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Abstract

Melt spreading studies have been undertaken to investi-
gate the extent to which molten core debris may be expected to
spread under gravity forces in a BWR drywell geometry. The
objectives are to determine the extent of melt spreading as a
function of melt mass, melt superheat, and water depth. These
studies will enable an objective determination of whether or
not core debris can spread up to and contact containment
structures or boundaries upon vessel failure. Results indi-
cate that the most important variables are the melt superheat
and the water depth. Studies have revealed five distinct
regimes of melt spreading ranging from hydrodynamically-
limited to heat transfer-limited. A single parameter dimen-
sionless correlation is presented which identifies the spread-
ing regime and allows for mechanistic calculation of the
average thickness to which the melt will spread.

Experiments concerning bubbling heat transfer from a pool
to a vertical boundary have been undertaken to characterize
the magnitude of the lateral heat flux from a bubbling pool of
core debris interacting with concrete to a vertical structural
boundary. Of particular interest is the dependence of the
interfacial heat transfer coefficient upon the superficial gas
velocity and the fluid Prandtl number. These studies will
enable determination of the boundary copvective heat flux for
cases in which the core debris may come in contact with con-
tainment structures or boundaries. Results indicate that the
bubbling heat transfer coefficient is an increasing function
of the superficial gas velocity; the heat transfer coefficient
varies from 2000-5000 W/m2K for superficial gas velocity in
the range 0.2-2,4 cm/s. A generalized diraensionless correla-
tion is presented which enables mechanistic determination of
the bubbling heat flux boundary condition.

•'•This work performed under the auspices of the U.S. Nuclear
Regulatory Commission.
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Studies have been conducted Co examine che mode and mag-
nitude of liquid-liquid boiling at high superheats with a non-
condensable gas flux through the boiling interface. These
studies simulate the effect of water boiling over a core melt
engaged in a core-concrete interaction. Of particular inter-
est is whether the film boiling regime is the applicable mode
of coolant boiling and the magnitude of boiling enhancement by
the simulated MCCI gas flux. Results indicate that the film
boiling regime is preserved for boiling over molten metal
pools at superheats exceeding the minimum film boiling point,
even in the presence of a non-condensable gas flux through the
boiling interface. The gas flux enhances the boiling heat
flux above the classical flat plate limit, and does not sup-
press stratified steam explosion events. A correlation for
the gas flux enhancement to liquid-liquid film boiling is
presented.

1. Background

Recent assessments of risk due to severe accidents in light water
reactors have indicated that the consequences of molten core-concrete
interactions (MCCI) may dominate the considerations of containment loads
and performance, as well as the release of non-volatile fission product
aerosols to the containment building [1,2]. In recognition of the magni-
tude of this potential threat, the USNRC has supported an aggressive
research program of integral and separate-effect experimental investiga-
tions into MCCI phenomenology, as well as development of the severe acci-
dent source term codes for MCCI analyses, CORCON [3] and VANESA [4].

The separate-effect experimental studies to be described in this
paper have been initiated to support the quantification and modeling of
several of the most important phenomena that can occur during a MCCI.
These include transient spreading of metallic corium simulants on hori-
zontal, flooded surfaces, bubbling heat transfer from simulant corium
pools to structural boundaries, and boiling and explosive interactions
between bubbling corium simulant pools and an overlying water pool.
These three areas of current research will be discussed in greater detail
in the sections to follow.

2. Transient Spreading of Metallic, Corium Simulants on Horizontal,
Flooded Surfaces

The distribution of molten core debris in the drywell of a BWR dur-
ing an unterminated core melt accident is of particular interest in
assessing containment loads and fission product source term. Also depen-
dent upon such a mechanistic treatment of melt spreading are potential
mitigating actions; among these are construction of barriers to limit
spreading and the modification of drywell sprays to retain airborne fis-
sion products. Prior to implementation of backfits, it would be useful
to know the distribution of the debris in the drywell. If, for instance,
it could be shown that debris would be expected to contact the Mark I
containment shell soon after vessel failure, it may be reasonable to



require a barrier to interdict the debris ana prevent contact, tn a like
fashion, if fission product release would be concencratea inside the ped-
estal, it would be reasonable to position spcays in that location instead
of spreading them out all over the drywell. In that fasnion, the great-
est benefit from fission product retention may be realised. In order to
make these decisions, and similar decisions ui a rational framework., it
is necessary to have the capability to model and predict raelt spreading.

An experimental investigation of the spreading of molten metallic
melts upon horizontal surfaces was initiated. The experimental apparatus
consists of the following components: a rotacing oven in which to heat a
prescribed mass to a desired initial superheat, temperature controllers
and indicators to monitor the initial conditions, and a target horizontal
surface which can be flooded with water to which the relt is delivered.
A schematic of the apparatus for the melt spreading studies is presented
in Figure 1.

Pivot Assembly
for Pouring

Temperature
Monitor

Power SuDply
Temp. Control

Figure 1 Schematic of Transient Melt Spreadi-j Apparatus



Once Che Lead melt is heated to the desired superheat, the cylindrical
oven is rotated and its contents are poured into a funnel which is mounted off
the deck over the spreading surface. The intent is to deliver the melt in
such a manner that the melt inertia is minimized and can be neglected. Tests
were conducted with molten lead poured onto horizontal wood, steel and marble
surfaces. Nominal melt masses employed were 4, 6, 8, and 10 kg. Melt super-
heats employed were 10, 50, 100, 150, and 200K. Water pool depths employed
were zero, 5, 10, 20, 40, and 60 mm deep. The total test matrix consisted of
156 runs. It was readily observed that the geometry of the melt spread could
fall into one of five regimes depending upon the melt mass, melt temperature,
and water depth. These five regimes are shown schematically in Figure 2. The
average melt thickness after spreading was found to be most sensitive to two
of the independent variables, melt superheat and water depth. Sensitivity to
melt mass was found to be of secondary importance. The measured average (or
superficial) melt thickness for all tests which used a wooden surface is shown
as a function of water depth and melt superheat in Figure 3. Each point shown
is the average of all runs at a prescribed superheat and water depth regard-
less of delivered mass. Notice that as melt superheat increases, the thick-
ness decreases. Also as the water depth increases, the thickness increases.
As previously stated, the thickness was not very sensitive to melt mass.

An empirical approach was undertaken to characterize the spread regimes
:he ba

defined as
on the basis of these observations. A dimensionless thickness, t* , was

t* = t/(M/p)1/3 = (M/p)2/3/Agp

where t is the area-averaged melt thickness (volurae/area), M is the melt mass,
Asp is the area of spread, and p is the melt density. A dimensionless
spreading parameter, Nsp, was defined which incorporates the effects of melt
temperature, mass, and water depth as,

sp
H h

*
where H is the water depth, h, is the effective latent heat of solidification
of the melt (S h£g + c ffl ^ a t ) , where AT s u p e r h e a t is the melt superheat
and hf is the effective latent heat of vaporization of the water (= hf +
CpATsubcool)' w h e r e AT i i s tiie w a t e r subcooling. The data were ploifed
in this fashion and approximate boundaries in NSp space were determined for
each of the five geometric regimes that were observed. These are listed on
Figure 2 for each of the regimes specified. The dimensionless presentation of
the data for Runs 1-112 is shown in Figure 4.



MELT SPREADING REGIMES
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Figure 2 Observed Melt Spreading Flow Regimes
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An empirical correlation of t* vs. N s p was developed on the basis of
all 156 runs and is as follows:

- 0.03 N
1/2
sp

Further experiments and modeling are under way to refine this spreading corre-
lation and tj develop a model for each of the regimes shown in Figure 2.

3. Heat Transfer from Bubbling Pools to Structural Boundaries

In the assessments of the vulnerability of the Mark I BWR steel shell to
contact with molten core debris in the drywell, it has become apparent that
the reliability of these assessments is strongly dependent upon the accuracy
of several key parameters, models, and boundary conditions. Among these is
included the phenomenon of heat transfer from a bubbling corium pool tc an
adjacent structural boundary. Of particular interest is the dependence of the
interfacial heat transfer coefficient upon the superficial gas velocity and
the fluid Prandtl number.

In order to investigate this bubbling heat transfer phenomenon, the
experimental apparatus portrayed in Figures 5-6 was constructed. Figure 5
shows an overall schematic of the experimental test facility. Highlighted are
the gas and water flow control, pool heater control, instrumentation, and test



Ref Jen

Gas Flow
Control
Center

Gas In

Water Flow
Control
Center

Water In

Heater
Control
Center

Figure 5 Schematic .of Bubbling Heat Transfer Apparatus
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pool. Also shown ire the details or the bubbling case pool. Highlighted are
Che plexiglass tank, porous frit, thermocouple rake, and coiled heating
element. The submerged test wail is highlighted in Figure 6. The important
features shown are the micarta window frame construction, copper test plate,
serpentine coolant passage, and the surface microthermocouples that are
installed in the test plate surface.

A series of experiments was performed to investigate the magnitude of the
bubbling heat transfer coefficient from a pool of water to a vertical bound-
ary. The water pool depth was set to 30 cm to avoid shallow pool effects.
The boundary heat transfer coefficient was measured as a function of the bub-
bling superficial gas velocity over the range 0.1-2.5 cm/s. The resulting
heat transfer data are shown in Figure 7. The magnitude of the measured heat
transfer coefficient varied from a low of 2000 W/m K to a high of approximate-
ly 5000 W/m2K over the range of superficial gas velocity that was covered.

These data suggest that bubbling heat transfer boundary conditions for
the Mark I steel shell assessments should be. in this range in order to reli-
ably represent the actual heat load co the shell. Although the prototypic
bubbling melt would be molten metal, it is clear that heat transfer coeffi-
cients in the range 10-1000 W/m2K are too low to be realistic. In order to
improve the data base just presented, additional tests with molten metal pools
will be executed. In addition, the LINER-QT and WITCH-LINER test data from
SNL will be adopted for the development of a final correlation.

In the interim, these data and the correlations developed by Konsetov [5]
and Blottner [6] for bubbling heat transfer to a vertical wall were non-
dimensionalized and compared to assess the current capability of the CORCON-
M0D2 computer code to calculate lateral heat loads from a MCCI. A Nusselt
number was defined as Nu <* hr^/k, where h is the heat transfer coefficient,
r^ is the equivalent spherical bubble radius, and k is, the fluid thermal
conductivity; and a Grashof number was defined as Gr * gar,/v , where g is the
gravitational constant, a is the pool average void fraction, and v is the
fluid kinematic viscosity. Both the models just specified as well as the
present heat transfer data were cast in dimensionless form, and are presented
in Figure 8. Surprisingly good agreement was found between the Blottner and
Konsetov correlations and the present data; in fact the two models bounded all
the experimental data points. The best dimensionless correlation to the pres-
ent data, embodying the modeling approach of Blottner and Konsetov, was found
to be as follows:

Nu - 0.33 (Gr.Pr)0*33

4. Boiling and Explosive Interactions Between Bubbling Corium Simulant Pools
and an Overlying Water Pool

Under a wide spectrum of reactor designs and accident sequences, it is
possible, maybe even desirable, for water to come in contact with the molten
core debris and form a coolant pool overlying the core debris attacking the
concrete. The benefits include but may not be limited to enhancement of the
heat flux from the molten core debris as well as decontamination of aerosols
which would be released from the core debris and rise through the water in the



b

»

o
u.
LL
Ui
O
o
(T
UJ
u.
COz<cr<
til
X

1 2

SUPERFICIAL GAS VELOCITY (cm/s)

Figure 7 Bubbling Heat Transfer Coefficient vs. Superficial Gas
Velocity for a Water Pool Adjacent to a Vertical Surface



20

10

to
fO

o

0.

Present Data

= .33
Blottner
Konsetov
I i i i . .

10'

GR

Figure 8 Dimensionless Correlation of Bubbling Heat Transfer Data

2x10^



gas stream from Che concrete decomposition gases. The investigations into
this class of phenomena were intended to quantify the magnitude of the boiling
heat flux from bubbling high-temperature melt simulant pools, and to investi-
gate the occurrance of explosive boiling interactions from this stably strat-
ified geometry and the size of the debris so resulting. The experimental pro-
cedure and quantitative results will be described in the ensuing discussion.

To perform the investigations into liquid-liquid boiling phenomena [7 ],
the experimental apparatus about to be described was constructed. It consist-
ed of a six-inch steel container in which to hold the melt simulant (liquid
metal in this case), coolant reservoirs, heaters, controllers, and temperature
instrumentation. The test section was open at the top and all tests were per-
formed at ambient pressure. The test vessel was mounted above a track along
which a thermostatically controlled heater was installed. The heater could be
slid away and an insulating base moved into place just prior to initiation of
the experiment. The entire apparatus was insulated to minimize heat losses;
an overall system energy balance was performed to verify each quantitative
measure of boiling heat flux from the melt (lead, bismuth, or Wood's metal) to
the coolant layer (water or Rll refrigerant).

An assembly of eight thermocouples was installed vertically in the melt
pool along the centerline axis of the test section. Seven of the thermo-
couples were immersed in the 8-cm-deep liquid metal pool, one in the boiling
coolant, and numerous along the test section wall (to perform the energy
balance). The experiments were begun by first heating the liquid metal pool
to a desired temperature while under an argon cover gas, then insulating the
base and waiting until quasi-steady conditions were established in the pool.
On command, a solenoid valve would discharge two liters of coolant into the
vessel to form the initial coolant layer; make-up of the vaporized coolant was
managed by monitoring a liquid level indicator in the vessel. The tests were
conducted as transients, no heat was applied to the vessel during the test.
Both baseline boiling tests with no gas injection and gas flux enhanced boil-
ing tests were performed with Rll and water. The tests to examine the spon-
taneous explosive boiling behavior were only conducted with water. No tests
with Rll experienced explosive interactions. The quantitative boiling heat
flux data were determined by an energy balance on the melt, corrected for wall
heat losses.

Experiments were performed to examine the film boiling heat flux for both
Rll and water over molten metal surfaces, to examine the influence of the
mobile heating surface. The molten pools included bismuth, lead, and Wood's
metal. Good agreement was found between the measured heat fluxes without gas
injection and the prediction of the Berenson film boiling model when corrected
for thermal radiation. These data are shown in Figure 9. The composition of
liquid metal pool had no influence on the magnitude of the boiling heat trans-
fer. The pool composition only had an influence on the onset of explosive
interactions when water was the boiling fluid.

Following these tests, several series of experiments were conducted with
Rll and water over the same high temperature liquid metal melts, this time
with a non-condensable gas injected from below, to examine the influence of
simulated MCCI gases on film boiling over hot, molten pools. The data result-
ing from both the water boiling tests and the Rll boiling tests are shown in
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Figure 10. It was found than the boiling heat flux was a tnonoconically
increasing function of the gas injection superficial velocity. The boiling
heat flux is shown normalized to the Berenson prediction, corrected for
thermal radiation; the superficial gas velocity has been normalized to the
calculated bubble rise velocity (in this case, u,,, = 22 cm/s). For the case
of gas flux-enhanced film boiling of water, t:he data were shown to exceed the
Berenson flat plate film boiling limit by -is much as a factor of 5-6 at a
superficial gas velocity of less than 3 cm/s. For the case of gas flux-
enhanced film boiling of Rll, the data were shown to exceed the same limit by
as much as a factor of three at the same gas velocity. At the temperatures
that these experiments were conducted, the radiation contribution to the cal-
culated Berenson limit was small, approximately 5%; therefore it is assumed
that the radiation contribution in the experiments was small as well. This
enhancement thus represents an enhancement to the convective component of the
film boiling heat flux, not to the radiative component as well. It appears
that an asymptotic limit to the boiling heat flux enhancement is being
approached. It is expected that this limit would be reached as the gas injec-
tion approaches the churn-turbulent transition, which for bottom-injection
pools has been found to occur in the vicinity of JQ equal to approximately
one-fourth the bubble rise velocity. The enhancement to the radiative compon-
ent of the film boiling heat flux would be a function of the surface area
enhancement by the bubbles and may be small compared to the enhancement of the
convective component.

It was found that water boiling over liquid metal melts at superheats in
the film boiling range was an unstable system, frequently resulting in explos-
ive interactions. This was found to be the case both with and without non-
condensable gas injection. The boiling tests with Rll, on the other hand,
were always resistant to explosive interactions with and without gas injec-
tion. The observations concerning explosive interactions have been discussed
previously [7] and will not be reproduced here. However, recent progress has
been made in analyzing the debris resulting from these events and this will be
discussed. The debris size distributions were characterized in two series of
tests, the 500-series which involved water over molten lead without gas injec-
tion, and the 400-series which involved water over molten lead with gas injec-
tion. The 400-series is the same as shown in Figure 10 (for water only). For
the 400-series, the superficial gas injection velocities were as follows:
0.66 cm/s (#417, 418), 0.88 cm/s (#420), 1.1 cm/s (#421), 1.8 cm/s (#423,
424), 2.4 cm/s (#425), and 2.6 cm/s (#415). The cumulative debris size dis-
tributions for both the 500- and 400-series are shown in Figures 11 and 12,
respectively, plotted on log-probability paper. It was found that the cumula-
tive size distributions for both series of runs were nearly identical, differ-
ing only in the magnitude of the spread at a particular particle size. Both
distributions are representative of an upper limit lognormal distribution. It
was surprising to observe that the gas injection appeared to yield no signifi-
cant influence over the debris size other than to increase the magnitude of
the uncertainty. In a way this is a comforting result, suggesting that the
debris size distribution resulting from explosive interactions during a MCCI
is not sensitive to the MCCI gas flux, and that inferences concerning the
coolability of such debris formation may be assessed without reference to the
details of the MCCI.
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