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A B S T R A C T   

A hypothetical severe accident in a nuclear power plant can lead to significant core damage, including melting of 
the core. The interaction between the molten core and the coolant water is known as a fuel–coolant interaction. 
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. Given possibly a large amount of thermal energy, 
initially stored in the liquid corium melt at about 3000 K, and 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 integrity of the reactor containment itself, which would lead to the release of radioactive 
material into the environment and threaten the general public safety. In analyses of severe accidents in nuclear 
power plants, a fuel–coolant interaction was mostly addressed in a geometry of a melt jet poured into a coolant 
pool. Based on some experimental and analytical work from the past a geometry with a continuous layer of melt 
under a layer of water, called stratified configuration, was believed to be incapable of producing energetic 
fuel–coolant interaction of sufficient magnitude to likely fail the containment. However, the results from recent 
experiments performed at the PULiMS and SES facilities (KTH, Sweden) with corium simulants materials 
contradict this hypothesis. In some of the tests, a premixing layer of ejected melt drops in water was clearly 
visible and was followed by strong spontaneous vapour explosions. 

The purpose of our research is to improve the knowledge, understanding and modelling of the fuel–coolant 
interaction and vapour explosion in stratified configuration. Based on the past experimental and analytical 
research, mechanisms for the premixed layer formation are identified and a model for the melt-coolant premixed 
layer formation in stratified configuration is presented. The analyses on the PULiMS and SES experimental results 
demonstrate the model’s capability to describe the premixed layer formation.   

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 (Seghal, 2012). The consequence 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 
steam explosion. Behind the shock wave front, the relative difference 
between the melt and surrounding coolant enhances further melt drops 
fine fragmentation, which causes a significant increase of the interface 
area and consequently an increase of the heat transfer between both 

liquids. An important condition for the possible energetic steam explo-
sion and the self-sustained process of the shock wave propagation is the 
existence of a premixture of fragmented melt and coolant. Given the 
amount of thermal energy, initially stored in the liquid corium melt at 
about 3000 K, the steam explosion can be a credible threat to the systems 
and components inside the reactor containment. It can also threaten the 
integrity of the reactor containment itself, which would lead to the 
release of radioactive material into the environment and threaten the 
general public safety. 

In analyses of severe accidents in nuclear power plants, a fuel–coo-
lant interaction is mostly addressed in a configuration of a melt jet 
poured into a coolant pool (Berthoud, 2000). Based on some 
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experimental and analytical work from the past, a geometry with a 
continuous layer of melt under a layer of water, called stratified 
configuration, was believed to be incapable of producing energetic 
fuel–coolant interaction of sufficient magnitude to likely fail the 
containment (Kudinov, 2017). However, the results from recent exper-
iments performed at the PULiMS and SES facilities (KTH, Sweden) with 
corium simulants materials (Kudinov, 2017; Grishchenko, et al., 2013) 
and research work at AREVA (Fischer and Keim, 2020) contradict this 
hypothesis. In some of the tests, a premixed layer of ejected melt drops in 
water was clearly visible and was followed by strong spontaneous 
vapour explosions. It is then believed that a major task for modelling 
such type of interaction is to provide a description of this premixed 
layer, in contrast with previous models assuming flat interfaces and a 
vapour film separating the melt and the coolant (Corradini et al., 1988). 

The purpose of this research work is to improve the knowledge, 
understanding and modelling of the fuel–coolant interaction and vapour 
explosion in stratified configuration. In the paper, a short overview of 
the previously performed experimental and analytical research is given 
first and the mechanisms for the premixed layer formation are identified 
and evaluated. Further, our developed model (Kokalj et al., 2021) for the 
melt-coolant premixed layer formation in stratified configuration, 
developed based on the visual observations and some available mech-
anisms from the literature, is presented. Finally, the model validation on 
available PULiMS and SES experimental results is discussed. The pre-
sented analysis demonstrates the model’s capability to describe the 
premixed layer formation in agreement with the experimental data. 

2. Past Experimental And Analytical Research 

Some of the experiments providing valuable information about the 
vapour explosions in stratified configuration were not primarily devoted 
to the investigation of this phenomenon (Grishchenko, et al., 2013; Dinh 
et al., 2000). Therefore, one of the difficulties is a lack of measurements 
and visual observations, which would further enlighten the 
phenomenon. 

Some of the performed experiments resulted in an explosive inter-
action between the hot and the cold liquid. This interaction can be 
spontaneous, when two liquids come in contact and energetic interac-
tion occurs between them without additional triggering (Board and Hall, 
1974; Konovalenko et al., 2012), or triggered, e.g. with external pressure 
pulse, tapping or in case of high impact velocity of the liquids. It seems 
that for an explosive interaction the temperature of the hot liquid has to 
be higher than the spontaneous nucleation temperature of the cold 
liquid (Greene and Some observations on simulated molten debris- 
coolant layer dynamics. , 1983) and the cold liquid has to be suffi-
ciently subcooled. In case of the cold liquid being only slightly sub-
cooled, no strong interaction has been observed and this may be due to a 
larger vapour film separating both liquids (Konovalenko et al., 2012). 
The explosion is not necessarily an instant event. Sometimes it took a 
couple of seconds to occur (Grishchenko, et al., 2013; Yamano, 1995). 
Prior to the explosion, some milder melt-coolant interactions, such as 
smaller melt eruptions (Yamano, 1995; Farmer et al., 2009), mixing 
(Greene and Some observations on simulated molten debris-coolant 
layer dynamics. , 1983), or even stronger interaction such as larger 
eruptions of water and melt (Yamano, 1995) could be observed. In some 
cases, the observed interface instabilities were marked as undesirable 
and suppressed (Bang and Corradini, 1989) through the installation of a 
plate separating the two fluids. In some cases, the increased waviness of 
the fluids enabled the interaction propagation to be self-sustained 
(Sainson et al., 1993). It seems that sometimes the first interaction 
(usually triggered) deformed the vapour film and the liquid interface 
and caused some mixing of the liquids. Therefore, in some cases, after 
the first explosion, more secondary explosions followed (Board and Hall, 
1974; Frost et al., 1995). The propagation of the interaction was self- 
sustained if the inertial confinement (e.g. by the layer of the cold 
liquid on top) was sufficient. Increasing the confinement through the 

cold liquid height increased the impulse (Frost et al., 1995). The prop-
agation velocity of the interaction was from about 5 m/s up to 250 m/s, 
but usually of the order of 50 m/s. With an increase in the propagation 
velocity, the pressure peak also increased. In some small-scale experi-
ments, similarities of the vapour explosions in stratified configuration 
with experiments, where the cold liquid is injected into the hot one, 
were observed. This is suggesting that the phenomenon of trapping 
coolant in the melt takes place also in the stratified geometry. In case of 
supplying water through a porous concrete layer below the melt layer, 
only mild interaction occurred (Alsmeyer and Tromm, 1999), but the 
amount of water available for an energetic event was limited in that 
case. Sometimes, the interaction between the flowing melt and the 
coolant resulted in a porous layer in the debris bed. The porosity there 
was too large to be only due to the melt shrinkage on cooling (Dinh et al., 
2000). In case of pouring melt onto the concrete basemat in the reactor 
cavity, the interaction between the molten core and the concrete can 
produce a large amount of gases and drive out bound and unbound 
water. Gas sparging from the molten core-concrete interaction was 
simulated in some experiments. Meeks et al. (Meeks, 1997) in their 
stratified geometry experiments uniformly injected air into the coolant 
pool to simulate the void in the mixture. At low air injection rates, the 
agitation and mixing due to the air injection increased the intensity of 
the interaction. At larger air injection rates, the increase in the void 
fraction tends to attenuate the propagating pressure wave. With a void 
fraction above 30 %, the explosions were suppressed (Meeks, 1997). It 
was also found that premixing could be suppressed by the high viscosity 
of the hot liquid (e.g. glycerine) (Grishchenko, et al., 2013). 

Some of the experiments in a stratified-like configuration did not 
result in a vapour explosion. When adding the cold liquid on top of the 
hot one slowly (e.g. spraying), a crust was formed which prevented 
further energetic melt-coolant interaction (Yamano, 1995). However, 
some solidified tower-like structures were observed after the end of the 
experiments, indicating melt eruptions and freezing during the eruption 
(Konovalenko et al., 2012), especially during the experiments with 
added gas sparging (Farmer et al., 2009). 

Similar experiments, studies, and observations related to the strati-
fied vapour explosions were performed also in other research fields, such 
as volcanic eruptions, where lava can be in contact with water, and in 
case of a liquefied natural gas spillage. 

In the recently performed PULiMS and SES experiments (KTH, 
Sweden), a superheated high melting temperature eutectic simulant of 
corium melt was poured as a jet into a shallow pool of subcooled water. 
In the PULiMS experiments, underwater melt spreading observation was 
the primary aim. However, unexpectedly strong spontaneous vapour 
explosions occurred and a premixed layer was clearly observed (Kudi-
nov, 2017; Grishchenko, et al., 2013). At the early stage of the melt 
propagation, bubble growth and collapse in subcooled water were seen. 
When the amount of melt increased and the melt spread further away 
from the jet impingement, more violent interaction was observed. 
Splashes of melt reached up to 10 cm in height. Similar phenomena were 
observed also in the SES experiments (Kudinov, et al., 2015). On the 
contrary, the DEFOR-S and DEFOR-A experiments (KTH), using the 
same materials and similar temperatures as in the PULiMS experiments 
but a deeper water pool, which resulted in a complete jet breakup, did 
not result in a spontaneous vapour explosion (Konovalenko et al., 2012). 

For the vapour explosion in stratified configuration, few models were 
developed in the past (Harlow and Ruppel, 1981; Bang and Corradini, 
1991). They describe the initiation of the interaction, its propagation 
and mixing right in front or just behind the vapour film collapse. 
However, none of the models above describes the premixed layer for-
mation as observed in some of the experiments (e.g. PULiMS and SES) or 
any other mixing before the initiation of the explosion. 

Interestingly, it seems that the existing models, not describing any 
mixing before the explosion, actually affected the experimental work. 
For example, any possible premixed layer in the experiments was not 
followed or not well documented, as it was not expected. Even if any 
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interface instabilities before the explosion were observed, they were 
usually marked as undesirable. Sometimes, measures were performed to 
minimize the instabilities (Bang and Corradini, 1989; Frost et al., 1995). 

In the frame of this research, we try to fill this gap in modelling and 
describe the premixed layer formation. In our research, we will not 
assess existing models, but rather complement them. The results of our 
model could serve as initial conditions for any explosion model based on 
a pre-existing premixing in stratified configuration. 

3. Mechanisms For Premixed Layer Formation 

From the analysed experimental results, it can be observed, that one 
of the most common plausible mechanism for the premixed layer for-
mation is the growth, expansion and collapse of vapour bubbles. The 
melt is usually hot enough for boiling of the coolant and if the coolant is 
subcooled and the coolant layer high enough, the bubbles collapse. 
Indeed, the mechanism of growth, expansion and collapse of the vapour 
bubbles was mentioned in many experiment discussions (Corradini 
et al., 1988; Board and Hall, 1974; Frost et al., 1995). Also in the recent 
PULiMS experiments, in the early stage of the melt propagation, vapour 
bubble formation, growth and collapse in the subcooled water were 
clearly observed by a high-speed camera (Kudinov, 2017; Grishchenko, 
et al., 2013; Konovalenko et al., 2012). A bubble collapse can be a very 
energetic process. At a certain frequency of the bubble collapse event, 
sufficient momentum flux can be transferred to the melt to sustain the 
premixed layer (Kudinov, et al., 2014). 

Other mechanisms also seem plausible for some experiments. For the 
evaporation of coolant entrapped in the melt or under the melt, the most 
favourable geometry is the pouring of melt in a pool of coolant. This 
geometry was used only in a few experiments, e.g. PULiMS, SES (both 
KTH, Sweden) (Kudinov, 2017; De Malmazet, 2017), Board and Hall 
experiment (BNL, USA) (Board and Hall, 1974). 

In case of pouring the coolant on the melt, e.g. Greene et al. exper-
iment (BNL, USA) (Greene and Some observations on simulated molten 
debris-coolant layer dynamics. , 1983), Bang and Corradini experiment 
(University of Wisconsin, USA) (Bang and Corradini, 1989), Sainson 
et al. experiment (Gaz de France, France and Gas Research Institute, 
USA) (Sainson et al., 1993), some smaller amount of coolant can become 
entrapped in the melt. In this case, the phenomena are local, but can 
disturb the melt surface and cause some melt ejection. 

For the mechanism of release of gases from the interaction of melt 
with concrete, the necessary condition is the presence of concrete, which 
is not the case in most of the experiments. Experiments with the concrete 
were e.g. S3E (KTH, Sweden) (Dinh et al., 2000), and KATS (FZK, Ger-
many) (Dinh et al., 2000). However, in some cases, e.g. Meeks et al. 
experiment (University of Wisconsin, USA) (Meeks, 1997), the MCCI 
was simulated with a gas injection through the bottom plate. In the 
experiments, the bubbles of gases cause instability of the melt surface 
and they can push the melt to the overlying coolant. Due to the vapor-
ization of water in the concrete and related vapour pressure, small pieces 
of the concrete also broke off, which resulted in a significant disturbance 
of the spreading melt and a small amount of melt was splashed outside. 
The gas injection can be considered also as the simulation of the release 
of non-condensable gases during melt cooling. However, it seems un-
likely for cooling or any other process (e.g. oxidation) to produce 
enough gases to cause any substantial instabilities. 

In the mechanism of jet breakup, impingement and splattering, 
different contributions are covered. The melt jet breakup, most known 
from the classical melt jet – coolant pool geometry, is greatly dependent 
on the coolant pool depth. In the case of a deeper coolant pool, its 
contribution should be more pronounced. In the case of jet geometry, e. 
g. PULiMS, SES (both KTH, Sweden) (Kudinov, 2017; De Malmazet, 
2017), Board and Hall experiment (BNL, USA) (Board and Hall, 1974), 
the momentum of the melt jet falling onto the melt surface can cause 
instabilities. However, the jet geometry was not present in all the ex-
periments where the premixed layer was observed (e.g. Meeks et. al 

experiment (Meeks, 1997), SES S1 experimental test (De Malmazet, 
2017). In addition, the melt jet breakup and impingement on the melt 
free surface are not very sensitive to the coolant subcooling. Therefore 
the effect of the coolant subcooling should be minor on the premixed 
layer formation phenomena which is contradictory to the comparison of 
the SES-E3 and other tests (Kudinov, et al., 2014). 

Apart from the jet of melt, the jet of coolant was also considered, e.g. 
Greene et al. experiment (BNL, USA) (Greene and Some observations on 
simulated molten debris-coolant layer dynamics. , 1983), Bang and 
Corradini experiment (University of Wisconsin, USA) (Bang and Corra-
dini, 1989), Sainson et al. experiment (Gaz de France, France and Gas 
Research Institute, USA) (Sainson et al., 1993). In fact, this configuration 
was more often in the experiments but should be emphasised that the 
melt instabilities in this case would be localized. From the experiments, 
it can be noted that the jet geometry can cause instabilities but the 
premixed layer is formed also after the jet pouring stopped. 

The formation, growth and collapse of vapour bubbles seems to be 
the most plausible amongst the described mechanisms (Kokalj et al., 
2019). Thus, our developed models for the premixed layer formation in 
stratified melt-coolant configuration are based on it. However, as 
stressed above, besides the bubble formation, growth and collapse, other 
mechanisms, relevant for the individual experimental geometry (e.g. jet 
break-up), could serve as an additional source of the melt instabilities. 
Additionally, a contribution to the amount of melt-coolant mixture, 
which could participate in the vapour explosion, can be a consequence 
of mixing during the explosion itself. 

4. Model For Premixed Layer Formation 

It was concluded that one of the most common plausible mechanisms 
for the premixed layer formation is the boiling of the coolant. Due to the 
Rayleigh-Taylor instabilities, the bubbles arise from the vapour film. In 
subcooled water, bubbles condense and collapse. During the bubble 
collapse, water at the bubble interface accelerates towards the melt 
surface, creating a so-called coolant micro-jet (Caldarola and Kasten-
berg, 1974). The coolant micro-jet impacts on the melt surface and can 
produce melt surface instabilities and fragmentation of the melt. 

Our 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. 

The modelling values depend on the scale of the instabilities, given 
by the value of the most dangerous wavelength on the surface, i.e. for 
which the instability growth rate is the highest – in our case this is the 
distance between the formed bubbles (Berenson, 1961): 

Λ = 2π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3σL

g(ρL − ρG)

√

, (1) 

where σL is the liquid coolant surface tension at saturation temper-
ature, g the gravity acceleration and ρL and ρG the density of the liquid 
and gaseous phase of the coolant, respectively. 

The melt surface instabilities can result in fragmentation of the melt. 
The size of the ejected melt drops in our model is related to the insta-
bility wavelength. The hypothesis by Leclerc and Berthoud (Leclerc and 
Berthoud, 2003) for the thermal fragmentation of a single melt drop is 
adopted, where the melt drop diameter is defined as one quarter of the 
instability wavelength. Based on the performed analysis (Kokalj et al., 
2021), the melt drop diameter in our model is multiplied by the factor 
Cd, being 1.25. The melt drop diameter most affects the fine fragmen-
tation rate and the consequent explosion duration, and based on the 
comparison with the experimental results, the best-case factor Cd was 
determined. 

d = Cd⋅0.25⋅Λ. (2) 

The fragmentation rate of the melt layer can be established from the 
size of the ejected melt drops and the frequency of their ejections per 

J. Kokalj et al.                                                                                                                                                                                                                                   



Annals of Nuclear Energy 185 (2023) 109740

4

melt area. The size of the melt drop is defined in Eq. (2). The single melt 
drop ejects from the surface area that is defined with the wavelength as 
given in Eq. (1). It should be emphasized that in this area we have node 
and antinode, therefore the effective surface area is 1

2Λ2. Based on the 
performed analysis (Kokalj et al., 2021), the fragmentation rate in our 
model is multiplied with the factor Cf, being 0.5. Varying this factor 
shows a tendency towards stronger explosions with higher fragmenta-
tion rates but only until a certain plateau. More pronounced is the in-
fluence of higher melt fragmentation rates producing a shorter peak of 
the force signal with higher maximal force. Based on the analysis and 
comparison with the experimental results, the best-case factor Cf was 
determined. 

Γ = Cf ⋅
πd3F
3Λ2 .

(3) 

The frequency of the melt ejections F is proportional to the frequency 
of the bubble formations and collapses. It can be derived from the 
relation by Berenson (Berenson, 1961) for the bubble detachments for a 
horizontal surface film-boiling heat transfer, considering the Rayleigh- 
Taylor instabilities. With some simplifications due to the large differ-
ences in the liquid and vapour density, the following equation is 
obtained: 

F =
1

2π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρGv2

vf n
ρLa

+ gn −
σLn3

ρL

√

, (4) 

where n is wavenumber and vvf and a vapour velocity and vapour 
film thickness: 

vvf = 0.45
λvf ΔT

ρvf ΔHa2n , (5)  

a = 2.35⋅
σ

1
8
L

(gρL)
3
8
⋅
(μvf λvf ΔT

ΔHρvf

)
1
4 , (6) 

where index vf stands for the vapour film, ΔT is the temperature 
difference between the melt and the coolant and ΔH is the average 
enthalpy difference between vapour and liquid coolant. The constant 
factors of Berenson (Berenson, 1961) are used in correlations. 

The initial velocity of the ejected melt drops is calculated from the 
available energy. As shown in experiments by Caldarola and Kastenberg 
(Caldarola and Kastenberg, 1974), the available energy (and conse-
quently velocity) lies between the transmitted (energy due to the shock 
wave from a hemispherical source to the surrounding medium) and the 
acoustic (energy of the elastic wave travelling in the fuel) energy limits. 
Thus, the velocity as calculated from the acoustic energy (lower limit) is 
in our model multiplied by a free factor Cv. Based on the performed 
analysis (Kokalj et al., 2021), Cv was assessed to 6. This value most 
agrees with the visual observation of the premixed layer while it does 
not significantly affect the explosion strength. 

v = Cv

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Cv1⋅Cv2⋅
(pmax − p0)

2ΔT2
sub

Λ0.8
̅̅̅̅̅̅
Δp

√

√

, (7) 

where p0 is the ambient pressure, pmax is the pressure of coolant micro 
jets acting on the melt, ΔTsub is the water subcooling, Δp is the pressure 
difference between inside and outside of the bubble, Cv1 is a constant, 
related to the dimension of the formed coolant micro-jet generated after 
the bubble collapse and its value is around 0.01. Cv2 is related to the 
material properties: 

Cv2 =
(ρM − ρL)ρ1.9

L

(ρM + ρL)ρ2
Mρ2

G
⋅

λ
4
3
Lc

2
3
p

cg0.2L2σ0.2
L μ

8
15
L

, (8) 

where index M stands for melt, λ is thermal conductivity, cp is specific 
heat, c is sound velocity, L is latent heat and μ is dynamic viscosity. 

Our model, reduced to the three equations for the melt drops 

diameter (Eq. (2)), fragmentation rate (Eq. (3)) and ejected melt drop 
initial velocity (Eq. (7)), can be implemented into the fuel–coolant 
interaction codes to mathematically describe the phenomenon of the 
premixed layer formation in stratified configuration. 

5. Modelling With MC3D 

The developed model for premixed layer formation was imple-
mented as a patch in the computational multi-fluid dynamic code MC3D 
V3.9.0.p1, which is being developed at IRSN (France) with fuel–coolant 
interactions in mind. MC3D is one of the leading codes in the field of 
fuel–coolant interactions and it is suitable for the planned purpose 
because it covers both the premixing phase and the explosion phase of 
the fuel–coolant interaction. The premixing phase module (Meignen, 
2014) deals with the initial mixing of the melt and the coolant and this 
module was upgraded with the premixed layer formation model, 
developed in the frame of our research work. To compute the explosion 
phase, the results from the premixing phase module serve as an input for 
the explosion phase module (Meignen, 2014). The explosion phase 
module concerns the fine fragmentation of the melt during the explosion 
and the heat transfer between the created fine fragments and the 
coolant. It is not modified in our modelling. 

MC3D is an Eulerian code in which for each phase (melt drops, 
continuous melt, liquid coolant, vapour coolant, non-condensable gases) 
a set of continuity equations for the mass, momentum and energy are 
solved. Numerically, the phases are represented by three types of fields: 
volumes, velocities, and temperatures. Primary fragmentation is repre-
sented by a mass transfer from the continuous melt field to the (discrete) 
melt drops fields (Fig. 1). It is not possible to represent with a single 
Eulerian field the trajectories of the melt drops, which are typically 
ejected upwards and are falling back downwards, thus having a different 
velocity sign. However, the melt drops can be represented with a multi- 
drop model where different melt drop volume fields are characterized by 
a specific diameter (MUSIG method). As many fields can be used as 
necessary, but they must be grouped in one or two (at maximum) ve-
locity fields. In the standard model of MC3D, the mass transfer can occur 
between the drop fields according to the secondary fragmentation model 
(large drops being fragmented into smaller ones). Premixing and ex-
plosion modelling follows the same rules, but in the explosion model, the 
continuous melt field is not used, whereas an additional field is used to 
represent the small fragments coming from the fine fragmentation 
resulting from the explosion. 

Fig. 1. Chematic overview of the two-melt-drop-group approach.  
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For the melt drop description of the premixed layer, a two-melt-drop- 
group approach is used (Fig. 1) with two volume fields, each with its 
own velocity, and its own temperature field. The model is modified in a 
way that one group is reserved for the drops moving upward (positive 
velocity) and one group for the drops falling downwards. The group for 
the drops moving upward is fed by the continuous melt fragmentation at 
the fragmentation rate and with the drop size and the initial drop ve-
locities as defined in Section 4. The second group is fed through a 
modification of the mass transfer law, which occurs in the cells corre-
sponding to the highest position of the (1st group) drops. 

The explosion modeling has not been modified. 
For the premixing phase of the simulations, the material properties of 

the melt, the initial conditions (melt, water and gas temperature) and 
the initial geometry are the input parameters. Among the available melt 
fragmentation models in the code, only our newly incorporated model 
for the melt fragmentation in stratified configuration is considered. For 
the explosion phase of the simulations, the results of the premixing 
phase serve as the input. The explosion is triggered by the defined 
trigger (location, composition, pressure). 

6. Application To Experiments 

The complex phenomena of premixed layer formation as described 
by our model was assessed on the experimental results by simulating the 
SES S1 and PULiMS E6 experimental tests. On these tests, some previous 
simulation analyses were performed, but without modelling the pre-
mixed layer formation (Leskovar, 2019). 

6.1. SES S1 experimental test 

The SES experiments were performed at KTH (Sweden). The test 
section consisted of a square tank of the size of 1 m2, filled with water to 
the height of 25 cm. The melt was released in the water through the 
funnel, which ended in the water, 25 mm above the melt spreading 
surface. The initial melt temperature was 1303 K, which corresponds to 
160 K of superheating. The melt material properties (Table 1) are 
determined from the literature (Grishchenko, et al., 2013; Konovalenko 
et al., 2012; Plinius, 2010; Moriyama and Furuya, 2020; Kudinov, et al., 
2012; Konovalenko and Kudinov, 2012; Centrih and Leskovar, 2014), 
except the velocity of sound in the melt is arbitrarily set to 1800 m/s. 

The water was at 348 K. During the release of the melt under water, a 
spontaneous vapour explosion occurred after 0.6 s. A more detailed 
description is given in (De Malmazet, 2017). 

The 3D calculation domain contains half of the experimental tank 
applying symmetry boundary conditions at the symmetry plane. The 
melt pouring and spreading is not modelled. Therefore, initially, all the 
continuous melt is described as a 5 mm high melt pool with a diameter of 
around 25 cm. The analyses are based on the best-case (Kokalj et al., 
2021), with parameters Cv, Cd and Cf being 6, 1.25 and 0.5. 

Firstly, the premixed layer formation phase was simulated. After the 
initial transient of the first melt drops being ejected, quasi-stationary 
conditions are developed. The melt drops are constantly being ejected 
from the continuous melt and coalescing back. In Fig. 2, the formed 

premixed layer is shown. The largest melt volume fraction is at the 
bottom, as a shallow pool of continuous melt remains there. The ejected 
melt drop volume fraction increases towards the top of the premixed 
layer because numerically the velocity of the melt drops decreases and 
all the melt drops reach approximately the same height. The phenom-
enon of the premixed layer formation is not completely homogeneous, 
which indicates the complexity of the feedback loops. Namely, heating 
of the coolant water, vaporization and flow currents of the vapour, water 
and melt affect the height of the premixed layer and the melt fraction 
distribution. Nevertheless, the simulation results where the maximum 
reached height of melt drops is around 10 cm seem to be close to the 
experimental observation. 

Because of the lack of more detailed experimental data regarding the 
premixed layer, further analyses and comparison of our model with the 
experiments are made regarding the explosion phase, as seen in Fig. 3. 
The force signal on the bottom of the test section and the total gained 
impulse are compared. The total gained impulse is in the simulation 
around 20 % lower, compared to the experimental one. Initially, the 
simulation’s impulse is almost identical to the experimental one. The 
difference is made in the second half of the explosion when the explosion 
in the simulation decays earlier. 

For the simulation case, the force signal is more fluctuating 
compared to the experimental one, although in the experimental results 
two force peaks can be also observed. In the simulation, the pressure 
shock waves are reflected and when meeting, a local increase in fine 
fragmentation increases pressure and a maximum in the force signal can 
be observed. The force signal in the simulation decreases more gradually 
compared to the experiment. 

Considering the uncertainty in simulating the vapour explosions, the 
simulation results for the SES S1 experimental test seem to be in rela-
tively good agreement with the experimental findings. The height of the 
developed premixed layer seems to be similar to the experimental one 
and the total impulse of the simulation is around 80 % of the experi-
mental one. The difference in the impulse builds up towards the end of 
the explosion. This might indicate an additional contribution to the 
strength of the explosion from the coarse mixing between melt and 
coolant during the explosion. The so-produced melt drops would also 
undergo fine fragmentation and contribute to the explosion strength. 

6.2. PULiMS E6 experimental test 

The PULiMS experiment was simulated in addition. The PULiMS 
experiment was performed at KTH (Sweden). The main experimental 
conditions and results are summarized here, while a more detailed 
description is given in (Kudinov, 2017; Konovalenko et al., 2012). The 
test section consisted of a rectangular tank of the size of 2 m × 1 m, filled 
with water to the height of 20 cm. The melt was released through the 
funnel, which ended 20 cm above the water surface. The initial melt 
temperature was 1322 K, which corresponds to 179 K of superheating. 
Water was at 348 K. During the release of the melt, a spontaneous 
vapour explosion occurred after around 7 s. 

The 3D calculation domain contains half of the experimental tank 
applying symmetry boundary conditions at the symmetry plane. The 
continuous melt is described as a 25 mm high melt pool with a diameter 
of around 40 cm. The analyses are based on the best-case (Kokalj et al., 
2021) with the same parameters as in the SES case - Cv; Cd and Cf being 6, 
1.25 and 0.5. 

For the PULiMS E6 case, the simulated premixed layer also seems to 
be close to the experimental observations. However, the explosion for 
the PULiMS E6 case is underpredicted to around one third of the 
experimental impulse in the simulation analysis (Fig. 4). Although the 
impulse of the explosion is underpredicted in the simulations, the force 
signal is initially almost identical to the experimental one, indicating 
similar initial development of the explosion. 

Overall, it seems that the simulation does not describe the explosion 
phenomena as well as the SES S1 case. Similar to the SES S1 case, an 

Table 1 
Melt material properties used in calculations.  

Property Value 

Melting point 1143 K 
Density 7811 kg/m3 

Specific heat 473 J/(kg⋅K) 
Latent heat 170 kJ/kg 
Thermal conductivity 5.3 W/(m⋅K) 
Surface tension 0.2 N/m 
Dynamic viscosity 0.016 Pa⋅s 
Emissivity 0.7 
Sound velocity 1800 m/s  
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additional contribution to the amount of melt, participating in the ex-
plosion, can be a consequence of mixing during the explosion itself. 
However, additional observed underestimation of the explosion strength 
in simulation might indicate possible additional contributions from the 
other mechanisms related to the melt-coolant mixing, premixed layer 
formation and vapour explosion. In the PULiMS E6 experimental test, 
contrary to the SES S1 experimental test, the melt jet falls through 20 cm 
of water. This geometry presents the potential for some amount of 
mixing between the melt and the coolant as a consequence of the melt jet 
breakup. 

7. Conclusions 

The recent experimental results from the PULiMS and SES (KTH, 

Sweden) experimental facilities with spontaneous vapour explosions 
again raised interest in vapour explosions in the stratified configuration. 
During the experiments, an extensive premixed layer was observed prior 
to the explosion. From the perspective of nuclear safety studies, it is 
important to be able to simulate potential energetic fuel–coolant in-
teractions in stratified configurations with the preceded premixed layer 
of ejected melt drops in the coolant layer. 

A short overview of the experimental and analytical research is 
given. Based on the experiments, possible mechanisms for the premixed 
layer formation are given and assessed. The developed model for the 
premixed layer formation, based on the bubble formation and collapse 
mechanism is presented in the paper. The model was implemented into 
the Eulerian fuel–coolant interaction code MC3D (IRSN, France) and 
validated against the SES S1 and the PULiMS E6 experimental results. 

Fig. 2. Imulated premixed layer for the ses s1 experimental test after 0.6 s. Melt fraction (melt drops and melt pool in the two bottommost cells) is shown where its 
volume fraction exceeds 0.001. 

Fig. 3. Comparison of the force and total gained impulse on the bottom plate for SES S1 simulation and experiment.  

Fig. 4. Comparison of the force and total gained impulse on the bottom plate for PULiMS E6 simulation and experiment.  
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The simulation results are in agreement with the experimental results 
regarding the expected premixed layer. For the explosion phase, it seems 
that the simulations accurately describe the initial phase of the vapour 
explosion in both aspects – force and impulse, but underestimate the 
explosion strength of the second part. 

The observed underestimation of the explosion strength in simula-
tions might indicate possible additional contributions from the other 
mechanisms related to the melt-coolant mixing, premixed layer forma-
tion and vapour explosion. Some amount of mixing between the melt 
and the coolant could be a consequence of the melt jet breakup, espe-
cially in the PULiMS case, where in the experiment the melt jet falls 
through 20 cm of water. For a melt jet diameter of 20 mm, the typical 
melt jet breakup length can be estimated to be in the order of 30 cm 
(Manickam et al., 2017). A very rough estimation of 20 cm of water pool 
depth breaking up around two thirds of the melt jet and creating a 
corresponding amount of premixture seems in high correlation with the 
observed one third of vapour explosions strength coming from the pre-
mixed layer only. However, this is only a speculative estimation and 
should be further investigated, e.g. as an analysis of vapour explosion in 
combined melt jet and stratified configuration. An additional contribu-
tion to the amount of melt, participating in the explosion in both cases, 
can be a consequence of mixing during the explosion itself. 

In line with this assessment, the simulation results with our model, 
considering only the bubble formation, growth and collapse mechanism, 
underestimate the experimental results. This indicates some other 
plausible contributions, for research of which the future experimental 
and analytical work would be of great help. With improved experi-
mental observations, a more detailed comparison of the premixed layer 
characteristic would also be possible. 

Also, the uncertainties of material thermophysical properties would 
affect the results. Simplified, their integral effect on the model can be 
analysed as the model constants uncertainty. Therefore, further sensi-
tivity and uncertainty analysis of simulated premixed layer and vapour 
explosion in stratified configuration are perspectives for future work. 

Overall, the proposed premixed layer formation model enables a 
more reliable assessment of the stratified vapour explosion risk in nu-
clear power plants and other industries. 
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