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ABSTRACT 

A vapour explosion is a possible threatening consequence of a fuel-coolant interaction. 
This phenomenon can occur during a severe accident in a nuclear power plant, when the 
molten reactor core may come in contact with the coolant. 

An intertwined melt-jet coolant pool and stratified configuration is a realistic condition. 
However, past research was devoted to either melt-jet coolant pool configuration or stratified 
configuration and thus an important uncertainty regarding vapour explosion assessment 
raised. 

First objective is to analyse the vapour explosion experiments in combined stratified and 
melt jet configurations to improve the understanding of fuel-coolant interaction. Secondly, 
modelling of melt-coolant mixing prior to vapour explosions, which largely defines the amount 
of melt, participating in the vapour explosions, is being studied. 

The developed modelling approach, based on the evaluation of the models for the 
individual phenomenon enables the estimation of the premixing phase in combination of melt 
jet breakup and premixed layer formation of melt spread, which is of high importance in nuclear 
safety. 

1 INTRODUCTION 

During a hypothetical severe accident in a light water nuclear power plant, the molten 
reactor core may come in contact with the coolant water [1]. The interaction between them is 
known as a fuel-coolant interaction (FCI). One of the consequences can be a rapid transfer of 
a significant part of the molten corium thermal energy to the coolant in a time scale smaller 
than the characteristic time of the pressure relief of the created and expanding vapour. Such 
a phenomenon is known as a vapour explosion [1,2]. The process can escalate as 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 the possibly large amount of thermal 
energy, initially stored in the liquid corium melt at about 3000 K, that can potentially result in 
pressure peaks of the order of 100 MPa, vapour explosion can be a credible threat to the 
structures, systems and components inside the reactor containment. It can also threaten the 
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integrity of the reactor containment itself, which would lead to the release of radioactive 
material into the environment and threaten the general public safety. 

The vapour explosion is commonly divided into the premixing and the explosion phase. 
The premixing phase covers the interaction of melt with coolant prior to vapour explosion. 
During this time, the continuous melt is fragmented into melt drops the size of a couple of 
millimetres. The melt drops and the coolant are mixed due to the density and velocity 
differences and also due to vapour production. If a vapour film destabilization occurs in such 
a system, the phenomenon is continued into a vapour explosion. The process can escalate as 
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. 

An important condition for the possible occurrence of strong, energetic vapour explosion 
and the self-sustained process of shock wave propagation is the existence of a so-called 
premixture of fragmented melt and coolant. In nuclear reactor safety analyses vapour 
explosions are primarily considered in the melt jet configuration where sufficiently deep coolant 
pool conditions provide complete jet breakup and efficient premixture formation. On the other 
hand, stratified melt-coolant configurations, i.e. a molten corium layer below a coolant layer, 
were only recently recognized as being able to generate strong explosive interactions [3,4]. 
Our recent research [4] was devoted to understanding FCI in stratified configuration, especially 
to premixed layer formation – mixture of coolant and melt drops, ejected from the melt. Namely, 
the previously performed experiments in the PULiMS facility (KTH, Sweden, Figure 1) with 
high melting temperature oxidic simulants of corium revealed that strong vapour explosions 
may develop spontaneously in what was considered as a stratified melt-coolant configuration 
[3,5]. 

Despite extensive research work, large uncertainties remain and reflect the lack of 
detailed understanding of the FCI processes. Recently, an important safety-related uncertainty 
was revealed, related to the prediction of vapour explosion strength in combined stratified and 
melt jet configurations [6]. 

 
Figure 1: Melt jet and melt spreading with the formation of the premixed layer in the PULiMS-E4 

experiment. The figure is adopted from [5] 

The observed uncertainty and lack of understanding of FCI in combined stratified and 
melt jet configurations have an important impact on the safety-related issue of FCI in nuclear 
power plants, because: 

- The amount of melt in combined stratified and melt jet configurations available to 
participate in the explosion can be much larger than assessed before due to combined 
contributions of premixed layer formation in stratified melt-coolant configuration and breakup 
of melt jet; 
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- The combined stratified and melt jet configuration presents a realistic condition in e.g. 
nuclear power plant severe accident when the reactor cavity is only partially flooded. The 
possible strong vapour explosions may present an increased threat. 

The objective of the paper is to analyse the possibility of modelling the melt-coolant 
mixing in combined stratified and melt jet configurations prior to vapour explosions, which 
largely defines the amount of melt, participating in the vapour explosions. Modelling, based 
also on the evaluation of the models for the individual phenomenon, improves the 
understanding of FCI. 

The overview of the state-of-the-art modelling approaches enables the estimation of the 
premixing phase in combination of melt jet breakup and premixed layer formation of melt 
spread, which is of high importance in nuclear safety. 

2 EXPERIMENTAL REVIEW 

Some past experimental work can be identified as an FCI in combined stratified and melt 
jet configuration. When the melt was poured in a shallow pool of coolant, the geometry of our 
interest could be achieved. Two recent experiments PULiMS, SES [3,7] were primarily devoted 
to melt spreading under water and FCI in stratified melt coolant configuration. However, in both 
cases, the melt was pored as a jet in a shallow pool of water. In both cases, a combined 
stratified and melt jet configuration was achieved during the melt pouring and at the time of the 
vapour explosion. Both experiments are described in more details in sections 2.1 and 2.2. 

Many other experiments can be considered relevant for investigation of partial 
phenomenon. More than 30 tests in a deep pool (0.6 – 1.5 m) configuration were performed in 
the DEFOR facility (KTH, Sweden). The configuration was fragmented melt jet – coolant pool. 
The same materials were used as later in the PULiMS and SES experiments. The melt was 
superheated up to 320 K and the water subcooled (10 - 30 K). The ratio between the pool 
depth to the jet diameter was large (~ 25 - 50) [5]. Temperatures of the melt, water subcooling 
and jet diameter were similar to the PULiMS tests. They did not result in spontaneous vapour 
explosion. The main difference was a deeper water pool in the DEFOR experiment. 

In the experiment by Board and Hall (Berkeley Nuclear Laboratories, USA), collapse of 
a vapour film and propagation of a vapour explosion in stratified configuration were studied [8]. 
Three series of tests were carried out. The first one was devoted to study the collapse of the 
vapour film caused by a sudden variation of the ambient pressure. Tin was poured into a 
shallow crucible placed under water. The interaction was triggered, when all the tin was already 
poured, representing only a stratified configuration. In the other two series the propagation of 
the explosion along the hot liquid - cold liquid interface with two different confinements was 
studied. Tin was poured into narrow long tank, submerged in water. Only in one case, a 
spontaneous interaction occurred near one end, not being clear whether the configuration was 
still combination of stratified and melt jet configuration. In other cases, the interaction was 
triggered after the pouring, representing only a stratified configuration. 

The formation of debris as the result of FCI (energetic or not) has been studied 
experimentally in the FARO and KROTOS facilities at JRC-Ispra [9]. The FARO tests were 
designed to study the integral corium melt jet/water mixing and quenching behaviour. In the 
FARO experiment [10], the presence of a cake at the bottom was interpreted as an incomplete 
breakup of the melt jet before reaching the bottom, i.e. that the melt breakup length was larger 
than the water pool depth. This suggest a combined stratified and melt jet configuration. 
However, in the described FARO experimental tests, all of them performed in saturated water, 
no vapour explosions occurred. 

The KROTOS vapour explosion experiments revealed important differences in tendency 
for spontaneous triggering of explosion, energy conversion efficiency and melt jet breakup 
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characteristics between the corium and alumina melts [11]. Tests were performed in a test 
vessel that allowed direct visual observations of melt injection and mixing conditions. The melt 
was injected into a 1 m deep subcooled water pool, but no evidences of a combined 
configuration was presented [12]. The data from the thermocouples show that a coherent 
corium melt pour tends to penetrate deeper into the water pool than an alumina pour. In some 
cases, also spontaneous vapour explosions occurred.  

It can be concluded, that although scarce, the combined stratified and melt jet 
configuration was the case in some of the past experiments related to the FCI research. 
Usually, the emphasis was not on this combined configuration and if the explosion was 
observed, it was not analysed in details regarding different contributions. Analysis of premixed 
layer in stratified configuration and it’s contribution to an explosion was done as a part of our 
previous research [4]. It was concluded that for more realistic explosion strength assessment, 
additional contributions should be included in the modelling. This can be confirmed also by the 
experiments as intertwined phenomena of FCI prior to an explosion can be observed in some 
cases. 

2.1 PULiMS experiment 

The Pouring and Underwater Liquid Melt Spreading (PULiMS) experiment (KTH, 
Sweden) was devoted to the melt spreading observation [3]. The test section consisted of an 
induction heated furnace for melt heating, a funnel through which the melt was poured and a 
bottom container of 2 m × 1 m × 1 m with a 10 mm thick bottom steel plate. The container was 
partially filled with water in which the melt was released and then spread on the bottom [5]. 
During the melt release, a combined stratified and melt jet configuration was achieved. 

Tests were primarily devoted to the melt spreading under the water. Post-test inspection 
included detailed investigation of the debris and cake structure. However, unexpectedly some 
spontaneous strong vapour explosions occurred during some of the tests. Vapour explosion 
destroyed the facility and made the observation of melt spreading more difficult. The solid melt 
cake, inspected after the tests, usually consisted of a 2–3 mm thick solid bottom layer with low 
porosity, a 1–2 cm thick porous intermediate layer including large cavities and a top crust layer 
with large fraction of enclosed cavities. On top of the cake, volcanic-like structures were found, 
which were said to originate from the eruptions of melt through the melt crust [5]. The far edge 
of the cake bottom was typically lifted upwards for a few millimetres. 

Contrary to the most of the previous experiments, the phenomena during the melt 
spreading was also recorded. FCI of melt and water was clearly observed. During the initial 
stage of melt spreading, a formation, growth and collapse of the vapour bubbles in the 
subcooled water was observed [5], as seen in Figure 1. When the melt spread further, creating 
a larger pool of melt beneath the water, more energetic interaction was observed with some 
melt ejections reaching around 10 cm in height, as seen in Figure 1.  

The amplitude of interface instabilities was increasing with time and in some of the tests, 
a spontaneous vapour explosion or more of them occurred. The peak in the interface 
instabilities was observed right prior to the explosion [5]. These instabilities created the so-
called premixed layer. In the premixed layer, as said by Konovalenko et al. [5], strong vapour 
explosion can be triggered.  

2.2 SES experiment 

As a successor of the PULiMS experiment, the Steam Explosion in Stratified melt-coolant 
configuration (SES) experiment (KTH, Sweden) was performed [3]. The experiment was 
designed to study vapour explosions in the stratified configurations and the effect of initial 
conditions on the strength of vapour explosion. 
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The test section was similar to the one in the PULiMS experiment. Melt was generated 
in the furnace, then released through the funnel in the shallow pool of water. The size of the 
steel container was about half of the one in the PULiMS experiment (1 m × 1 m and 0.8 m in 
height). The whole frame of the test section was set on the dynamic sensors to record the force 
and impulse of the explosions. Phenomena were recorded by high-speed cameras and by 
thermocouples inside the test section. 

In the E series of tests, 3 tests were performed. In all of them ZrO2-WO3 was used. In 
the E1 and E2 tests, the funnel nozzle with diameter of 20 mm was used, placed 200 mm 
above the water level and 200 mm of water was in the pool. In the E3 test, diameter of the 
nozzle was 30 mm, placed only 50 mm above the water and 220 mm of water was in the pool. 
During the melt release, a combined stratified and melt jet configuration was achieved. 

In the tests, growth and collapse of large vapour bubbles were observed and 
spontaneous vapour explosions occurred at different times. In the E1 and E2 tests also 
secondary explosion was observed, but were weaker. It was reported that in the E series of 
tests, the weakest explosion was in the E2 test with subcooling of water for 14 K. In the E3 test 
with water subcooling of only 5 K, no explosion was observed. In the E3 test, a 30–60 mm 
thick vapour layer covered the melt while in the other tests individual vapour bubbles were 
observed. 

In the next series of SES tests, the S1 test was performed in the frame of the SAFEST 
project (Severe Accident Facilities for European Safety Targets) [7]. The proposal for the test 
was made in collaboration by an international team being led by EDF (France) and JSI. The 
main aim of the test was to exclude the melt jet fragmentation in the water pool before melt 
spreading on the bottom plate of the test section. Therefore, the nozzle for the melt release 
was positioned just 30 mm above the bottom plate, inside the water. Compared to the previous 
SES tests, different material, Bi2O3-WO3 was used. It has lower melting point as previously 
used ZrO2-WO3. Therefore, it produces less light emissions. The negative side of this material 
is larger dust production. In the S1 test, a water pool depth of 25 cm was used. During the melt 
pouring, strong fragmentation of melt was observed. The S1 test resulted in a vapour explosion 
just 0.6 s after the melt release. Already prior to this explosion, smaller explosion occurred. De 
Malmazet et al. [7] connected this small explosion with the initial impact of melt on the test 
section bottom steel plate. Explosion damaged the melt delivery system, which affect the later 
melt pouring and consequently the melt cake and melt debris distribution. 

3 MODELING OF COMBINED STRATIFIED AND MELT JET CONFIGURATION 

Past research was devoted to either melt jet configuration, where the melt jet penetrates 
into a deep pool of coolant, or stratified configuration, where the melt is spread below the 
coolant. However, an intertwined configuration can be a realistic condition, as seen also from 
some experiments. If the melt is poured into the coolant pool and the coolant pool is not deep 
enough to provide the complete melt jet breakup, the remaining melt jet reaches the bottom 
and spreads. In this case, a combination of stratified and melt jet configuration can be created. 

As found out, considering only the stratified configuration of spread melt under the water 
layer and its contribution to the mixing significantly underestimates the assessed explosion 
strength. In the PULiMS experiment, the melt jet, falling through the shallow, 20 cm deep pool 
of water created also additional mixing of melt and coolant and created a combined stratified 
and melt jet configuration [4]. 

Below, the individual phenomenon modelling is presented, combination of which can be 
used for the modelling of the combined phenomena. 
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3.1 Melt jet breakup 

During a melt jet breakup, multiple phenomena occur simultaneously [13]. Interfacial 
instabilities, liquid entrainment and stripping from the interface are hydrodynamic interactions 
while the thermal interactions are coolant boiling and solidification of the melt surface. Jet 
breakup is characterized by the melt jet breakup length and melt jet breakup mode [14]. 

Two correlations are generally used for the melt jet breakup length. The Epstein and 
Fauske model (Eq. 1) [15] depends on the material properties (index j and c stand for jet and 
coolant, respectively) and jet diameter (Dj), with E0 being the so-called entrainment coefficient: 

𝐿𝑏𝑟𝑘

𝐷𝑗
=

1

2𝐸0
√

𝜌𝑗

𝜌𝑐
 . (1) 

More widely used is the correlation by Saito (Eq. 2 and Figure 2) [16], which depends on 
the material properties, velocity of the melt jet (Fr is a Froude number) and its diameter: 

𝐿𝑏𝑟𝑘

𝐷𝑗
= 2.1√

𝜌𝑗

𝜌𝑐
⋅ √𝐹𝑟 , (2) 

𝐹𝑟 =
𝑣2

𝑔𝐷𝑗
 . (3) 

The melt jet breakup length cases with impact velocities of 1m/s and 10 m/s (which are 
typical values, based on the experimental observations) are shown in Figure 2. 

  
Figure 2: Left: Illustration of the melt jet breakup length Lbrk with Saito correlation for different melt jet diameters Dj for arbitrary 

melt jet impact velocities vj (with material properties ρj = 7800 kg/m3, ρc = 1000 kg/m3,). Right: Amount of the initial melt jet which 

does not undergo breakup at a certain depth h of water compared to the melt jet breakup length Lbrk. 

For the melt jet breakup mode, the initial transient of the melt jet penetration into coolant 
is usually related to Rayleigh-Taylor instability, while the Kelvin-Helmholtz instability is 
considered for the quasi-steady regime of melt jet breakup [14]. With those models, 
fragmentation and melt drop size are determined according to the local conditions. Possible 
further breakup of the melt drops is usually modelled with consideration of the critical Weber 
number. 

3.2 Melt pool fragmentation 

If the melt jet breakup is not complete, the remaining melt reaches the bottom and 
spreads out, creating a melt pool. The amount of melt, which does not undergo melt jet breakup 
can be assessed based on the breakup length, e.g. the Saito correlation, and the depth of the 
water pool (Figure 2). The melt jet reaching the bottom of the test section and spreading out 
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was clearly observed e.g. in the PULiMS experiments (Figure 1) and some other experiments 
[9]. 

The melt spreading was experimentally studied, e.g. at facilities BNL (USA), SPREAD 
(Japan), CORINE (France), VULCANO (France), KATS (Germany), COMAS (Germany), 
ISPRA (EU JRC), S3E (Sweden) [17]. Currently, from 2019 to 2024, the OECD ROSAU 
(Reduction Of Severe Accident Uncertainties) programme is aiming to reduce knowledge gaps 
and uncertainties associated with severe accident progression. Two main research areas are 
the spreading of melt in a cavity and in-core and the ex-core debris coolability with planned 
experiments at the Argonne National Laboratory (USA) with up to 300 kg of molten prototypical 
corium material at temperatures up to 2400 °C. 

As discussed by Dinh et al. [17], who were studying melt spreading at the macroscopic 
scale, melt spreading can be described as a hydrodynamic process. The spreading is 
governed by the gravitational, inertial and viscous forces. It can be divided into the gravity-
viscous regime, in which viscosity plays a dominant role, while in the gravity-inertia regime, the 
influence of the melt viscosity may be neglected. The surface tension has an effect only for 
very low velocities of melt spreading. When the melt is spreading under a coolant, their 
interactions may influence the spreading as well [17]. 

The melt spreading can be terminated by melt solidification. The melt solidification during 
the spreading is affected by heat transfer from the melt to the structures and coolant, possible 
heat generation and the melt solidification behaviour [17]. 

The melt-coolant interaction of the melt pool under the layer of coolant is described by 
the model for premixed layer formation in stratified fuel-coolant configuration [4]. In geometry 
with a continuous layer of melt under a layer of water, called stratified configuration, the melt 
is usually hot enough for the coolant to vaporize. Due to the instabilities, the bubbles arise from 
the vapour film. In subcooled water, bubbles condense and collapse. During the asymmetric 
bubble collapse, water at the bubble interface accelerates towards the melt surface, creating 
a so-called coolant micro-jet. The pressure perturbations on the melt surface, usually due to 
the vaporization of the coolant micro-jets can produce the melt surface instabilities and 
fragmentation of the melt. This phenomenon is the so-called premixed layer formation of melt 
drops in the coolant layer above the melt pool. The model describes the premixed layer 
formation with three key characteristics, i.e. size of ejected melt drops, their initial velocity and 
the fragmentation rate of the continuous melt phase [5]. 

4 DISCUSSION AND CONCLUSIONS  

Using only the model for the premixed layer formation in stratified configuration for the 
experiments in at least partially combined configuration of melt jet and underwater melt pool 
underestimates the strength of the produced vapour explosions. The possible explanation is 
an inadequate amount of premixing in the simulations due to considering only one contribution 
[4]. 

This highlights the need for more complex modelling of FCI in combined configuration of 
melt jet and underwater melt pool. Till now FCI models focused either on the melt jet 
configuration or on the melt pool configuration, but these models were never coupled. In our 
modelling approach, we are trying to couple both models, thus being able to adequately 
consider intertwined melt-jet coolant pool and stratified configurations, which are realistic 
conditions. 

During the melt jet breakup, multiple phenomena occur simultaneously, creating a 
mixture of fragmented melt jet and coolant. The melt jet breakup length indicates how much 
jet has been broken up at a certain coolant depth and whether there is a possibility for the 
combined configuration. The melt jet breakup mode describes the produced fragments. 
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The unfragmented melt jet reaches the bottom and spreads out. Based on the previous 
analysis of FCI in a stratified configuration only, a large effect on the strength of the potential 
vapour explosion has the surface area of the melt pool. Therefore, the accurate assessment 
of the spread melt is of high importance for the reliable assessment of the contribution of the 
premixed layer above the melt pool to the total premixing. 

Only considering both the above contributions for the premixing could result in a more 
reliable assessment of vapour explosions in combined configuration of melt jet and underwater 
melt pool. However, the FCI phenomena are in general very complex. A more precise 
calculation of a vapour explosion, which is of high significance for nuclear safety, would be 
possible only by using dedicated computer codes. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge financial support provided by Slovenian Research 
Agency, grants P2-0026 and Z2-4437. 

REFERENCES 

[1] B.R. Seghal, "Nuclear Safety in Light Water Reactors: Severe Accident 

Phenomenology". Elsevier Inc. 2012. 

[2] G. Berthoud, 2000. "Vapor explosions". Annu. Rev. Fluid Mech. 32, 2000, pp. 573-611. 

[3] P. Kudinov, D. Grishchenko, A. Konovalenko, A. Karbojian, 2017. "Premixing and 

steam explosion phenomena in the tests with stratified melt-coolant configuration and binary 

oxidic melt simulant materials". Nucl Eng Des 314, 2017, pp. 182-197. 

[4] J. Kokalj, M. Uršič, M. Leskovar, R. Meignen, 2023. "Modelling and simulating of 

premixed layer in stratified fuel coolant configuration". Annals of Nuclear Energy 185, 2023, 

p. 109740. 

[5] A. Konovalenko, A. Karbojian, P. Kudinov, "Experimental results on pouring and 

underwater liquid melt spreading and energetic melt-coolant interaction", The 9th International 

Topical Meeting on Nuclear Thermal-Hydraulics, Operation and Safety, American Nuclear 

Society, Kaohsiung, Taiwan, 2012, p. 11. 

[6] J. Kokalj, M. Uršič, M. Leskovar, 2021. "Modelling of premixed layer formation in 

stratified fuel–coolant configuration". Nucl Eng Des 378, 2021, pp. 111261-111277. 

[7] E. De Malmazet, M. Leskovar, C. Brayer, M. Buck, L. Buffe, V. Centrih, T. Conti, J. 

Haquet, R. Meignen, S. Picchi, "Stratified Steam Explosion Phenomena: SAFEST SES-S1 test 

results and preliminary analysis", The 8th European Review Meeting on Severe Accident 

Research, ERMSAR-2017, Warsaw, Poland. 203, 2017. 

[8] S.J. Board, R.W. Hall, "Propagation in thermal explosions", 2nd Specialist Meeting On 

Sodium Interaction In Fast Reactors, Ispra, Italy, 1974, p. 19. 

[9] D. Magallon, 2006. "Characteristics of corium debris bed generated in large-scale fuel-

coolant interaction experiments". Nucl Eng Des 236, 2006, pp. 1998-2009. 

[10] D. Magallon, I. Huhtiniemi, H. Hohmann, 1999. "Lessons learnt from FARO/TERMOS 

corium melt quenching experiments". Nucl Eng Des 189, 1999, pp. 223-238. 

[11] M. Uršič, M. Leskovar, B. Mavko, 2012. "Simulations of KROTOS alumina and corium 

steam explosion experiments: Applicability of the improved solidification influence 

modelling". Nucl Eng Des 246, 2012, pp. 163-174. 

[12] I. Huhtiniemi, D. Magallon, 2001. "Insight into steam explosions with corium melts in 

KROTOS". Nucl Eng Des 204, 2001, pp. 391-400. 



708.9 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 11 – 14, 2023 

[13] L. Manickam, S. Bechta, W. Ma, 2017. "On the fragmentation characteristics of melt 

jets quenched in water". International Journal of Multiphase Flow 91, 2017, pp. 262-275. 

[14] P. Kudinov, M. Davydov, 2013. "Development and validation of conservative-

mechanistic and best estimate approaches to quantifying mass fractions of agglomerated 

debris". Nucl Eng Des 262, 2013, pp. 452-461. 

[15] M. Epstein, H.K. Fauske, 2001. "Applications of the turbulent entrainment assumption 

to immiscible gas-liquid and liquid-liquid systems". Journal of Chemical Engineering Research 

79, 2001, pp. 453-462. 

[16] M. Saito, K. Sato, S. Imahori, "Experimental study on penetration behaviors of water 

jet into freon-11 and liquid nitrogen", ANS-Proc. 25th Natl. Heat Transfer Conf., 1988, pp. 

173-183. 

[17] T.N. Dinh, M.J. Konovalikhin, B.R. Sehgal, 2000. "Core melt spreading on a reactor 

containment floor". Prog Nucl Energ 36, 2000, pp. 405-468. 
 


