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ABSTRACT 

 

In a hypothetical light water reactor (LWR) core-melt accident with corium release from the 

reactor vessel, the ultimate containment integrity is contingent on coolability of the 

decay-heated core debris. Pouring of melt into a pool of water located in the reactor cavity is 

considered in several designs of existing and new LWRs as a part of severe accident (SA) 

management strategies. At certain conditions of melt release into the pool (e.g. large ratio of 

the vessel breach size to the pool depth), liquid melt can spread under water and reach a 

coolable configuration. Coolability of the melt depends on decay heat generated per unit area 

of the spread melt which is directly proportional to the terminal spread thickness of the melt 

layer. Thus a success of the debris bed coolability depends on the efficacy of the molten core 

materials spreading which is limited by rapid solidification of the melt due to melt-coolant 

heat transfer. Among the factors which can reduce spreading effectiveness are heat and mass 

losses of the liquid melt due to fragmentation, cooling and solidification in the process of melt 

jet pouring into the pool. Previous extensive experimental and analytical works on liquid melt 

spreading and solidification were focused mostly on analysis of melt spreading in case of melt 

release through an inclined channel. Melt spreading under water as a result of a jet pouring 

into a pool, has not been addressed systematically. This paper summarizes first experimental 

results obtained in the frame of Pouring and Underwater Liquid Melt Spreading (PULiMS) 

research program. The work is an extension of previously reported by Kudinov et al. [1-4] 

studies on debris bed formation and agglomeration (DEFOR-A) phenomena. In contrast to 

DEFOR-A experiments, PULiMS exploratory tests (PULiMS-E) discussed in this work have 

been performed with a shallow (20 cm) water pool. Up to 78 kg of high melting temperature 

core melt simulant materials (eutectic mixtures of the binary oxides such as Bi2O3-WO3 and 

ZrO2-WO3) is used in each test. Initial melt superheat varied from 70 up to 300ºC. In the 

paper we discuss: (i) experimental observations of the jet pouring into a shallow pool and 

underwater liquid melt spreading on a flat surface; (ii) characterization of solidified melt 

debris; (iii) key physical processes as well as melt material properties and experimental 

conditions most influencing the melt spreading and solidification phenomena. Produced 

experimental data can be used for validation of the models for prediction of the underwater 

liquid melt spreading in case of melt jet pouring in a shallow water pool. 
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1 INTRODUCTION 

 

Light water reactor (LWR) containment is the ultimate safety barrier which prevents release of 

hazardous radioactive materials to environment in case of a hypothetical severe accident with 
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nuclear reactor core melt down, reactor pressure vessel (RPV) failure and melt relocation to the 

reactor cavity. Integrity of the containment can be threatened by the interaction of core melt 

materials released from RPV with concrete of the containment basemat if insufficient cooling is 

provided to remove the decay heat. In some designs of LWRs reactor cavity can be partially 

flooded with water which can provide heat removal from the corium debris. However, success 

of the melt debris coolability is contingent upon the configuration of the relocated melt. The 

configuration depends on the scenario of melt release into the pool of water. Melt relocation 

scenario of concern in this work is a relatively large diameter jet with respect to the water pool 

depth. In this case large portion of liquid melt jet will reach the bottom of the pool and will be 

able to spread, to some degree, under water. The decay heat released per unit area is directly 

proportional to terminal spread thickness of the melt. If terminal melt spread thickness is small 

enough then decay heat generated by the melt can be removed from the top surface of the melt 

layer and the melt can be stabilized within containment boundaries. 

 

The terminal melt spreading thickness is determined by a competition between hydrodynamic 

spreading and solidification phenomena. If solidification is faster than spreading, then melt is 

immobilized earlier and terminal spread thickness increases. Thus the debris bed’s terminal 

spread thickness depends on the parameters which are important for spreading and 

solidification, namely physical properties of the core melt, parameters of core melt release 

scenario such as jet diameter, melt superheat, water pool depth, heat loss due to jet-coolant 

interaction etc. It is instructive to note that melt jet interaction with the coolant can significantly 

affect initial conditions for liquid melt spreading by (i) reducing melt superheat; (ii) 

transforming liquid melt into solidified debris.  

 

In the literature there are several experimental studies on liquid melt spreading and interaction 

with containment basemat (see detailed reviews and references in [6] and [8]). Previous 

experimental studies, including tests with prototypic corium compositions performed within 

the VULCANO program [8], provided important data for validation of the models. 

Unfortunately, most of these studies were focused on specific design with melt supply to a 

spreading area through an inclined channel. Melt spreading under water after jet pouring into a 

pool was not considered before. Only few experiments were carried out in wet conditions with 

a thin layer of water present in the spreading area (e.g. [6], [10]). In DEFOR-A tests formation 

of the debris bed was studied in a scenario with melt jet pouring into a pool of water [1]. 

However, the ratio between the pool depth to jet diameter was too large (~25-50) in the 

DEFOR-A tests. Considerable fraction of solidified debris apparently hindered liquid melt 

spreading. 

 

The goal of this work is to provide reference experimental data necessary for validation of 

models and codes capable of predicting terminal thickness of the solidified debris bed after 

pouring. In this paper we summarize experimental results obtained in the Pouring and 

Underwater Liquid Melt Spreading (PULiMS) test facility. In the exploratory PULiMS-E 

experiments we studied liquid melt spreading under water as a result of jet pouring into a 

shallow pool of water. The ratio of the pool depth to jet diameter was 10 in all tests. High 

melting temperature binary eutectic mixtures of Bi2O3-WO3 and ZrO2-WO3 were used as corium 

simulant materials. In the paper we discuss observed phenomena which may help to clarify 

key physical phenomena involved in the complex multi-phase process of underwater liquid 

melt spreading.  

 

In two out of five PULiMS-E experiments we observed steam explosions which resulted in 

significant damages to the stainless steel structures of PULiMS facility. The preliminary 
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analysis and hypotheses about possible origin of energetic melt-coolant interactions are 

discussed. 

 

2  EXPERIMENTAL TECHNIQUE 

 

2.1 PULiMS Facility 

 

The PULiMS facility consists of 45kW medium-frequency (up to 30 kHZ) generator, 

induction furnace (IF) with a SiC crucible for melt preparation, melt delivery funnel, and a melt 

spreading pool (PULiMS test section). Schematically facility is shown in Fig. 1 and photo 

images of the test section are presented in Fig. 2. 

 

 

  
                  a)                                                   b) 

Fig. 1 Schematic of the PULiMS facility (a) and positioning of thermocouples on stainless 

steel melt spreading plate (b, top view). Plate dimensions are 100x200x1cm. 

 

 

      
                         a)                                            b) 

Fig. 2 Side (a) and top (b) views of the PULiMS facility with installed induction furnace 

(IF), melt delivery funnel and thermocouples attached to the melt spreading plate. 



The 9th International Topical Meeting on Nuclear Thermal-Hydraulics, Operation and Safety (NUTHOS-9)                 N9P0303 

Kaohsiung, Taiwan, September 9-13, 2012 

4 / 11 

 

 

The IF is used to melt and heat up corium simulant material to the desired temperature. The 

melt delivery funnel is used to form a melt jet with fixed nozzle diameter of 20 mm. The test 

section is open from the top rectangular (2x1x1 meters) pool with a 10 mm thick stainless steel 

spreading plate at the bottom (Fig. 1a). The observational widows allow video monitoring of 

underwater melt spreading.  

 

2.2 Measurements and Instrumentation 

 

Dynamics of melt spreading is monitored by both temperature measurements and video image 

recording. National Instruments® data acquisition system (DAS) is used with maximal 

250 kS/s acquisition rate for monitoring 96 thermocouples. Positions of the temperature 

measurement points are shown in Fig. 1b. Multi and single-level thermocouples (TCs) were 

used with: 40 TCs measuring temperature at the level of the spreading surface, and 13 4-level 

TCs measuring temperature above the spreading surface at different elevations up to 50 mm. 

Out of total 96 TCs the 93 TCs are used in the spreading pool, two TCs monitor temperature 

of the crucible during melt preparation and one TC is installed in the funnel to measure melt 

temperature upon its delivery into the pool. 

 

Video recording is used to observe such physical phenomena as melt fragmentation, 

melt-coolant interaction as well as details of melt propagation on the spreading plate. Several 

video cameras with 25 fps and 50 fps recording rate and a high speed camera with up to 170 fps 

were employed. Typically one camera captures whole PULiMS facility together with IF, while 

others cameras are positioned close to the pool’s observation windows allowing monitoring of 

the underwater melt spreading. 

 

2.3 Experimental Procedure 

 

Experimental procedure includes following stages:  

1. Melt material portioning, mixing and melting. 

2. Filling of the test section with hot water (70-80ºC). 

3. Right before melt pouring: 

a. Preheating of the melt delivery funnel to minimize heat losses from the melt; 

b. Activation of the DAS and video monitoring equipment; 

c. Deactivation of the generator. 

4. Melt pouring by tilting of the IF together with crucible by remotely controlled 

motorized mechanism. 

 

2.4 Data Post-Processing and Characterization of Solidified Debris Bed 

 

After each test the water in the spreading pool is drained out. The solidified debris bed is 

carefully inspected and a set of parameters is measured for validation of the models (e.g. see 

model [5] originally proposed by Dinh et al. [6]). Typically the solidified debris bed consists of 

a piece of bulk solidified melt material (cake) and fragmented particles. Fragments are 

separated from the cake and both parts are weighted individually. These measurements provide 

an estimate for the minimum fraction of fragmented melt due to melt jet break-up melt coolant 

interaction. The assessment may be less than actual, since some fraction of fragmented particles 

is melted into the cake and thus cannot be accounted for. The size and morphology of 

fragmented debris are measured and studied respectively. The laser-aided scans of the solidified 
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cake allow reconstructing a 3D topography of the cake. From the topographic data, dimensions 

and volume of the cake are calculated. Total porosity of the solidified cake is estimated from 

measured volume and mass of the cake. 

 

Further data post-processing includes: cutting and characterization of the cake internal 

structure; detailed analysis of the temperature readings etc. Heat loss from the melt jet to the 

water pool is assessed by the difference between the maximum temperature measured on the 

spreading plate and in the melt delivery funnel. 

 

3 PULiMS-E RESULTS, POST TEST ANALYSIS AND DISCUSSIONS 

 

PULiMS-E1, E3 tests were carried out using Bi2O3-WO3 eutectic mixture as corium simulant 

material while in PULiMS-E4 ZrO2-WO3 eutectic composition was used. Main advantages in 

using ZrO2-WO3 melt instead of Bi2O3-WO3 simulant are (i) melting temperature of 1231ºC 

which is higher than liquidus temperature of Bi2O3-WO3 (870ºC) and (ii) enhanced possibility 

for visualization of the melt spreading process (Bi2O3-WO3 usually produces a dense 

nontransparent cloud of aerosols upon melt contact with water, which hinders visual 

observations, while amount of aerosols in case of ZrO2-WO3 is considerably smaller). 

Although ZrO2-WO3 melt has a smaller density (6866 kg/m
3
) than Bi2O3-WO3 (7811 kg/m

3
) 

mixture, it reduces of the gap in temperatures and material composition between the simulant 

and prototypic corium melt. See more details about the physical properties of the melt 

simulant materials in [5]. Application of different simulant materials with different physical 

properties provides better data for validation of models and codes [5].  

 

In PULiMS-E2 test a binary mixture of B2O3-CaO was used. However, this material exhibited 

a non-prototypic behavior. No liquid melt spreading was observed. Large (few centimeters) 

particles were formed upon melt contact with water. Porosity inside these particles was so 

high that the particles were floating in the pool while still hot. They sunk down only when the 

particle temperature dropped down and water was able fill in the pores. Such behavior is 

considered as irrelevant to prototypical accident conditions with corium melt and therefore 

results of PULiMS-E2 test will not be discussed further in this work. 

 

 

3.1 Test Matrix and Experimental Conditions and Measurements 

 

In PULiMS-E tests amount of melt ranged from 3 to 10 liters. The main experimental 

conditions for all tests are listed in Table 1. The molten jet diameter (20 mm), its free fall 

height (0.4 m) and water pool depth (0.2 m) were kept the same in all tests. The melt pouring 

was provided in the center of the horizontal spreading plate. 

 

The measured characteristics of the debris beds after each PULiMS-E test are given in Table 2. 

Unfortunately, due to the steam explosions which occurred in PULiMS-E3 and E5 tests some 

characteristics were not possible to measure and only estimates are provided. Specifically, in 

E3 steam explosion occurred at the very end of melt delivery. Spreading diameter of the melt 

in E3 was estimated from the temperature readings on the spreading plate. Thickness of the 

melt was estimated by amount of melt delivered into the test section upon steam explosion. 

Steam explosion in E5 occurred at the early stage of melt pouring. The primary cake (few 

kilograms) was dispersed by explosive force. Fortunately, melt pouring continued and a 

secondary cake was formed. Its properties (volume, mass, porosity etc.) were measured and 

used in model validation. 
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The heat loss from the molten jet due to melt-coolant interaction is estimated by measuring 

melt superheat in the funnel and on the plate. As seen from Table 2 the highest superheat 

losses were recorded for E3 and E5 tests in which higher initial melt superheat was provided. 

 

 

Table 1. PULiMS-E test matrix with initial conditions. 

Parameter 
PULiMS tests 

E1 E2 E3 E4 E5 

Melt material Bi2O3-WO3 B2O3-CaO Bi2O3-WO3 Bi2O3-WO3 ZrO2-WO3 

Melt mass composition, % 
42.64-57.36 

eutectic 

30-70 

non-eutectic 

42.64-57.36 

eutectic 

42.64-57.36 

eutectic 

15.74-84.26 

eutectic 

Melt jet diameter, mm 20 20 20 20 20 

Jet free fall height, mm 400 400 400 400 400 

Initial melt volume, L 3 3 10 6 6 

Initial melt mass, kg 23.4 7.5 78.1 46.9 41.2 

Tsol, 
o
C 870 1027 870 870 1231 

Tliq, 
o
C 870 1027 870 870 1231 

Melt temperature in the funnel 

upon pouring, 
o
C 

1006 1350 1076 940 1531 

Water pool depth, mm 200 200 200 200 200 

Water temperature, 
o
C 79 78 75 77 72 

 

 

Table 2. Measured and estimated properties of the debris beds in PULiMS-E tests. 

Parameter 
Exploratory PULiMS tests 

E1 E3 E4 E5 

Melt release time, (sec) 10 15 12 ~8.7 

Total size 𝒙 × 𝒚, mm 460x440 ~750x750 740x560 - 

Cake size 𝒙 × 𝒚, mm ~430x320 ~750x750 711x471 ~400x420 

Max debris height, mm 93 unknown 106 50 

Area averaged debris bed height, mm 31 ~30 30 22 

Volume averaged debris bed height, mm 50 unknown 41 28 

Debris height under injection point, mm 48 unknown 50 39 

Total area occupied by cake, m
2
 0.14 ~0.44 0.30 0.14 

Measured particulate debris mass, kg ~4 unknown 2.9 - 

Measured particulate debris mass fraction, % ~20% unknown ~6.8% - 

Solidified cake mass, kg ~20 unknown 39.5 13.6 

Measured debris bed volume, L ~4.2 unknown 8.9 ~3.1 

Estimated total cake porosity 0.29 - 0.36 0.37 

Symmetry of the spread non-sym. unknown non-sym. symmetric 

Steam explosion no yes no yes 

Cake formation cake no cake cake cake 

Measured melt superheat, 
o
C 136 206 70 300 

Measured melt superheat in the pool, 
o
C 121 77 48 90 

Estimated loss of melt superheat due to jet 

interaction with coolant, 
o
C 

15 129 22 210 

 

 

3.2 Local and Internal Structures of Solidified Debris 

 

In the post-experiment analysis of the solidified debris we found following typical features of 

the cakes formed in PULiMS-E tests: 

1. Several horizontal layers with different internal structures can be distinguished on the 

cross section of the cake (Fig. 3b): 
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a. Bottom layer: 2-3 mm thick layer of mostly solid crust with low enclosed 

porosity. Its boundary is distinguished by another thin layer with larger fraction 

of relatively small pores, often elongated in vertical direction; 

b. Intermediate layer: 1-2 cm with large scale (~1 cm) pores without clear 

pre-dominant orientation of shape. The layer is bounded from the top by a 

layer with large scale (up to 10 cm) horizontally elongated pores and channels; 

c. Top crust layer: irregular structure with significant fraction enclosed porosity; 

2. “Tower” like structures (2-3 times higher than volume-average melt thickness) 

originating from melt eruption through solidified crust during melt solidification 

process (Fig. 3a;c). These structures were observed in all PULiMS tests where cake 

was formed. Similar structures were also reported and analyzed in tests on molten 

melt-concrete interactions with prototypic corium mixtures [9].  

3. The leading edge of the spreading melt is elevated above the spreading surface 

typically by about 1-10 mm (Fig. 4). 

 

 

 
a) 

 

 
c) 

 
b) 

Fig. 3 E4 test solidified debris bed: after experiments (a), cake cross-sections unleashing 

stratified (b) as well as eruption (c) structures. 

 

 

  
Fig. 4 Illustration of peripheral gap (marked by arrows) between solidified cake and 

spreading plate. Fragmented debris is removed after E1 (left) and E5 (right) tests. 
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Melt shrinkage during solidification, release of gases and evaporation of entrapped water are 

the phenomena which might contribute to formation of the enclosed porosity and melt 

eruptions.  

 

The mechanisms which lead to lifting of the leading edge of the melt are not clear at the 

moment. It is also not clear if the lifting of the leading edge occurred during melt spreading or 

in the process of melt solidification and shrinkage after spreading has been finished. At least 

from the video observation of the melt spreading dynamics (Fig. 5) elevated leading edge in 

not observed. Thus potential effects of this phenomenon on the spreading of the liquid melt 

and heat transfer to the bottom spreading surface are not clear.  

 

3.3 Underwater Liquid Melt Spreading 

 

The monitoring of underwater melt spreading allowed us to observe important details of 

melt-coolant interactions. At the early stage of melt propagation we can clearly observe 

formation, growth and collapse of the vapor bubbles in subcooled water as seen in Fig. 5 (top). 

Three seconds later, when amount of melt increase and melt spreads about 20 cm away from 

jet impingement region, we observe more violent melt-coolant interaction. Splashes of melt 

can reach up to ~10 centimeters in height Fig. 5 (bottom). 

 

 

   

   
Fig. 5 Snapshots images of the underwater melt spreading in E4 test (numbers in the left 

top corner are frame number and timestamp. 

 

 

Apparently, instability of melt-coolant interface is the main mechanism for the origin of the 

melt splashes. It is instructive to note that the melt propagation velocity is very slow (order of 

millimeters per second) at this stage, thus relative motion of the melt with respect to the water 

and Kelvin-Helmholtz type of instability can be positively excluded as possible reasons for 

the observed splashes.  

 

Water in the test section is originally subcooled by about 20 K. Disturbances on the surface of 

the liquid melt caused by subcooled boiling, bubble growth, detachment and collapse are 

deemed to be the primary origin of the observed instabilities. Another source of disturbances 

and splashes is the melt jet impinging on the liquid melt. Unstable behavior of the melt 

surface in turn can magnify the instabilities in subcooled boiling. Possible entrapment of 

water into melt by the splashes can be a secondary source of the instabilities. A small volume 

of water “entrapped” by melt might be rapidly superheated and rapidly evaporated causing 
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further intensification of the instabilities at the melt-coolant interface. 

 

3.4 Energetic Melt-Coolant Interaction 

 

Steam explosion was observed in two (E3 and E5) out of five PULiMS-E tests, both with 

Bi2O3-WO3 and with ZrO2-WO3 melt compositions. Relatively high (above 200 K) initial melt 

superheat was used in both explosive tests (206ºC and 300ºC in E3 and E5 respectively). The 

snapshot images from PULiMS-E3 test with steam explosion are shown in Fig. 6. The test starts 

with melt pouring into a still water pool (Fig. 6a). As the amount of melt is growing in the test 

section, the instabilities at the melt-coolant interface are gradually growing too, causing visible 

splashes (especially in the vicinity of jet impingement point) and generation of waves on the 

coolant free surface in the test section. The instabilities reach an apogee right before the 

explosion (Fig. 6b). The impact of the explosion was sufficient to make facility jump up by 

about 10 cm (Fig. 6c) and cause significant deformation of the spreading plate (Table 3). 

 

Apparently PULiMS-E3 and PULiMS-E5 test conditions don’t comply well with a "classical" 

steam explosion, which can occur in case of melt jet fragmentation in a deep water pool. 

Water depth (20 cm) was too small to provide complete jet breakup and form an explosive 

melt-coolant pre-mixture in the PULiMS tests. Also water was violently boiling suggesting 

that it was at local saturation conditions with high fraction of void.  

 

When liquid melt creates a layer at the bottom of a pool of water, the instabilities of the 

melt-coolant interface can create a pre-mixture of fragmented melt and coolant, which in turn 

can be triggered causing explosive release of melt thermal energy in the process of so called 

steam explosion in “stratified” melt-coolant configuration [7]. 

 

 

Table 3: Steam explosions characteristics and consequences after PULiMS-E3 and 

PULiMS-E5 tests. 

Parameter or property 

Measured value 

E3 

(Bi2O3-WO3) 

E5 

(ZrO2-WO3) 

Duration of melt pouring process, seconds 15 8.7 

Explosion time, seconds 14.8 3.8 

Fraction of the melt delivered into the pool at a time of explosion 

(assessed by the timing of melt delivery and steam explosion) 
~95% ~35-45% 

Mass of the melt delivered into the pool at a time of explosion 

(assessed by the timing of melt delivery and steam explosion), kg 
~72 ~15 

Water surface instability before melt explosion yes yes 

Mass of the debris collected inside the PULiMS facility, kg 35.0 23.9 

Mass of the debris collected outside the PULiMS facility, kg 39.8 12.3 

Water level in the test section after explosion, cm 5.5 11 

Estimated volume of water left after explosion, liters ~110 ~220 

Plastic deformation of the spreading plate in the center, cm 6 2.5 

Jump of facility due to steam explosion impact, cm ~6 ~13 

 

In PULiMS-E3 test the steam explosion occurred at the end of melt pouring process this 

corresponds to roughly to 72 kg of melt poured into the test section at the time of explosion. In 

PULiMS-E5 test the explosion occurred soon after the start of melt pouring and only about 

15 kg of melt has been delivered to the test section by the time of explosion (Table 3). 
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According to the state of the art knowledge, shallow water and high void fraction are limiting 

factors for the energetic steam explosion in melt jet – water pool configuration. However, as it 

follows from the test results, these factors might not be as effective in hindering of stratified 

steam explosion. 

 

 

 
a) 

 
b) 

 
c) 

Fig. 6 Melt pouring and steam explosion in PULiMS-E3 test: a) start of melt pouring 

(-10.52sec), b) coolant instabilities 40ms before explosion, c) 160ms after steam explosion. 

Dashed lines show a reference position of the PULiMS facility before the explosion. 

 

 

4  SUMMARY 

 

Four experiments on underwater liquid melt spreading with Bi2O3-WO3 and ZrO2-WO3 corium 

simulant materials were carried out in PULiMS facility. The tests provide valuable data on 

phenomena of underwater melt spreading and solidification. The data can be used for 

development and validation of the models. We found some regular behavior in the internal 

structure of solidified debris such as formation of layered melt structure, considerable enclosed 

porosity, melt eruptions through crust. In the hypothetical severe accident the terminal 

thickness (and thus, coolability) of the core debris bed might be affected by these phenomena. 
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Instabilities observed at the interface of the molten coolant “lake” lead to formation of a 

melt-coolant pre-mixture. In two tests with high melt superheat the pre-mixture was 

self-triggered and steam explosions occurred in stratified melt-coolant configuration. Impact of 

the explosions was strong enough to cause significant plastic deformations of the facility 

support frame and spreading plate made of 1 cm thick stainless steel sheet. 
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