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ABSTRACT

Experiments are being performed to investigate high temperature liquid-

liquid film boiling between a pool of liquid metal and an overlying coolant

pool of R-ll or water. Film boiling has been observed to be stable for R-ll;

however, considerable liquid-liquid contact has been observed with water well

beyond the minimum film boiling temperature. Unstable liquid-liquid film

boiling of water has been observed to escalate into dispersive, non-energetic

vapor explosions when the interface contact temperature exceeded the spontane-

ous nucleation temperature. Other parametric trends in the data are dis-

cussed.

•Work performed under the auspices of the U.S. Nuclear Regulatory Commission.
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INTRODUCTION

An integrated analysis of the impact of core-concrete interactions upon

containment response during a severe degraded core accident in a LWR has re-

cently become possible due to the development of the CORCON computer code [1]

at Sandia Laboratory. The CORCON code, still under development, analyzes the

interaction of molten core debris and reactor basemat concrete and supplies

the input necessary for the calculation of containment response to generation

of condensable, non-condensable and combustible gases as well as basemat ero-

sion rate. The code models the molten core debris inventory as a succession

of overlying layers of oxide phases, metallic phases and mixture phases, as

well as a water coolant layer above, with appropriate heat transfer models

between layers.

Efforts to develop a coolant layer model of liquid-liquid film boiling,

not presently available, for the CORCON code are described in this paper.

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus with which these studies were performed is

shown in Figure 1. A detailed description of the apparatus is given in Refer-

ences 2 and 3. The test section is a 6-inch stainless steel cylinder, open at

•Work performed under the auspices of the U.S. Nuclear Regulatory Commission.



Figure 1. Experimental Facil i ty for Liquid-Liquid Boiling
Heat Transfer Studies
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the top and insulated a l l around with 4-inch thick Fiberfrax sheet insu la t ion.

The vessel contains a pool of l i qu id metal which can be raised to and main-

tained at a prescribed temperature by a calrod heater mounted below. A l l i n i -

t i a l thermal conditions are monitored and experimental data are acquired by an

automated data acquisi t ion system. A ver t ica l array of seven thermocouples is

mounted on a traversing mechanism which is lowered in to the test section to

make the required heat balance and temperature measurements during a t es t . An

inert cover gas (argon) is maintained over the l i qu id metal to minimize sur-

face oxidation ef fects . When the required i n i t i a l conditions are sa t i s f i ed , a

remote solenoid valve is actuated which releases a volume of l i g h t e r , immisci-

b le , vo la t i l e f l u i d from a heated reservoir through a downcomer to form a

boi l ing coolant layer (R- l l or water) on top of the l i qu id metal layer (b i s -

muth, lead or Wood's metal). The thermal interact ion proceeds as transient

l i qu i d - l i qu i d f i lm bo i l i ng , quenching the bo i l ing process through the f i lm

boi l ing regime.

EXPERIMENTAL RESULTS

Two regimes of l i qu id - l i qu id boi l ing behavior were observed in these

tes ts . In the f i r s t regime observed, the interact ion between the f lu ids was

observed to behave s imi lar to classical f i lm bo i l i ng , while in the second re-

gime, pool-geometry vapor explosions were observed to occur. These w i l l be

discussed in detai l below.

Liquid-Liquid Film Boi l ing Regime

The f i r s t series of bo i l ing tests were performed with l i qu id Wood's metal

and bismuth and boi l ing layers of R- l l and water. The maximum i n i t i a l Wood's

metal and bismuth temperatures achieved were 360 and 593 C, respectively, and

the coolant (R- l l or water) was at ambient saturation temperature. Two types
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of experiments were performed, qualitative visualization studies of the liq-

uid-metal coolant interface as well as quantitative heat flux tests with

which to construct a liquid-liquid boiling curve. For the case of R-ll boil-

ing on molten Wood's metal or bismuth, a very stabl'e, quiescent interface was

visually observed between the liquids with no interface disturbances or mixing

apparent. In these cases, the liquid-metal interface behaved almost as if it

were a polished solid surface. However, for the case of water boiling on the

surface of the same liquid metals, quite different behavior was observed. With

both Wood's metal and bismuth, at temperatures as high as 400 C above the min-

imum film boiling temperature of water, considerable interfacial mixing was

observed with no definitive interface between the water layer and the liquid

metal. This mode of film boiling for water was characterized by a boiling

flow regime characteristic of churn-turbulent flow accompanied by ejection of

water from the apparatus and extensive splashing of the liquid metal upwards

into the water. The upward spikes of liquid metal were observed to be far in

excess of the expected vapor film thickness and as high in amplitude as a cen-

timeter or more. This spiking behavior, which continued until the liquid-

metal surface solidified, was considered evidence of liquid-liquid contact

during film boiling, not expected for such high surface superheats as achieved

in these tests. Quantitative measurements of surface heat flux during liq-

uid-liquid film boiling were performed for R-ll coolant. The data, which are

shown in Figure 2, ara in reasonable agreement with the predictions from the

Berenson [4] and Chang [5] film boiling models, as may have been expected from

the. visual observations of quiescent film boiling, although in some cases the

data exceed the model predictions by as much as 50% or more. An increase in
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scatter is evident in the highest superheat range, possibly due to experimen-

tal uncertainty. Quantitative data for l iquid- l iquid f i lm boiling of water

w i l l be available for comparison shortly.

Film Boiling Destabilization and Explosive Boiling Regime

For bismuth, lead and Wood's metal, experiments were subsequently per-

formed with R-ll and water at much higher liquid-metal temperatures to inves-

tigate the l iquid-l iquid boiling behavior further into the f i lm boiling re-

gime. During bismuth-water l iquid- l iquid f i lm boi l ing, vapor explosions were

always observed in unmixed pool geometry when the interfacial contact tempera-

ture based on the i n i t i a l bulk temperatures exceeded the spontaneous nuclea-

t ion temperature. Some high temperature runs were performed with R- l l ; how-

ever, no vapor explosions were observed. A temperature interaction zone for

the bismuth-water explosion data is shown in Figure 3. For high temperature

tests with lead and Wood's metal, vapor explosions were only observed for cas-

es in which the liquid-metal surface oxidation was removed just prior to the

test and subcooled water was used.

The observed events leading to a vapor explosion during l iquid- l iquid

boiling in pool geometry suggest that three periods of interaction can be dis-

tinguished: .

1. A quiescent l iquid-l iquid f i lm boiling period during which heat

transfer resembles stable f i lm boil ing,

2. a destabilization period during which the vapor f i lm becomes unstable

and interfacial mixing across the vapor fi lm occurs, promoting vio-

lent boiling bursts and splashing,

3. and f ina l l y , the explosion period during which measurable pres-

surization events occur, manifesting themselves as pressure spikes,
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which escalate and promote large scale film destabilization resulting

in a vapor explosion or multiple explosions.

Upon initiation of the boiling interaction, often a very quiet period of

boiling was observed with very little observable hydrodynamic activity. This

was generally the case for the highest initial liquid-metal temperatures

(~600-700 C) and saturated water. During this phase, the liquid metal would

cool as the water would boil off; the liquid-liquid boiling heat transfer

rates were measured to be in the range of classical film boiling models.

As the liquid metal cooled, it was observe^ that the hydrodynamic and

acoustic activity of the boiling would spontaneously increase. This was mani-

fested by considerable splashing of water out of the test vessel and a loud

rumbling sound. This behavior was intermittent and suggested that the vapor

film was becoming unstable and unable to prevent liquid-liquid contacts from

occurring. No appreciable pressurization events were recorded during this

period. It should be pointed out that liquid-liquid contacts were not di-

rectly observed, but are being inferred from the photographic data of the

interface mixing behavior. During this phase, the boiling rate was found to

be higher than in the stable phase, suggesting that the minimum film boiling

point for liquid-liquid boiling may occur at much higher temperatures than for

boiling on a solid surface. The approximate temperature range for this behav-

ior during these experiments was between the spontaneous nucleation tempera-

ture and the temperature of the quiescent phase (<600 C). If this destabili-

zation phase was not able to promote a vapor explosion, either before the liq-

uid-metal temperature fell below the minimum temperature required to satisfy

the spontaneous nucleation temperature for water on contact, or before the
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liquid-metal surface sol id i f ied, the l iquid- l iquid boiling quench would pro-

ceed uneventfully to completion.

For a l l the tests with bismuth, and some with lead and Wood's metal, i f

the l iquid- l iquid boiling entered the destabilization phase just described,

vapor explosions were observed to occur. Just prior to the vapor explosion

(or multiple vapor explosions in some cases), pressure pulses were measured in

the boiling water layer, suggesting that minor vapor explosions were occurring

on a local basis. These pressure spikes were immediately followed by a larger

vapor explosion which usually terminated the interaction. This interaction was

accompanied, as expected by the largest pressure spike. In the event that the

water was not blown from the test vessel, multiple vapor explosions were found

to occur. In two experiments with Wood's metal in which the water was contin-

ually added to the apparatus, up tc six events were measured in sequence which

terminated only when al l the Wood's metal was blown from the vessel. After

the interaction, the metal was found to be widely dispersed and fragmented

into millimeter and submill^meter size, with some large chunks around. The

time delay from the in i t ia t ion of the test until a vapor explosion was found

to decrease with both a decrease in either the i n i t i a l liquid-metal tempera-

ture or subcooling the water. Subcooling the R-ll was not capable of promot-

ing a vapor explosion under any circumstances during these tests. The trend

of time-delay-to-explosion vs. i n i t i a l liquid-metal temperature is shown in

Figure 4.

CONCLUSIONS

Boiling heat transfer between pairs of overlying liquid pools has been

investigated. Two regimes of heat transfer behavior have been observed:
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explosive and non-explosive. The following trends have been identified from

these experiments:

(1) For f i lm boiling of R-ll on l iquid metal, a quiescent f i lm boiling

regime is observed in which the boiling heat flux is in the range of

classical f i lm boiling on a solid surface. Film boiling of water

under the same conditions, however, rapidly becomes destabilized,

exhibiting considerable hydrodynamic and acoustic behavior un-

characteristic of f i lm boiling suggesting that l iquid- l iquid contact

and interfacial mixing is occurring, even at surface superheat up to

500 C greater than the minimum f i lm boiling point.

(2) I f the l iquid-l iquid interface contact temperature is greater than

the spontaneous nucleation temperature for water, vapor explosions

are possible even in unmixed pool geometry.

(3) The resulting vapor explosions may be multiple as long as fuel and

water are mutually available; present observations suggest these ex-

plosions to be dispersive and non-energetic. The steam generation

rates, and hence, pressurization rates are s t i l l unquantified.

(4) Surface oxidation of the l iquid metal tends to inhibi t vapor ex-

plosions, probably due to low thermal conductivity of the oxide, re-

sulting in poor surface heat transfer upon l iquid- l iquid contact.

(5) The interactions are promoted by either lowering the liquid-metal

temperature or subcooling the water. Both tend to destabilize f i lm

boil ing, and in these experiments, both effects have been found to

reduce the time delay to vapor explosion. Lowering the liquid-metal

temperature such that the l iquid-l iquid contact temperature fe l l
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below the spontaneous nucieation temperature of water prevented ex-

plosive interactions. A sharp temperature threshold was observed.

In the continuing experimental program, unstable liquid-liquid film boil-

ing of water will be further investigated with the additional effect of non-

condensable gas flux from below, simulating gas release from concrete. In ad-

dit ion, tests will be performed with non-metallic fuel simulants to define the

temperature interaction zone under more prototypic conditions.
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