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ABSTRACT 

Release of core melt from failed reactor vessel into a pool of water is adopted in 

several existing designs of light water reactors (LWRs) as an element of severe 

accident mitigation strategy. When vessel breach is large and water pool is 

shallow, released corium melt can reach containment floor in liquid form and 

spread under water creating a stratified configuration of melt covered by coolant. 

Steam explosion in such stratified configuration was long believed as of 

secondary importance for reactor safety because it was assumed that considerable 

mass of melt cannot be premixed with the coolant. In this work we revisit these 

assumptions using recent experimental observations from the stratified steam 

explosion tests in PULiMS facility. We demonstrate that (i) considerable melt-

coolant premixing layer can be formed in the stratified configuration with high 

temperature melts, (ii) mechanism responsible for the premixing is apparently 

more efficient than previously assumed Rayleigh-Taylor or Kelvin-Helmholtz 

instabilities. We also provide data on measured and estimated impulses, 

energetics of steam explosion, and resulting thermal to mechanical energy 

conversion ratios.  

1. INTRODUCTION 

Release of molten core material from reactor vessel into a pool of water is considered as an 

element of severe accident mitigation strategies in several existing designs of light water reactors 

(LWRs). So called “steam explosion” is a phenomenon which can occur upon contact of molten 

corium with coolant. The steam explosion is a process in which thermal energy stored in the melt 

is converted into mechanical energy of expanding steam. The process is catastrophic because a 

part of the released mechanical energy enhances further fine fragmentation of the melt leading to 

more rapid heat transfer from the melt to the coolant. Given tremendous amount of thermal 

energy, initially stored in the liquid corium melt at about 3000 K, steam explosion can be a 

credible threat to containment integrity. One of the important conditions for possibility of 

occurrence of energetic steam explosion with high conversion (from thermal to mechanical 

energy) ratio, is formation of so called melt-coolant premixture, with an optimal mix of pre-

fragmented liquid melt and coolant, which is necessary for self-sustainable process of steam 

explosion shock wave propagation. 
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In the state-of-the-art safety analysis ex-vessel steam explosion is primary considered in melt jet-

coolant pool configuration. Stratified melt-coolant configuration, that is a layer of molten melt 

underneath a layer of coolant, is usually disregarded as being incapable to generate strong 

explosive interactions. It is instructive to note that stratified melt-coolant configuration can be 

formed in several scenarios of nuclear reactor severe accidents. Two main scenarios are (i) a pool 

of water is located below reactor vessel and corium release conditions (jet diameter, melt mass 

flow rate) are such that the melt remains liquid when it reaches the bottom of the pool and can 

spread in a liquid state on the floor of the pool; (ii) melt is spread in initially dry compartment 

and then flooded with water on top. However, steam explosion would be very unlikely in the last 

case if water flooding is slow enough to provide formation of sufficiently strong crust which 

could prevent a contact between liquid melt and water, before any significant layer of water is 

formed upon the melt. 

Main reason for the assumption about low energetics of stratified steam explosion was a 

hypothesis that amount of melt in the premixture formed in stratified melt-coolant configurations 

is insufficient to produce strong explosions [1]. This hypothesis was (i) based on the analytical 

considerations (e.g. see [2], [3]) that the interfacial instabilities in stratified melt-coolant 

configuration are not efficient in creating explosive premixture, and (ii) backed up with the data 

from experiments with mostly low temperature liquids which showed rather low conversion 

efficiency and slow propagation velocities (e.g. see [4], [5], [6], [7], [8], [9], [10], [11], [12], 

[13], [14] and more detailed discussion in the next chapter). 

However, a number of recent tests [15] in PULiMS (Pouring and Under water Liquid Melt 

Spreading) facility with oxidic corium simulants at up to ~1800 K melt temperature and in a 

shallow (~20 cm) water pool have resulted in energetic melt-coolant interactions. Assessed 

efficiency of thermal to mechanical energy conversion (based on the post-test analysis of 

residual deformation of melt spreading plate) was found to be quite high (order of percent). It is 

instructive to note that energetic melt-coolant interactions have never been observed in DEFOR-

S [16] and DEFOR-A [17], [18] experiments with “conventional” melt jet-coolant pool 

configuration and the same simulant materials. Eutectic mixtures of Bi2O3-WO3 and ZrO2-WO3 

were selected as corium simulant materials among several other compositions tested in the 

framework of DEFOR-S [16] and DEFOR-A [17], [18]. Main criteria for selection of the 

simulants were (i) high melting temperature accessible with SiC crucible and induction heating 

technology; (ii) ceramic type material, preferably binary mixture of oxides of heavy metals; (iii) 

degree of similarity between simulant and corium properties such as density, surface tension, 

viscosity and thermal conductivity; (iv) resemblance of morphology of fragmented in coolant 

simulant debris to those of prototypic corium [16]. 

A hypothesis about the key physical mechanism for the formation of premixing zone was first 

suggested in [15] based on the observations of the melt-coolant interface instabilities in the 

PULiMS tests. Specifically, primary cause of the disturbances on the surface of the liquid melt is 

deemed to be the process of boiling on a hot surface of liquid melt in subcooled water pool. 

Distinctive feature of such boiling process is growth, detachment and collapse of relatively large-

size (few centimeters) steam bubbles. The collapse of the over-expanded steam bubble can create 

significant pressure spike in the vicinity of the melt surface. The spikes can create sufficient 

momentum to produce splashes of the melt visible in PULiMS tests video recordings. 
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The goal of the present work is to clarify apparent inconsistency between the assumption about 

low energetics of stratified steam explosion in prototypic conditions, and the latest data and 

observations from PULiMS experiments with high melting temperature corium simulant 

materials. In order to achieve the goal we (i) provide a review of the previous works on energetic 

melt-coolant interactions in stratified configuration to identify possible gaps in knowledge and 

hypotheses for the possible explanations of the inconsistency (Section 2); (ii) develop 

PULiMS-E6 experimental setup for accurate measurements of the steam explosion energetics in 

stratified melt coolant configuration and observations of the premixture (Section 3), and (iii) 

discuss the results of the first exploratory test dedicated to stratified steam explosion with an 

emphasis on the energetics of explosion and possible mechanism for the development of 

premixing layer. 

2. REVIEW OF THE PREVIOUS WORKS ON STEAM EXPLOSIOIN IN 

STRATIFIED MELT COOLANT CONFIGURATION 

A review of the models for prediction of propagation phenomena for stratified and conventional 

steam explosions can be found in [19], [20]. Hoverer, key hypothesis about steam explosion in 

stratified melt-coolant configuration was proposed by Harlow and Ruppel in [2] (see Figure 1).  

Since 1981 it remains the state-of-the-art view which can be summarized as follows [1]: “… as 

for the stratified mode of contact, there is no premixing phase, but it is believed that the 

propagation of the pressure wave is responsible for the mixing and fragmentation of the two 

liquids”. In other words, formation of premixing layer before triggering and propagation of the 

explosion is not expected to occur.  

In Figure 1 the shock waves S1 and S2 propagate in corresponding liquids from left to right at 

speeds greater than the shock wave in the vapor film. Thus the shock waves collapse the gas-film 

and deflect the interfaces of liquids towards each other. Until A, the point of shock wave 

deflection, the interface is stable; from A to B the interface is Rayleigh-Taylor unstable, causing 

mutual penetration of hot and cold liquids. From B to C heat transfer is initiated causing heat up 

of the cold liquid. At point C spontaneous nucleation temperature is established leading to 

immediate expansion of the cold liquid. This expansion drives the fluids apart and supply energy 

to sustain shocks S1 and S2. 

More detailed considerations of these assumptions are provided in the analytical work [3], where 

different mechanisms (including Rayleigh-Tailor (RT) and Kelvin-Helmholtz (KH) instabilities) 

were considered as possibly responsible for the development of the premixing layer around the 

melt-water interface in stratified configuration. Numerical simulations showed that the most 

rapidly growing shear driven KH instabilities are 5-20 times more efficient than RT. However, 

even KH instabilities are insufficient for creating a premixing layer which could provide more 

energetic explosion than that in the conventional melt jet-coolant pool configuration. Based on 

these analytical results it was concluded that stratified configuration is only of secondary 

importance for safety analysis and might be considered only with respect to triggering of the 

“conventional” steam explosion in melt jet-coolant pool configuration. 

The assumption about no-premixing phase in stratified melt-coolant configuration is in a 

contradiction with the latest experimental observations from the PULiMS tests [15]. Specifically, 

premixing zone there is clearly visible in video recordings (e.g. see Figure 2). 
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Figure 1 – Suggested travelling-wave configuration in the propagation of steam explosion in 

stratified geometry [2]. 

 

   

   

Figure 2 – Snapshots images of the underwater melt spreading in PULiMS-E4 test (numbers in 

the left top corner are frame number and timestamp [15]. 

Brief account of the previous experimental studies of stratified melt-coolant configuration is 

presented below (and summarized in Table 1) with the emphasis on the observations related to 

the premixing and steam explosion phenomena. Interestingly, it seems that earlier experimental 

works (items 10-14 in Table 1) carried out with low temperature simulant liquids were affected 

by the idea that melt-coolant mixing can occur only in the process of explosion propagation. 

Therefore possible formation of premixing layer never was in the focus of the experiments. 

Moreover, in many cases [4], [5], [7], [8], [9], [10], [11] interface instabilities were noticed but 

considered as undesired because they “lead to inconsistent results” [7]. The instabilities were 

sometimes intentionally suppressed before triggering to avoid “premixing complication”, provide 

“better control over experimental parameters”, and “improve visualization” [8]. However, in 

several tests [13] a secondary interaction initiated spontaneously and propagated after the decay 

of the initial disturbance were reported. The initial decaying disturbance apparently caused 

sufficient mixing of the tin and water so that the propagation speed and maximum pressure in the 

secondary disturbance were augmented [13]. 
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Table 1 – List of experimental programs involving stratified melt-coolant geometry 
# Program/ 

Author 

Targeted phenomena Melt SE Note 

1 CORINE, KATS, 

KTH/S3E 

Spreading Corium 

simulant 

No Fuel coolant interaction tests have been performed 

with no water or very little amount of water (see 

overview in [21]) 2 FARO, OMAS, 

VULCANO 

Prototypic 

corium 

No 

3 WETCOR, 

SWISS 

Coolability and 

MCCI 

Al2O3-CaO-

SiO2 

Stainless steel 

No Fuel coolant interaction tests have been performed 

by slow flooding of the melted debris aiming on 

creating surface crust to study the heat removal and 

its effect on ablation (see overview in [22]) 

4 COTELS FCI of initial water 

injection, MCCI 

Prototypic 

corium 

No Top flooding suppresses energetic interaction (see 

overview in [22]) 

5 Theofanous et al. Melt spreading, 

coolability 

Glycerin, 

liquid 

nitrogen 

No Premixing could be suppressed by high viscosity of 

glycerin  [23] 

6 MACE Coolability and 

ablation 

Prototypic 

melts 

No Attributed to an immediate crust formation on the 

melt surface due to its rather low initial temperature 

[22] 

7 COMET-H 

COMET-U 

Coolability, FCI Al2O3-CaO-

Fe-Zr 

UO2-ZrO2-

SiO2-CaO 

 Relatively weak interaction occurred not 

challenging the integrity of the containment. The 

water was supplied through a porous concrete layer 

below the melt layer, thus amount of free water 

available for energetic event was limited [24] 

8 OECD/MCCI:                         

SSWICS   

MET         

CCI 

Melt Coolability, 

water ingression, 

melt eruption, corium 

concrete interaction 

Prototypic 

melts 

 

No In these tests water - crust interaction was the main 

issue. Insufficient surface area of melt-coolant 

contact (see overview in [22]) 

9 PULiMS-E 

 

Liquid melt 

spreading 

Simulant 

oxidic melts 

Yes Two tests with steam explosions have been 

observed [15] 

10 Bang, Corradini Steam explosion Water – 

liq.nitrogen 

Water – 

Freon-12 

Yes Mechanism and energetics of stratified steam 

explosion with simulant materials. Efficiencies 

below 0.4% have been reported for water / liquid 

nitrogen and up to 1.2% for water / Freon-12 [8], [9] 

11 Frost, et. al. Steam explosion Tin - water Yes Mechanism of propagation and effect of boundary 

conditions on stratified steam explosion energetics 

[10], [11], [13], [14]  

12 Board, Hall Steam explosion Tin - water Yes Study of propagation mechanism, efficiency on the 

order of ~0.2% have been reported [4] 

13 Fröhlich Steam explosion Tin-water Yes Conditions allowing transition from escalation to 

detonation; mechanism of premixing [6] 

14 Anderson Steam explosion Water – 

Freon 

Water - tin 

Yes Mechanism of stratified steam explosion [7] 

15 ACM, SNL FCI including steam 

explosion 

Al2O3-Fe 

(thermite 

reaction) 

Yes SE observed in the first ACM tests was attributed to 

an early (1 second after melt pouring) water 

delivery when melt was liquid and thermite reaction 

still was not finished [25]. In the second test the 

delay was 4 seconds, crust formation on the melt 

free surface was observed. 

16 ALPHA, Japan Coolability of melt 

covered by water 

Al2O3-Fe 

(thermite 

reaction) 

Yes It was observed that melt eruptions preceded the 

steam explosion. Steam explosion occurred well 

after the end of the thermite reaction [26], [27] 
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Order of magnitude assessments of the efficiency of steam explosion in stratified geometry has 

been carried out in [8], [9] and [4] for water – nitrogen, water - Freon-12, and tin-water system. 

Efficiency was calculated considering the amount of the hot liquid lofted upon propagation of the 

pressure wave. The values from 0.07 to 1.2% have been reported. 

It should be noted that estimations and comparisons of the efficiencies in stratified and 

conventional configurations are not straightforward. First, stratified explosive tests were carried 

out in conditions of undisturbed interface, potentially reducing energetics of the explosion. 

Second, the efficiency is sometimes calculated for total mass of melt (common practice for 

conventional steam explosion test) and sometimes for the melt actually participating in steam 

explosion (the case for stratified steam explosion). Third, triggering in stratified experiments was 

usually implemented with a weak pressure pulse just to initiate self-sustained propagation while 

in the latest experiments with conventional steam explosions trigger power was quite significant 

(same order of magnitude as the explosion itself). 

It is also instructive to note that most recent research works (see items 1-9 in Table 1), which can 

be considered as relevant, were not devoted to the investigation of the stratified steam explosion 

per se. In fact we don’t find a recent work which would address the issue of stratified steam 

explosion. This can be explained by the dominance of the earlier established views (e.g. [1], [3]), 

that stratified steam explosion is not an issue. Even for PULiMS tests original goal was to study 

the effectiveness of melt spreading under water [15] and steam explosion came up as a 

“surprise”. In summary, most of the previous experimental works on stratified steam explosion 

were carried out with (i) low temperature melts, and (ii) artificial suppression of the premixing 

layer. Both factors are non-prototypic, and thus conclusions from such experiments should be 

taken with a grain of salt, especially in extrapolation to plant accident conditions. Recent 

PULiMS-E tests results suggest that more thorough experimental investigation with more 

prototypic conditions is necessary in order to provide better understanding of actual phenomena. 

3. EXPERIMENTAL APPROACH 

PULiMS facility consists of 45 kW 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). The test section is an opened stainless steel rectangular container: 

0.8 m deep, 2 m long and 1 m wide positioned 800 mm above the ground. The lateral walls are 

4 mm thick and equipped with several Plexiglas windows for visualization of melt delivery and 

spreading. The bottom of the test section is a 10 mm thick stainless steel (melt spreading) plate. 

Thermocouples (TCs) are distributed throughout the plate to trace melt spreading and positioned 

at different elevations to measure vertical melt temperature distribution. The pitch between the 

TCs is 100 mm. The elevations are 10, 20 and 30 mm from the melt spreading plate. More 

details about installation are provided in [15]. For safety reasons the facility is placed inside a 

concrete bunker. 

Melt is delivered into the funnel directly from the SiC crucible by tilting the induction furnace. 

From the funnel the melt is delivered into the center of the spreading plate through a 20 mm 

nozzle. Nozzle outlet is placed 400 mm above the bottom plate. The funnel is also equipped with 

pneumatically operated plug for controlled melt release.  
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In this work PULiMS facility was instrumented to measure steam explosion characteristics. Mass 

of the melt delivered into the test section is assessed by measuring total mass of the funnel 

during melt release. The total mass of the funnel is measured by 3 static force sensors 

(KISTLER) with the range 0..200 kg installed under the console supporting the funnel. Melt 

mass up to 120 kg can be measured. 

The test section is supported by a reinforced steel frame which stands on 4 dynamic force sensors 

(KISTLER) each allowing force measurement in the range from 0 to 330 kN with overall 

maximum of 1320 kN (or about 130 tons).  

A set of distance measurement sensors was installed under the melt spreading plate. Three of 

them were placed at the periphery of the plate, in order to evaluate its planar displacement. 

Another three sensors were placed in the vicinity of the plate’s center to trace its deformation 

upon melt spreading and steam explosion. 

Several video cameras (including few conventional cameras recording at 25 frames per second 

(fps) rate) are used to record melt delivery, spreading, premixing and explosion phenomena. Two 

cameras are used to record melt spreading process under water at 50 and 735 fps. One camera 

provides general view of the facility at 160 fps rate. 

No triggering was applied in the test. This guarantees that measured data represents self-

triggering, escalation and propagation of steam explosion in the stratified melt-coolant 

configuration and not an amplification of the trigger wave [28]. 

The test is controlled through a LabView based interface implemented using several NI DAQ 

cards comprising 96 channel acquisition system for TCs at rate of 20 Hz and 20 channel 

acquisition at 20 kHz per channel for high speed measurements during explosion phase. 

The initial load of the melt for the test was prepared from the pure powders of Bi2O3 and WO3 in 

the mass ratio of the eutectic composition with melting temperature 1143 K. The total load used 

in the test was 78 kg or 10 litters of melt. The temperature is controlled during melt preparation 

by measuring the temperature of the crucible with K- and C-type thermocouples. The 

homogeneity of the melt is ensured by repeated mixing. In all previous PULiMS tests 

spontaneous steam explosion was observed when melt superheat was above 200 K [15]. 

Therefore in this test melt superheat upon melt delivery was around 200 K. 

 

Shortly before the start of the melt release, 0.4 m
3
 of water (corresponding pool depth is 20 cm) 

at around 85 C is supplied into the test section. Upon contact with the facility and along with 

time its temperature drops down to 75-80 C. 

4. RUSULTS AND DISCUSSION 

The main experimental conditions for all PULiMS-E tests [15] are given in Table 2, Table 3 and 

Table 4. 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.  Due to the steam explosions occurred in PULiMS-E3, E5 

and E6 tests some characteristics were not possible to measure and only estimates are provided. 

In E3 steam explosion occurred at the very end of melt delivery while in E5 and E6 it was 

observed at the early stage of melt pouring. 
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Table 2 - PULiMS-E test matrix with initial conditions. 

Parameter 
PULiMS tests 

E1 E2* E3 E4 E5 E6 

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

42.64-

57.36 

eutectic 

Initial melt volume, L 3 3 10 6 6 10 

Initial melt mass, kg 23.4 7.5 78.1 46.9 41.2 78.1 

Tsol, 
o
C 870 1027 870 870 1231 870 

Tliq, 
o
C 870 1027 870 870 1231 870 

Max temperature in the funnel, 
o
C 

1006 1350 1076 940 1531 1049 

Water temperature, 
o
C 79 78 75 77 72 75 

*Behavior of the melt is considered as non-prototypic [15]. 

 

Table 3 - Measured and estimated properties of the debris beds in PULiMS-E tests. 

Parameter 
Exploratory PULiMS tests 

E1 E3* E4 E5** E6** 

Maximum melt spread size, mm ~430x320 ~750x750 711x471 ~400x420 663x854 

Maximum area occupied by melt, m
2
 0.14 ~0.44 0.30 0.14 0.43 

Particulate debris mass, kg ~4 NA 2.9 - 14.9*** 

Particulate debris mass fraction, % ~20% NA ~6.8% - - 

Solidified cake mass, kg ~20 NA 39.5 13.6 54.6 

Steam explosion No Yes No Yes Yes 

Measured melt superheat, 
o
C 136 206 70 300 179 

* Parameters are estimated by the thermocouple readings. 

** The measured characteristics are given for the secondary cake. 

*** The given value is for the collected fragmented debris. About 9kg of the fine <0.1mm particles is lost. 

 

Table 4 - Steam explosions characteristics and consequences after explosive PULiMS-E tests. 

Parameter or property 
Measured value 

E3 E5 E6 

Duration of melt pouring process, seconds 15 8.7 40.2 

Explosion time, seconds 14.8 3.8 8.9* 

Fraction of the melt delivered into the pool at a time of explosion ~95% ~35-45% ~24 

Mass of the melt delivered into the pool at the time of explosion, kg ~72 ~15 18.7** 

Water surface instability before melt explosion yes yes yes 

Mass of the debris collected inside the PULiMS facility, kg 35.0 23.9 67.5 

Mass of the debris collected outside the PULiMS facility, kg 39.8 12.3 >2*** 

Water level in the test section after explosion, cm 5.5 11 ~10 

Estimated volume of water left after explosion, liters ~110 ~220 ~200 

Plastic deformation of the spreading plate in the center, cm 6 2.5 3.6 

Jump of facility due to steam explosion impact, cm ~6 ~13 ~10*  

* Measured by optical displacement sensors. 

** Measured by force sensors in the funnel 

*** Value corresponds to collected debris. About 9 kg of fragmented debris (<0.1mm in size) is lost. 
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Time sequence of most important events in PULiMS-E6 test is presented in Table 5. Note that 

steam explosion occurred after melt delivery into the funnel has been finished. Thus even with 

leaking plug it is possible to assess the amount of melt in the test section at the time of explosion. 

 

Table 5 - Test event sequence 

Event Time, s Source 

Start of melt release into the funnel 0.000 Funnel force sensors 

Plug leak and melt release into the test section 2.224 On plate TCs 

Onset of the bottom plate upward bending 3.739 Optical sensors 

Onset of the bottom plate oscillations 5.117 Optical sensors 

Melt spreading up to max of 400 mm 6.761 Video 

Steam explosion 9.041 Dynamic Force sensors 

Plug open command 16.438 Plug signal 

Opening of the plug 20.222 Funnel force sensors 

End of melt release 30.532 Funnel force sensors 

 

In the following we summarize experimental observations. The melt jet penetrated the pool and 

reached the bottom of the test section apparently in liquid state leading to quite symmetrical melt 

spreading. A dark cloud (most probably aerosols of Bi2O3) was formed in the pool above the 

melt layer. This cloud hindered visualization of the whole melt free surface, leaving visible only 

the vicinity of the leading edge of spreading melt. 

 

Melt spreading dynamics and premixing appears to be similar in all PULiMS tests and, 

according to the video data, occurs in a quasi-periodic manner with the following characteristic 

stages: 

1. Initial melt spreading and formation of a partially solid debris “dam” at the melt 

periphery (Figure 3a,b). 

2. Arrest of melt spreading and gradual accumulation of the melt, accompanied by random, 

increasing intensity splashes (Figure 3c,d). 

3. At certain moment the crust cannot hold further accumulating melt resulting in “dam 

overflow” followed by re-spreading of the melt (Figure 3c,d). 

4. Melt re-spreading continues until formation of new crust “dam” (Figure 3e,f). 

In PULiMS-E6 the steam explosion occurred shortly after the melt re-spreading has started. 

 

Melt - water interface (see Figure 4) in PULiMS experiments is highly unstable with quite 

developed premixing layer. The layer is formed by melt splashes, which can reach up to 80 mm 

above melt surface. The mechanism of the premixing is apparently different from KH instability 

because the melt has negligible horizontal velocity most of the time, while premixing layer exist 

during the whole melt delivery process. At least two hypothesis about possible mechanisms 

responsible for premixing have been suggested: (i) growth and collapse of large steam bubbles 

formed in the vicinity of the interface in subcooled boiling regime; (ii) entrapment of water 

under the melt layer. The first hypothesis is considered as the most plausible because the collapse 

of over-expanded steam bubbles in subcooled water pool is sufficiently frequent and energetic 

event to be the cause for the observed splashes. For the second hypothesis further efforts are still 

necessary to clarify about possibility of regular entrapment of water under a liquid hot melt 

which could support formation of regularly observed splashes. 
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Figure 3 – Melt spreading 
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Figure 4 – Melt-water interface during underwater liquid melt spreading in PULiMS 

 

Readings from the optical distance sensors are provided in Figure 5. Vertical oscillations of the 

spreading plate with amplitude of ~1 mm in its center were recorded by the sensors. The 

frequency of the oscillations is ~16 Hz. There is no source of such frequency oscillations in the 

test, thus it is believed to be a natural frequency oscillations of the facility induced by dynamic 

mechanical load (e.g. from the falling melt, collapse of steam bubbles, etc.).  

Hot melt causes heat-up of the top central part of the spreading plate surface. As the bottom 

surface of the plate is colder, created vertical thermal gradient causes bending of the plate in 

vertical direction due to thermal expansion. At the moment of the steam explosion maximum 

displacement of the plate reached 10 mm in the center. 

Approximately 9 sec after the start of the melt release a self-triggered steam explosion occurred. 

Total melt mass delivered into the test section prior to the steam explosion was 18.7 kg. Melt 

covered area with diameter of approximately 400 mm (~0.126 m
2
) at that time. 

At the time when force sensors (Figure 6) show incipience of steam explosion, there is rapid 

downward motion of the plate center measured by the displacement sensors. Such behavior is 

expected in case of steam explosion. These observations eliminate the possibility that observed 

phenomenon could be a result of rapid bulging of the plate due to thermal deformations. Indeed, 

bulging would cause rapid motion of the plate in upward direction.  There is a remote possibility 

that oscillations and bending of the plate might have an effect on melt spreading dynamics and 

premixing. However, there is no direct evidence of that and possible importance of these 

phenomena is still to be clarified. Note also the decay of bottom plate oscillations before the 

explosion. 

20 mm 
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Figure 5 – Readings of the optical displacement sensors (a) and zoom (b) on low-pass filtered 

signals of total force and displacement of the plate center 
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Figure 6 – Readings of the dynamic force sensors (top) and total impulse (bottom) 

Steam explosion resulted in the fast downwards acceleration of the melt spreading plate 

(350 m/sec
2
 measured in the center). The supporting frame (total cross section area of 2736 mm

2
) 

was elastically compressed by about 10 mm and subsequently jumped into air along with the 

facility by 100 mm. Residual deformation of 36 mm was measured in the center of the bottom 

plate.  

Readings of the dynamic force sensors are shown in Figure 6. Peak dynamic load of around 

55.7 tons was measured. Maximum respective pressure (estimated by the maximum force 

applied to the melt spreading area of 0.126 m
2
) was 4.3 MPa. It is instructive to note that the 

peak of the pressure is higher than those reported in the previous studies with initially 

undisturbed melt-coolant interface in stratified configuration, but of the same order of magnitude 

with those reported from secondary explosions (1-3 MPa) [13]. 

In Figure 7 several consecutive frames with snapshots of the steam explosion recorded by two 

cameras are shown: one from above the facility (a-c) at 25 fps and one from the side (d-i) at 160 

fps. Ejection of the water located just above the melt layer already occurred in Figure 7b and e 

(note disappearance of the melt jet in the figure) and then was followed by ejection of the water 

on the periphery.  

Details of the assessments of steam explosion energetics and efficiency are provided in Table 6. 

Exact mass of water accelerated during the first 10 ms of the explosion is not measurable in the 

test. Therefore we carried out comparison of results obtained with three different masses of water 

corresponding to diameters of accelerated water column: 0.4, 0.5 and 1.0 m. Obtained values for 

the conversion efficiency are 3.07, 1.21 and 0.56% respectively. Diameter of 0.4 m corresponds 

time, sec 
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to melt spreading area detected by TCs and in this sense is the most plausible. Diameter of 1.0 m 

is the width of the spreading plate and thus is a maximum possible value which gives lowest 

possible efficiency. 

   
a b c 

   
d e f 

   
g h i 

Figure 7 – Dynamics of steam explosion recorded from above (a-c) 25 fps 

and from the side (d-i) of the test section at 160 fps 
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Table 6 – Steam explosion efficiency estimation 

Parameter Effective impact region Formula 

Reference area diameter, m 1.0 0.6 0.4 R 

Reference surface area, m
2 

0.785 0.283 0.126 S=r
2 

Water mass, kg 132 47.0 20.9 m = Sh 

Peak force, N 546262 F 

Peak pressure, MPa 0.69 1.9 4.3 F/S 

Impulse, Ns  3051 I = Ft 

Impulse per effective surface area, kPas 0.242  10.8  24.3  I/S 

Kinetic energy of water, kJ 34.9 82.5 218.3  Ek = I
2
/2m 

Assessment of the energy dissipated during 

bottom plate deformation, kJ 

5.12 5.12 5.12 Ep = Fl 

Dissipated energy spent on deformation of 

the support frame, kJ 

0.764 Es = Fl 

Total released energy (Etot_kin), kJ 40.78 88.38 224.18 Ek + Ep + Es 

Thermal energy of melt (Etherm), kJ 7304-13786 m(CpT+Hf)* 

Efficiency, % 0.56-0.30 1.21-0.641 3.07-1.63 Etot_kin / Etherm 

*m=19 kg; Cp = 308-452 J·kg
-1

·K
-1

; T = 1050 K; Hf = 61-251  kJ·kg
-1

 

 

Although force measurements where not used in the first explosive tests, it is possible to assess 

the impulses using measured residual plastic deformation (deflection) of the spreading plate. 

Nuric and Martin [29] provided a review of theoretical and experimental works on plastic 

deformation of fully clamped thin rectangular plates after explosive loads. They showed that 

there is a connection between deflection-thickness ratio HWm  and a dimensionless 

parameter  : 

oBLH

I




42 2
  (1) 

where I is the impulse; B and L are half breadth and half length of the plate respectively; H is 

plates’ thickness;   is plate material density; and 0  is static yield stress. Experimental data for 

dependency of HWm  on  is provided in [29]. 

001.0471.0  HWm  (2) 

Jones [30] developed an approach for estimation of transverse deflections for fully clamped 

rectangular plate loaded by uniformly distributed large dynamic pressure pulse. Elastic effects 

are disregarded in this approach. Results are in good agreement with experimental data for 

5.4HWm  and underestimate the impulse for 5.4HWm , where mW  is the maximum residual 

deflection of the plate. The impulse and impact energy can be calculated according formulas (3)-

(4): 

0

22 BHI   (3) 
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where   - angle between plastic hinge lines, defined for plastic solutions. 

 

Table 7 – Steam explosion impulse estimation for PULiMS-E6 

 PULiMS 

E6 

Nuric 

correlation 

(2) [29] 

Jones [30] 

formula 

(3) 

Nuric 

experimental 

data [29] 

Jones and co-workers 

experimental data 

[29] 

L/B 2 2 2 1 - 1.62 1.69 – 4 

H, m 0.01 0.01 0.01 0.0016 0.00163 0.00269 

Wm/H 3.6 3.6 3.6 3.6 3.6 3.6 

  - 7.64 - 8.5 - 9.5 7.5 8.5 

I, N·s 3051 2801 2670 3120 - 3480 2750 3120 

Deviation from 

PULiMS-E6 data 

- 8.2% 12.5% 2% - 15% 10% 2% 

 

Table 8 – Steam explosion impulse estimation for PULiMS-E3, E5 

PULiMS 

test 

Wm/H Impulse I, N·s 

Nuric 

correlation (2) 

[29] 

Jones 

formula (3) 

[30] 

Nuric and Martin 

experimental data 

[29] 

Jones and co-workers 

experimental data 

[29] 

E3 6 4669 4150 4400 5130 4030 4400 

E5 2.5 1945 2000 1470 2200 1100 2200 
 

In this work we compare the impulses calculated for explosive PULiMS experiments according 

to the empirical correlation (2) and Jones formula (3). The results of calculations provided in 

Table 7 and Table 8. Both experimental and theoretical result are used in order to assess possible 

uncertainties due to the use of different approaches, considering that the values of HWm  are 

changing in wide ranges. Material properties of the steel plate were taken as follows: 

3
8000

m

kg
 , MPa2100  . In general, there is a reasonably good agreement between 
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measured in PULiMS-E6 impulse and assessments provided by different approaches (Table 7). 

This can be considered as a validation of the approaches for PULiMS test conditions. Using 

similar approach, impulses in PULiMS-E3, E5 can be assessed in the ranges 4030-5130 N s and 

1100-2200 N∙s respectively (Table 8). 

5. CONCLUSIONS 

A series of PULiMS tests with up to 80 kg of oxidic melt and 20 cm deep water pool was carried 

out in order to investigate underwater liquid melt spreading. A stratified melt-coolant 

configuration was formed in the PULiMS tests. In contrast to the previous DEFOR tests carried 

out with deeper water pools and the same corium simulant materials (Bi2O3-WO3 and ZrO2-

WO3), all PULiMS tests performed with high (~200 K and higher) melt superheat resulted in 

spontaneous steam explosions.  

The energetics of the steam explosion was measured in the last PULiMS-E6 test by dynamic 

force and displacement measurements. Assessed explosion efficiency is in the range of 0.30 – 

3.07 %. These values are somewhat above those reported in the explosive tests carried out with 

“conventional” melt jet-coolant pool configuration, prototypic corium materials, and strong 

trigger (e.g. in KROTOS tests [31]). The estimated impulse per surface area of the impact spot in 

PULiMS-E6 test is up to 24.3 kPas.  

Reasonably good agreement was obtained between impulses (i) measured by dynamic force 

measurements in PULiMS-E6 and (ii) calculated using residual plastic deformation of the 

spreading plate. The same approaches have been applied to calculate impulses in the other 

explosive PULiMS tests in which dynamic force measurements were not applied. Estimated and 

measured impulses for all PULiMS tests are in the range of 1.1 – 5.1 kN∙s. Note that the amount 

of melt delivered into the test section prior to steam explosion in different tests is in the range of 

15 – 72 kg. 

In all PULiMS tests well developed premixing layer reaching thickness up to ~8 cm was 

observed. Kelvin-Helmholtz instability, which requires significant shear velocities at the melt-

coolant interface, cannot be responsible for development of the premixing layer because the melt 

is immovable in horizontal direction most of the time. Observations suggest that the instabilities 

and melt surface splashes are induced by boiling on the surface of hot melt in a pool with 

subcooled water. Such boiling is characterized by cyclic growth, expansion and collapse of large 

(~few centimeters) steam bubbles. Rapid collapse of the over-expanded steam bubbles can create 

significant pressure spikes in the vicinity of the melt surface. Momentum created by such spikes 

can disturb melt interface producing splashes visible in PULiMS tests video recordings. 

State-of-the-art review of stratified steam explosion studies revealed a contradiction between 

PULiMS observations and previously accepted opinion that stratified melt coolant configuration 

cannot yield sufficient premixing for a strong steam explosion. It is instructive to note, that 

previous tests were done mostly with low temperature liquids and often artificially suppressing 

development of the premixing layer.  

Further studies are necessary in order (i) to collect confirmatory data on steam explosion 

efficiency in stratified melt-coolant configuration; (ii) to address possible effects of external 

triggering; (iii) to clarify further details of the premixing phenomena, and (iv) to assess the 
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impact of obtained results on the previous assumptions about low importance of stratified steam 

explosion for nuclear power safety. 
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