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SUMMARY

This document is prepared in support of the AP600 probabilistic risk assesment
(PRA). It contains six individual reports that examine the potential
chalienges to the AP600 containment integrity from key severe accident
phenomena.

Modular Accident Analysis Program Version 4.0 (MAAP 4.0) is used in the AP600
PRA to examine the core damage progression and to predict fission product
source term. The MAAP 4.0 code performs a realistic simulation of severe
accident progression and yields best estimate source terms. The impact of
phenomenological uncertainties on the source tarms are also examined as an
integral part of the AP600 PRA. This is accomplished by performing
AP600-specific phenomenological evaluations and sensitivity studies with the
MAAP 4.0 code. This report documents the phenomenological evaluations carried
out. These evaluations provide the basis for the treatment of severe accident
phenomena in the containment event trees utilized in the AP600 PRA.

The evaluations presented here address a range of phenomenological issues and
provide an in-depth review of the AP600 plani-specific features which influence
the uncertainty, or act to mitigate, the consequences of such phenomena. They
investigate both the l1ikelihood of occurrence and the probable consequences of
key severe accident phenomena.

Section 1 describes an evaluation carried out to examine the potential for
AP600 containment failure from either an in-vessel or an ex-vessel steam
explosion. It concludes that a steam explosion of magnitude sufficient to
challenge the AP600 cuntainment integrity does not occur in any credible core
damage events.

Section 2 contains an evaluation to ascertain if sufficient heat can be removed
from the outside surface of the reactor vessel when submerged in wate ', so that
the reactor vessel failure can be prevented by flooding the reactor cavity in
events involving core damage. The evaluation concludes that cavity flooding
can prevent the reactor vessel failure.

iv
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ABSTRACT

Previous studies evaluating risk from severe accident sequences have considered steam
explosions as a potential mechanism for violating both the primary system and the containment.
Steam explosions have been postulated to occur both in-vessel and ex-vessel. This paper
examines the potential for containment failure in the AP600 design due to in-vessel and ex-vessel
steam explosions. The controlling physical processes for steam explosions are described in terms
of industry experience, experimental programs, and analytical results. This body of knowledge
is applied to the AP600 design to evaluate the challenge offered to containment by steam
explosions. Results demonstrate that steam explosions present no credible threat to the AP600
containment design. In-vessel steam explosions prove not to be a credible scenario for the
AP600 design, based on the experimental and analytical results presented herein. The conditions
required for an in-vessel steam explosion are extremely unlikely for the AP600 design. Steam

exp - ions ex-vesse) can be postulated for the AP600 design. |
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1.0 PURPOSE

A steam o1 vapor explosion refers to a boiling process in which steam or vapor production
occurs at a rate larger than the surrounding media can acoustically relieve the resuiting pressure
increase. leading to the formation of a shock wave. In previous studies evaluating the public sk
associated with severe accident sequences, such as the Reactor Safety Study [NRC, 1975], steam
explosions within the primary system have been considered as a potential mecharasm for
violating both the primary system and the containment, thereby generating a direct re.lease path
for fission pro@igets. The in-vessel steam explosion considered was theorized to resuit from the

following chzin of evems:

1. loss of water from the core resultng in fuel overheating and me'ung,

2

the catastrophic collapse of the core debris into the water remairung in the
lower plenum,

3. an instantaneous fine scale intermixing of the core debns and water,

4. rapid heat removal from the core material and expansion of the steam
against an assumed continuous, overlying liquid slug,

5. impact of this liquid slug on the reactor vessel head with sufficient energy
to rupture the head. and

6. ejection of this missile with sufficient velocity to fail the containment
wall upon impact.

In NUREG-1116 [NRC, 1985], the NRC sponsored Steam Explosion Review Group (SERG)
provided recommendations regarding the likelihood that an in-vessel steam explosion could cause
containment failure. The main conclusion of the group report was: “"Based upon the probability
estimates summarized above, the consensus of the SERG is that the occurrence of a steam
explosion of sufficient energetics which could lead to alpha-mode containment failure has a low
probability. This conclusion is reached despite the expansion of differing opinions on modeling

of basic steam explosion sequence phenomenology.”

1-1
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Ex-vessel steam explosions may also potentiedy occur in the progression of a severe
accident should debris be discharged from the rea.tor vessel into a pool of water. Within a .
containment, the occurrence of a steam explosion would impose shock waves on submerged
surfaces and subcompartment walls. These must be evaluated to determine if the resulting loads

could challenge the integrity of interior wal's and the containment boundary.

In Generic Letter 88-20 [NRC, 1988], the NRC 1dentified steam explosions as a potential
containment failure mechanism that shiould be assessed as part of an IPE. Both in-vessel and ex-
vessel steam explosions have beer. postulated as a potential mechanism for early containment
failure, possibly with an elevated release location. Either of these characteristics could have
substantial effects on the corsequence evaluvation for hypothetical accident sequences. The
objective of this report is to evaluate the potential for in-vessel and ex-vessel steam explosions

to threaten containment irtegrity in the AP600 design.

e b e e L
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2.0 PHENOMENA

2.1 Description

Explosive interactions between higher and lower temperature liquids nave been
encountered for decades in metal foundries as wel! as the pulp and paper industries. Experience
has shown that these accidents can result in significant damage to typical industrial components
{furnaces, casting pits, recovery boilers, etc.) as well as to light industrial buildings. Human
casualties have also occurred as a result of these events, but the major hazard to operating
personnel from these events has generally been burns resulting from hot molten matenal
dispersed by the explosive interaction. In addition to such non-nuclear experiences, destructive
steam explosions have been observed in the BORAX [Deitrich, 1965] and SPERT [Miller, 1964]
test reactors as well as in the SL-1 accident [SL-1]. In all of these three test reactor configura-
tions, the destructive explosion followed a rapid (~ 30 ms) reactivity insertion that was sufficient
to melt both uranium-aluminum alloy fuel and aluminum cladding. Figures 2-1 and 2-2 provide
some visualization of the physical processes considered for an in-vessel steam explosion in [NRC,

1975).

2.1.1 Controlling Physical Processes

For large scale steam explosions to occur inside or outside a reactor vessel, large fractions
of hot molten material must be very finely fragmented and intermixed with the water on the time
scale of the explosion. Such processes were envisioned in [NRC, 1975], but. in addition, rapid
heat transfer was calculated 1n the supercritical and superheated steam regions, and the resulting
energy transfer was delivered to a postulated overlying liquid slug that covered the interaction
zone. Without the slug transmission mechanism, the pressure-time curves shown in the Reactor
Safety Study [NRC, 1975] would have been insufficient to rupture the reactor pressure vessel,

which was the mechanism envisioned as causing containment failure (@ mode failure).

L
'
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Core Debris
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Figure 2-1 Behavior modeled in WASH-1400
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Figure 2-2 Comparison of predicted pressure-time behavior from WASH-1400
(400 um particle size) and nvailable experimental results
for steam explosions.
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The key physical factors which determine the magnitude of steam explosions within
BWRs and PWRs include the energy required to rupture a reactor pressure vessel. the amount
of core material needed to provide such an energy release, the fragmentation of the hot matenial
in the water, the mixing encrgy requirements when the material is finely fragmented and rapidly
intermixed during the explosion, the size of an external trigger to initiate the explosion, the
propagation characteristics for the coarsely fragmented system, the likelihood of having a water
slug over the reaction zone to transmit the energy in a coherent fashion, and the ability of this
slug to be transmitted through upper core structures within the reactor pressure vessel. Each of
these factors must be sufficient to create an event of enough magnitude to rupture a reactor
pressure vessel: the failure of a single factor to achieve the proper conditions will preclude an

event of such magnitude.

2.1.2 Relationship to Containment Failure Mechanisms and Modes

Both in-vessel and ex-vessel steam explosions have been postulated to be early
containment failure mechanisms that would occur following slumping of the core material into
the reactor vessel lower head. The largest potential for the occurrence of an in-vessel steam
explosion would exist during a core melt sequence with a lew primary system pressure. The

largest threat to containment integrity as the result of an ex-vessel steam explosion would exist

for a core melt sequence with a relatively coherent pour of molten material at vessel failure into

a water pool,

Three actual containment failure mechanisms are considered to be encompassed by
containment {ailures induced by steam explosions, For in-vessel steam explosions, a missile (e.g..
the reactor vessel upper head) would have to be created with sufficient energy to pierce the
containment. For ex-vessel steam explosions two possibilities are considered: the blast could
weaken the cavity walls sufficiently that the vessel moves and tears out one or mare contatnment
penetrations, or the generated steam could overpressurize the containment. For the first

mechanism the failure area has been assumed as a large break in the containment wall (i.e., on

2.4
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the order of several square feet). If containment penetrations are torn, it is expected that the area
would be small, more like a "leak before break” condition. A failure resulting from containment
overpressure would be dictated by the rate of pressure rise and the total mass of steam generated.
Typically this would be a "leak before break” response, but, as will be discussed. the anticipated
rate of pressure increase from a steam explosion is less than that associated with a design basis

large break LOCA.

2.1.3 Relationship to Source Term

Containment failure resulting from a steam explosion would influence the expected fission
product source term for a sequence by providiag a large gas flow path out of the containment
shortly after vessel fatiure. The effect on the source term would strongly depend on the
availability of water in the containment during 4 sequence. However, such an early containment
failure would generally increase the source term for accident sequences, since the airborne fission
product concentration at the time of containment failure would be much greater than for a case
with a late containment failure. Also, the relatively large expected failure area would cause a
capid blowdown of the initially available airborne fission products to the auxiliary building or
environment, thereby reducing the fission product retention effectiveness of the containment. On
the other hand, fission products entering the contzinment atmosphere after the blowdown would
experience little driving force from the containment to the auxiliary building or the environment.
Thus, fission products evoived by long term revaporization within the reactor vessel would be

subject to the naturally occurring deposition mechanisms 1n the contaunment.
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With these initial conditions, the configuration established was essentially an inertial layer
of water above an expanding layer of water, as assumed in the Reactor Safety Study. The
essential feature of the strong reactivity transient is that it brought the fuel and clad to melting
before this configuration could substantially change. Given these particular characteristics, a slug
impact following a steam explosion within the core would indeed be the expected chain of
events. However, this is fundamentally different than an imtially separated state of high
temperature moiten core material and saturated water existing at an elevated pressure with

substantial internal structure to prevent catastrophic collapse, intimate mixing, and slug formauon.

2.2.2 Non-Nuclear Explosion Boiling Studies

In a number of industrial operations the possibility exists of contacting two liquids -- one
hot and relatively nonvolatile and the other cold and volatile. Should such an event occur,
boiling would occur in a sufficiently short time scale that the surrounding medium cannot relicve
the expansion acoustically and a shock wave, 1.e., an explosion, forms. Accidents of this nature
have been given various names, e.g., explosive boiling, rapid-phase transitions (RPTs), vapor
explosions, thermal explosions, fuel-coolant interactions (FC1), etc. They have been observed
in 4 number of industrial operations, e.g.. when water contacts molten aluminum (or other
metals). molten salts or paper mill smelt, or when cryogenic liquids such as LNG (liquefied
natural gas) are spilled into water. In the first two examples noted above, water is the volatile
liquid which explosively boils whereas in the last example the cryogenic liquid plays the role of

the volatile, boiling liquid and water is then the "hot” flmd.

?-'J
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2221 Smelt-Water Explosions

Studies of molten salt-water explosions were carried out because industrial accidents
involving these reactants have taken place. Emphasis has been placed on events occurning in the
paper industry where molten smelt is produced in the recovery boilers. This smelt is a mixture
of, primarily, sodium chloride, sodium carbonate. and sodium sulfide. The smelt temperature is |
much higher than the critical point of water (~ 1520°F (1100°K) compared to 750°F (647°K)). :

Severe explosions have taken place when water inadvertently contacted molten smelt.

Laboratory investigations [Krause, et al., 1973], [Shick. 1980] into the mechanism of
smelt-water explosive boiling events have been primarily useful in delineating the effect of smelt
composition on the sensitvity of the salt in producing explosive boiling. For example, pure
molten sodium carbonate has never led to explosive boiling. Addition of either sodium chloride _‘
or sodium sulfide. or both, leads to smelts which are more prone to explosive boiling.

Investigators experimented with many additives both to the smelt and to the water in an attempt

to obtain less sensitivity. Most had littde or no effect.

2.2.2.2 Melt-Water Interactions

The metals processing industries, particularly those producing aluminum, have also been
plagued by explosive boiling incidents. Alcoa has carried out several test programs [Lemmon, |
19807, [Hess, et al., 1980] directed primarily at effecting means to prevent such accidents in
casting plants. In most tests, molten aluminum was dropped into water and the subsequent events
recorded. Many variables were studied such as water temperature, drop height, nozzle diameter.
etc. The principal result of these investigations was 1o show that water containers, suitably
coated with an organic-based paint, would not lead to explosions when molten aluminum was ;
spilled into the container. Use of such paints in aluminum plants has indeed reduced the |
frequency of explosions, but many stll occur. In a large number of accidents, the quantity of ' :

waier was quite small, e.g.. when "wet" aluminuin ingots were loaded into melting fumaces

2-¥
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In the first set of experiments [Buxton, et al., 1979}, the iron-thermite melt was discharged
directly into a 2.95 ft (0.9 meter) diameter vessel filled with water. For all those experiments
carried out with an artificial trigger, the water was at the ambient temperature, assumed to be
70°F (295 K). (In these experiments the ambient pressure was always slightly less than 14.7 psi
(0.1 MPa).) The melt temperature resulting from the thermite reaction is approximately 4400°F

(2700 K) and results in reaction products of metallic iron (Fe) and aluminum trioxide (ALO,).

The melting temperature for the aluminum troxide is approxin.ately 3680°F (2300 K) and is
sbout 2780°F (1800 K) for metallic iron. Consequently, solidification of either of these
constituents requires a substantial decrease in temperature and the resulting fragmentation process
could continue as the melt cools, i.e., lower temperat ¢ . - :duce the film boiling steam generation
rate and allow finer particulation. To exterrally trigger an explosive interaction, a 1.41 x 107
Ibm (0.64 g) charge of high explosives was used. Some of the experiments had a considerabie
delay before the explosion was initiated, i.e. over 2 sec. Many tests in this experimental series

abserved the presence of spontaneous trigger events as well.

A second test series was performed at Sandia [Buxton, et al., 1980] with a different test
vessel (3.94 ft (1.2 m) internal diameter) and molten material generated from both iron-aluminum
onide thermite and a corium-A+R thermite. This latter reaction had products of uranium dioxide,
zirconium dioxide. nickel oxide, stainless steel, and molybdenum. The minimum liquidus
temperature for this mixture is reported to be 4526°F (2770 K). which is considerably greater
than the 3680°F (2300 K) temperature for aluminum oxide. Boiling steel would limit the

maximum temperature for the corium reaction to 5066°F (3070 K).

In this second test series, external triggering was also induced by explosive detonators,
but two different sizes were used. One was the same as that employed in the first iron-thermite
test. i.e. 1.41 x 107 1bm (0.64) g) of PETN, and the other was a detonator plus a lead-covered
explosive cord 2.49 ft (0.76 m) in length and containing 1.32 x 107 Ibm (6 g) of PETN. This
second method represented @ much more energetic trigger than that used in the thermite tests.

In fact, the pulse duration for the corium A+R event in Run 59, which used this larger trigger,

2-10
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was not much different than that represented by the tngger alone. Also the measured work (~
33 Btu (30 kJ)) was less than the work released by the hign explosive (~ 39 Bw (35 kl)).
Explosions were observed with the iron-thermite as initiated by both spontaneous and artificial
triggers. However, with the corium A+R melt only one mild explosion is reported and this was
triggered by the 1.32 x 107 Ibm (6 g) PETN external trigger. The ume delay before the trigger
is fired (~ 1.3 sec) is longer than the time required to cool the coarsely fragmenrted parucles to
the liguidus temperature. The fact that the tngger was needed to mix & considerable fraction of
the melt down to an explosive size scale is indicative of the difficulty encountered in making
such materials undergo a thermal explosion. A major part of this difficulty is due to the rapid

cooling and freezing of the corium particles as described above.

The results of 17 tests were reported [Mitchell, et al.. 1981] for both ambient and high
pressure initial conditions and also with and without an extemal trigger. The two experimental
series were designated as Melt Delivery and FITS (Fully Instrumented Test Seres). The Melt
Delivery experiment consisted of 12 tests all performed at atmospheric initial pressure without
an external trigger. These resulted in eight self-triggered explosions -- two in the water coolant
before the melt impacted the reservoir bottom and six when the melt contacted the reservoir base.
The initial FITS experimental matrix consisted of five runs -- three at atmospheric and two at an
elevated pressure. Two explosi - resulted -- one at atmospheric pressure and in the free stream
hefore the melt hit the reservoir bottom, and one at elevated pressure (~ 1 MPa/150 psi) which

was initiated by an external trigger when the melt was lying on the reservoir base.

The purpose of the Melt Delivery test senes was t¢ develop an efficient means of
delivering the melt into the coolant and that of the FITS experiment was to determine the
mechanical work output from such explosions, The melt used in both these experiments was
iron-thermite (Fe-Al,O,) which had an inital temperature of ~ 4400°F (2700 K). Melt masses
of 1.32 - 11.8 Ibm (0.6-5.38 kg) were employed which resulted in coolant-melt mass ratios of

366-37 respectively, and the conversion ratio of mechanical work to melt initial thermal energy
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Tests FITS-4A and SA are of particular interest because they were designed to invesugate
the effect of high pressure cut-off on steam explosions. In the FITS-4A test, 9.5 Ibm (4.29 kg)
of melt was delivered to 498 1bm (226 kg) of water at 77°F (25°C) in an ambient pressure of 14%
psi (1.02 MPa) without an external trigger and did not produce an explosion. This benign result
was explained on the basis of a dispersed and cooled melt at entry into the coolant. The FITS-
SA test was performed at a system pressure of 158 psi (1.09 MPa) and was essentially a rerun
of FITS-4A but with an external trigger. The FITS-5A run did produce a thermal interaction
after being initiated with the detonator (3.6 Btu (3.8 KJ)), but the mixture had not self-triggered

afier 0.44 sec at which time all the melt was on the bottom of the coolant reservoir,

2.3.2 Aluminum-Water Experimen

Large scale tests have also been carried out for an aluminum-water system where either
external triggers [Long, 1957], [Hess, et al., 1980], [Lemmon, 1980], [Higgins, 1955, [Higgins,
1956] or a shock tube configuration [Wright, et al., 1966] have been employed.

In {Long. 1957}, large scale molten aluminum-water experiments were performed to
investigate the manner in which steam explosions could be triggered. The reference test, which
repeatedly produced explosions, involved the discharge of 22.8 kg (50 Ibm) of commercially pure
molten aluminum into a clean, mild steel container partially filled with water at temperatures of
59.5 - 7%.1°F (12.8-25.6°C). In contrast to chemical explosions, no flash or fire could be

detected either during or after the explosions. The following parameters were varied:

1. discharge rate and mass,

ta

drop height,

w

water depth, and

&

aluminum and water temperature

2
'
w

RN
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Also, different water additives, solid surfaces, and surface coatings were employed in the
experiment. It was concluded that three requirements must be met to produce an aluminum-water

explosion:

. Molten metal in considerable quantities must penetrate to the bottom
surface of the water container.

2. A triggering action must occur on the container bottom surface when it
is covered by the moltun metal.

3. The water d2pth and temperature must lie within certain ranges.

in [He: -, et al., 1980], tests were performed to study the level of external simulus (a
hammer impact) required to initiate explosive interactions in aluminum-water systems. For these
experiments, ~ 48.5 1bm (22 kg) of molten aluminum was poured into a square container (.98
ft (0.3 m) on a side. The molten aluminum temperatures varied between 1346°F (780°C) with
the water temperature variation being from 37.4°F (3°C) to 89.6°F (32°C). In the expeniments,
4 seconds elapsed between the entry of melt inio the water and the hammer impact, thereby
allowing much cf the material to be accumulated on the bottom of the container instead of as
individual particles in the water. The impact level determined in the experiments of [Hess, et
al., 1980] was 0.176 Btu (186 J) and the authors suggested that perhaps only half oi this was
actually transmitted to the mixture due to inherent losses within the impact on the wall and the

transmission of the energy to the coolant.

Other aluminum-water experiments have been carried out by Lemmon [Lemmon, 1980)
and Higgins [Higgins, 1955), [Higgins, 1956] where molten material has been poured or injected
into water and an explosive interaction was initiated by a strong external trigger. For those
experiments reported in [Lemmon, 1980], triggers up to 1.1 x 10 *1bm (5 g) of primacord were
used. A No. 6 blasting cap was employed by Higgins in his experiments. Scoping calculations

for the specific experimental configurations used in these references result in an assessment that
g

v
)
P=N
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the external stimulus was orders of magnitude greater than that required to rapidly mix the

materials on an explosive time scale.

Another type of aluminum-water experiment of note is the shock tube expeniment
described in [Wright, et al., 1966). In these tests, a long column of water was separated from
a molten aluminum surface by a diaphragm and a cover gas. To camry out these tests, the
recovery gas was evacuated and the diaphragm was ruptured allowing the atmospheric pressure
10 accelerate a water slug resulting in a strong, direct impact of the cold water column on a
molten aluminum surface. Large interaction pressures for these events were measured in the

water column.

2.3.3 Liquefied Natural Gas and Water Experiments

Large scale tests [Koopman. et al., 1981] have been performed with Liquefied Natural Gas
(LNG) and water using material volumes approaching those of interest for the reacto accident
case. In these tests, water is the hot fluid and LNG (mostly methane) is the cold liquid which
undergoes the explosive vaporization. This fluid pair is similar to the corium-water system in
that the interface contact temperature is far greater than the thermodynamic cntical temperature
of the LNG, making explosions difficult to initiate. Long delay times were provided in an
attempt to accumulate substantial quantities of LNG below the water surface. The magnitudes
of the explosions obtained represented the interaction of only a small fraction of the LNG

injected.

2.3.4 FAl Thermite Experiments

Two sets of experiments have been performed at FAI in which 44 Ibm (20 kg) of molten
iron-thermite was injected into water. The first [Malinovic, et al., 1989] was performed to study
the role of water in protecting the Mark | containment liner under severe accident conditions

while the second [FAL 1990] addressed the influence of water during a high pressure melt
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ejection. Both of these represent conditions which could cause ex-vessel steam explosions and
both facilities were instrumented sufficiently to evaluate the steam generation rates resulting from

these interactions.

Interpretation of the rate, in terms of a heat flux based upon the projected floor area where
the interaction occurs, provide a means of applying the results to a reactor/containment system.
Figure 2-3 illustrates the measured heat flux to the overlying water pool in the Mark |
experiments when the test apparatus was instrumented to detect the energy transfar to the test box
walls. All tests show a very high energy transfer rate within the first few seconds, the value
being between 6.3 x 10° and 9.5 x 10° Br/h-ft* (20 and 30 MW/m?), which subsequently
decreased to about 0.28 x 107 Brwh-ft* (0.9 MW/m®) after the debris is frozen. In this set of
experiments, 11 tests were performed, 10 of which had water available in the simulated
containment prior to the discharge of the molten iron thermite. In ali 10 experiments, rapid
energy transfer rated (6.3 x 10° - 9.5 x 10° Brw/h-fe* (20-30 MW/m?) were observed when the

debris was discharged into the water,

FAI direct containment heating experiments [FAL, 1990] also had susficient instrumenta-
tion to estimate the steam generation rates when debris was discharged from the simulated RCS
into the reactor cavity and subsequently up onto the containment floor. Table 2-1 summarizes
the information for these experiments in terms of the energy transfer rate in the cavity for the
three experiments in which water was available (DCH-1, DCH-2, and DCH-4) and also for the
energy transfer rates from the debris to the water as the debris was discharged onto the
containment floor. Values are also given for estimated additional energy transfer due to the
transfer into the steel structural heat sinks in the simulated containment lower compartmen!
These additional energy transfer rates should be summed with those determined from the
containment compartment pressurization rates. As illustrated by this table, the energy transfer
rates are large and comparable to those observed in the MARK 1 tests. These rates are an order
of magnitude greater than those typical of the critical heat flux (CHF) for a horizontal upward

facing surface

tJ
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Figure 2-3 Measured debris-water energy transfer rates from
EPRI sponsored Mark | liner tests
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EFFECTIVE HEAT FLUX MEASUREMENTS FOR DEBRIS-WATER INTERAC-

TIONS

‘Contribution from the beat sinks added to the vaporization calculation.

Initial Intermediate Long Term
Test Pressunization Peniod Quenching \
M Bwh-fr MW/’ M Bwh-ft  MWm’ M Bub-ft  MWm' |
DCH-1 4.75/13.3° 15/42° 1.49/6.02° 1119 275155 8.5/175 ﬂ
DCH-2 2221078 74 126,66 1321° 2311517 73163
DCH-3 N/A N/A N/A N/A 1271407 any
DCH-4 1.27/9.83" 431" 3.49/6.02° nny N/A2.8S N/AS®
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235 Sandia FITSB Tests

Later Sandia FITS tests provided sufficient pressure transient information to evaluate the
average steam generation rate resultung from explosive interactions. Steam generation rates can
then be divided by the cross-sectional area of the FITS vessel to determine the effective heat
fluxes. Figure 2-4 taken from [Mitchell. et al., 1986] shows a cross-section of the FITS facility,
In this test series, about 18.6 kg (41 Ibm) of molten thermite was poured into water (est
containers located in the FITS chamber and the resultant pressure history in the chamber gas
space was recorded. Table 2-2, which was also taken from [Mitchell, et al., 1986], summarnizes
the test conditions and observations made with respect to explosive interactions. Figures 2-5
through 2-8 illustrate the pressurization of the gas space, the first three with imitially subcooled

water and the last with saturated water.

While only some of the experiments had explosive interactions, the principal focus s on
the net steam generation rate created by the explosive interaction. The large steel vessel is
considered to be pressurized with steam with the realization that this also increases the potential
for condensation on the vessel walls. The results shown in Figures 2-5 through 2-8 are those
with the largest vessel pressurization. A comparison of these figures also shows that the ume
to the peak pressure is approximately 1 sec for these tests, even though the path to this pressure
may differ somewhat. (Test FITS 7B experienced about 90% of the pressure increase in the first

second with the remainder occurring over the next 3 secs.)

The average steam generation rate can be estimated by using the ideal gas equation.

= -—

vV

B

. RT aN
dr

3
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Table 2-2

FITSH INITIAL CONDITIHONS AND OBSERVATIONS

'nptial measurement.
2Melt density 3.8 glem?.
INot observed.

2-21

— —
Melt Water Initial Ratio Water/™Melt Other Ohservations
Other Observations

Geometry Time After

Enury ol Avg. dia. at femi Sq x Melt Entry
Mass (kg) {mv/s) Entry! (em) Uieep Mass kg Temp (K) Mass Vol 2 Location (ms)

187 54 41 61 x 61 2260 298 129 460 Surface 142 First rxplosion
Unknown 275 Second explosion.

186 60 &0 &) x 30 e 298 6.0 210 Surface K4 Single expiosion.

186 5.0 240 41 x 30 570 298 10 115 Rase 7 Single explosion weak
interaction st surface 2t
70 ms after entry that
did aot propagate.

87 6R S8 61 x 61 2260 299 120 460 Surface 29 First explosion.

Base 146 Second explosion.

187 7.2 65 4% x 0 614 367 14 129 None - Muluiple interactions at
40, 57 82, anc 153 nw
after melt entry. no
propagation of steam
explosien.

18.7 74 no.’ 43 %152 %1 291 LS 57 0o &0 No camera data, tme
esumated from water
phase gauges.

187 6.3 %0 61 x 765 815 288 15e 574 Surface 7 First explosion.

Base 146 Second explosion.

187 70 5.6 61 x 457 1700 289 a0 "6 Base 98 Single explosion
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Figure 2-6 FITS3B chamber air pressure.
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Figure 2-8 FITS6B chamber air pressure (saturated water)
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where each variable has the standard meaning. As an average representation, assume that the gas
space pressure increases 0.35 MPa (51 psi) in 0.5 sec. The volume of the FITS vessel 1s 198 ft'
(5.6 m" {Marshall, 1986] and, if an average gas temperature of 260°F (400°K) is assumed, the
steam generation rate is 2.65 Ibm-moles/sec (1.2 kg-moles/sec), which 15 & mass addition rate of
475 Ibm/sec (21.6 kg/sec). As the melt enters the vessel, the dynamic interactions (either
explosive or non-explosive) would expel melt and water from the lucite test vessel. To provide
an equivalent basis for comparison with the FAI/EPRI Mark I tests, the steaming rate should be
represented as a heat flux using the cross-sectional area of the FITS vessel (~ 194 ft' (1.8 m).
Using this area, the average heat flux from the melt to the water is about 8.6 x 10" Btwh-fr* (27

MW/m®), i.e. a value in close agreement with that observed in the Mark 1 experiments.

2.36 Summary

In summary, the resuits from significant scale experiments with greatly different
geometries can be compiled to develop a basis on which to provide interpretatior  for the
containment response due to rapid steam generation by dynamic interactions. Specifically,
dynamic interactions should be considered with steam generation rates from 32x 0" to 95 x
10° Btw/h-ft' (10 to 30 MW/m?). The projected area of the compartment floor should be used
as the pertinent value for determining the total energy production rate. This car then be used
to determine if the uncertainties in this range provide for any substantial chanze in the overall
accident progression or in the accident management decisions that would be exercised in such

events.
2.4 Analysis

2.4.1 Effect of System Pressure on Steam Explosions

Several experimental investgations have focused on the effect of elevated pressures.

These include studies using Freon-22 as the working (exploding) fluid [Henry-Fauske, 1979] as
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well as water [Hohman, et al., 1979] and [Hohman, et al., 1982]. These test series employed
fluid pairs which had been demonstrated to explode in a reproducible manner, such that a single
parameter (pressure variation) would be meaningful. Increasing the system pressure was
observed to prevent explosions in all three studies. Those performed without external triggers
found that a reduced pressure (ratio of the pressure and the thermodynamic critical pressure for
the working fluid) of 0.05 was sufficient to prevent explosions. This corresponds to a pressure
of 150 psi (1 MPa) for water. It was also observed that the explosions became somewhat less
efficient as the ambient pressure increased. In fact, in the water experiments, no explosions were

observed for system pressures of ~ 75 psi (0.5 MPa).

Experiments performed with external tnggers found that explosive interactions could be
induced at somewhat higher pressures, but a reduced pressure of 0.10 was found to suppress
explosions even with very strong external triggers. For water this is a pressure of ~ 300 psi (2
MPa). Therefore, this single experimental observation is sufficient 1o address the issue of in-
vessel steam explosions. Explosive triggers do not exist in a reactor system. Hence, the set of
experiments most relevant for the AP600 PRA analyses are those without explosive external
sriggers. These will be used in the application to the reactor system, which would reduce the

limiting pressure even further.

For those primary system conditions where explosions could be initiated, the assessment
of the threat to the RCS integrity needs to evaluate the magnitude of the explosive interacuons
and the capability of the interaction to transfer an impact loading to the RPV walls and upper
head. This was treated in the IDCOR Program [IDCOR, 1983] in terms of (1) the maximum
molten mass and water which could be intimately mixed, (2) the efficiency of the explosion and
(3) the capability of transferring an impact load to the RPV upper head. Through these
evaluations it was concluded that a sufficient melt-water mixture could not be established to
approach the energy yield necessary for challenging the vessel integrity. In addition, no efficient
energy transfer mechanism could be found which could transmit the necessary impact load to

cause failure of the RPV upper head.



WESTINGHOUSE CLASS 3

242 Steam Explosion Models

Numerous models have been proposed to explain the primary steps in the occurrence of
a steam explosion. However, no consensus on modeling of steam explosions has emerged to
date. The wide variation in views exhibited by the members of the SERG underscores this fact,
Since the NRC states that no truly predictive mechanistic model exists [NRC, 1988], this section
is limited to a short overview of two types of models that exist. These basically address the
mechanisms for fragmentation of the lower volatility material and the mechanisms for providing
the intimate liquid-liquid contact; the former is required to obtain the characteristic larger heat

transfer area, while the latter is required for the characteristic rapid heat transfer rate.

Since fragmentation of the hot material is considered to be a necessary (but not sufficient)
condition for a large scale explosive interaction, a rather extensive experimental and theoretical
effort has been devoted to the understanding of this process. The fragmentation models may be

grouped into the following four general categories:

I. hydrodynamics models: which treat effects between the molten material
and coolant independent of thermal conditions;

r

violent boiling models: fragmentation induced in the molten material via
the disruptive forces and associated with bubble growth and collapse
including spontaneous nucleation;

3. thermal stresses theories: molten material breakup as a consequence of
surface quenching and solidification; and

4. entrapment/gas release theories: rapid phase change of an entrapped
species resulting in sudden expansion and fragmentation of the molten
matenal.

From metal-water experiments it appears that an essential precursor to a vigorous
interaction is the establishment of a stable vapor film between the fuel and coolant. The

interaction is triggered by the destabilization of the vapor film, allc wing extensive liguid-liquid
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contact. In general, the models developed to explain the mechanism allowing hquid-liquid
contact can be roughly classified into two broad types: (1) boiling models, which depend upon
the rapid production of vapor after liquid-liquid contact is established, and (2) hydrodynamic
models, which depend on the breakup of high temperature matenal due to the large relative
velocity between fuel and coolant after collapse of the vapor layers due to armival of a pressure
wave. Some recent models consider that both types may be present at the same time. There are
also purely parametric models which are concerned with the consequences, but not the mixing

process physics, once a set of initial conditions 1s assumed.

2.4.3 Possible Mechanism for Maximum Steam Generation Rate

The information presented in Section 2.4.2 was taken from a wide variety of experimental
information and provides a substantial data base for describing the maximum melt-water steam
generation rate in containments. One can provide a theoretical basis for heat fluxes in the range
of 10.4 x 10* Buw/h<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>