This is followed by a quenching
phase that extends the source term an additional 90 s, with steam being produced
at 1000 kg/s and hydrogen being produced at 6.11 kg/s. This source of steam and
hydrogen is shown in Fig. 1.

GASFLOW2 was used to analyze the effects of a steam explosion and the transport of
steam and hydrogen. The effects of rapid pressurization and the resulting forces on
the roll doors and the heat exchanger service bay hatch covers were calculated.
Pressurization of the ventilation system and the potential damage to the ventilation
fans and high-efficiency particulate air (HEPA) filters were assessed.

. GASFLOW GEOMETRIC MODEL

The GASFLOW geometric model of the light-water reactor confinement building
was developed within one three-dimensional rectangular monolithic block. The
number of computational cells is 28 x 32 x 18 in the x,y,z coordinate directions,
respectively. These 16,128 computational volumes are divided in such a way as to
represent the confinement building, including the below- and above-ground-level
ventilation systems. For example, in Fig. 2, we present a vertical cut through the
confinement and reactor vessel. The area below ground level is located at the
1100-cm level shown on the vertical left, or z coordinate direction. In this figure, we
see the relation of the reactor vessel to the pin room where the steam explosion
occurs. Six removable concrete slabs are located directly above the six heat
exchangers; they can be removed to service or replace the heat exchangers. In the
steam explosion accident we are studying, there is sufficient pressure in the con-
finement to blow at least one of the concrete slabs out of position, thus opening the
confinement directly to the atmosphere. The heat exchangers are shown in this
figure by the blacked-out region directly below the removable concrete slabs. From
level 0 to about 250 and directly below the heat exchangers are the six coolant



pumps, shown blacked-out, and the six pump motors are directly outside of the
pumps between the 150 and 600 levels. Above the reactor vessel is the process room
with the exhaust ducts at the 2500 level. The above-ground inflow ventilation
system is shown on the left side of the process room at the 1500 level.

The below-ground ventilation system is shown best when comparing Figs. 2 and 3.
Figure 3 is a horizontal cut through the confinement structure at the 488 level.
Fresh air enters the near and far motor rooms through the plena shown on the
outside of both motor rooms. The flow is drawn downward around the motors
and then outward and up (shown in Fig. 3 between the 0 and 1000 levels on the very
outside of the geometry) into the heat exchanger rooms. The below-ground-level
ventilation flow then is drawn out by the two exhaust ducts shown in Fig. 3, which
are located on the sides of the reactor vessel just above the 500 level. This exhaust
flow then is drawn upward to the filter inlet plenum, where the above- and below-
ground exhaust ventilation systems merge and mix. We see this in Fig. 4, which is a
horizontal plan view at the 2820 vertical level. Three HEPA filters are located in
the three flow openings between the filter and fan inlet plena. Between the fan and
exhaust plena are the two exhaust fans located in the two flow paths. All of these
components, fans, and filters are modeled by GASFLOW.

The near and far roll-top doors serve to isolate the pin and pump rooms from the
motor rooms and the remaining volume of the confinement as shown in Fig. 3.

IV. GASFLOW SIMULATION OF THE STEAM EXPLOSION ACCIDENT

The hypothetical steam explosion accident that we report here is triggered by fail-
ure of a single outflow pipe and subsequent release of 3138 kg of molten aluminum
cladding to the below-grade pool. This generates 1569 kg of steam and 110 kg of
hydrogen in the first pulse of roughly 1 s at an average temperature of 412 K. This is
followed by a quenching phase that extends the source term an additional 90 s, with
steam being produced at 1000 kg/s and hydrogen being produced at 6.11 kg/s. This
source term is of steam and hydrogen and is presented graphically in Fig. 1.

The GASFLOW calculation began with a 15-s preconditioning of the ventilation
flows and steady-state flow fields within the confinement. When the steam explo-
sion occurs at in the pin room just after 15 s, the near and far pump rooms become
pressurized, creating a compression wave that propagates into the pump rooms
where the near and far roll-top doors (shown in Fig. 3) fail almost immediately,
allowing the motor rooms, heat exchanger rooms, and the rest of the confinement
building to be pressurized. Refer to Figs. 5-10 to follow the accident progression. In
Figs. 5-7, the pressure, H2 volume fraction, and H2O volume fraction time histories
are plotted for the pin room; in Figs. 8-10, the pressure, H2 volume fraction, and
H2O volume fraction time histories are plotted for the filter plenum. As shown in
Fig. 5, the steam explosion results in an initial pressure in the pin room of about



1.72 bars and a hydrogen volume fraction spike of about 0.4. Plots of the velocity
vector field shown in Figs. 11 and 12 show this effect. The compression wave
travels at sonic velocity throughout the confinement structure, arriving at the filter
plenum (see Fig. 8) in less than a second. Because the compression wave was
created by a pulse, it decays as it expands and propagates throughout the confine-
ment; the wave is shown to have a strength of 1.04 bar at the filter plenum. This is
strong enough to fail the HEPA filters but not the fans. However, because of the
pressurization, the flow in both the above- and below-ground ventilation systems
is reversed, and the flow is accelerated in the exhaust ventilation components as
shown in Fig. 13.

The time-history plots for hydrogen and steam for the pin room (Figs. 6 and 7) and
for the filter plenum (Figs. 9 and 10) are condensed in Fig. 14. Here we show the
gas constituents as a function of time for the pin room (open circles) and the filter
plenum (crosses). This presentation of the gas concentrations gives a guide to the
sensitivity of the mixture to various modes of combustion. For example, the time-
history trace of the gas mixture in the pin room shows that it is steam-inerted except
for a short period of time when a slow deflagration could be supported. For the
filter plenum, the story is very different. Because the filter plenum is located high
in the containment structure, the light, hot hydrogen rises and tends to collect in
these locations. The hydrogen is transported quickly to the upper regions of the
structure, which indicates the possibility that a detonation could occur. As more
steam mixes into the upper part, the mixture becomes steam-inerted, but as the
steam condenses, the mixture becomes more sensitive, with the possibility of deto-
nation occurring again. At the end of the simulation (150 s), the mixture becomes
less likely to support a detonation because some of the accumulated hydrogen has
escaped the confinement building.

V. SUMMARY AND CONCLUSIONS

This GASFLOW simulation of a steam explosion in a typical light-water reactor
confinement building demonstrates the utility of a field model for containment
analysis. Because of the details of the geometric model coupled with the primitive
variables of the solution procedure, one can calculate the time and space pressure
loading on various components, such as the roll-top doors, removable concrete
service slabs, HEPA filters, and fans. With sufficient pressure loading, these
components may be accelerated and displaced from their original position or simply
fail as in the case of the roll-top doors and HEPA filters. The calculation shows that
the gas constituents are easily transported and mixed in the confinement volume;
hence, the sensitivity of the gas mixture can be evaluated in terms of supporting
combustion events.
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Fig. 1. Steam and hydrogen source rates for the postulated steam explosion accident.
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Fig. 2. Vertical cross section of GASFLOW model showing the reactor vessel
and pin room.
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Fig. 3. Horizontal cross section of GASFLOW model at 5-m elevation.
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Fig. 4. Horizontal cross section of GASFLOW model at 28-m elevation.
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Fig. 5. Pressure time history in the pin room (bars).
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Fig. 8. Pressure time history in the filter plenum
(bars).
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Fig. 6. H2 volume fraction history in the pin room.
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Fig. 9. H2 volume fraction history in the filter
plenum.
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Fig. 7. H2O volume fraction history in the pin room.
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Fig. 10. H2O volume fraction history in the filter
plenum.
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Fig. 11. Calculated velocity field on a vertical plane cutting through the reactor
vessel. The maximum velocity magnitude is 336 m/s at 15.6 s into the
accident.
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Fig. 12. Calculated velocity field on a horizontal plane at the 5-m elevation. The
maximum velocity magnitude is 336 m/s at 15.6 s into the accident.



6000

5000

1000 2000 3000 4000 5000 6000

Fig. 13. Calculated velocity field on a horizontal plane at the 28-m elevation. The
maximum velocity magnitude is 54 m/s at 15.6 s into the accident.
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Fig. 14. Calculated hydrogen and steam volume fractions during the steam
explosion accident.


