
 
 

406.1 

 
Analysis of Ex-Vessel Steam Explosion with MC3D  

Matjaž Leskovar, Borut Mavko 
Jožef Stefan Institute 

Jamova cesta 39, SI-1000 Ljubljana, Slovenia 
Matjaz.Leskovar@ijs.si

ABSTRACT 

An ex-vessel steam explosion may occur when, during a severe reactor accident, the 
reactor vessel fails and the molten core pours into the water in the reactor cavity. A steam 
explosion is a fuel coolant interaction process where the heat transfer from the melt to water is 
so intense and rapid that the timescale for heat transfer is shorter than the timescale for 
pressure relief. This can lead to the formation of shock waves and production of missiles that 
may endanger surrounding structures. A strong enough steam explosion in a nuclear power 
plant could jeopardize the containment integrity and so lead to a direct release of radioactive 
material to the environment. 

In the paper, different scenarios of ex-vessel steam explosions in a typical pressurized 
water reactor cavity are analyzed with the code MC3D, which was developed for the 
simulation of fuel-coolant interactions. A comprehensive parametric study was performed 
varying the location of the melt release (central, left and right side melt pour), the cavity water 
subcooling, the primary system overpressure at vessel failure and the triggering time for 
explosion calculations. The main purpose of the study was to determine the most challenging 
ex-vessel steam explosion cases in a typical pressurized water reactor and to estimate the 
expected pressure loadings on the cavity walls. The performed analysis shows that for some 
ex-vessel steam explosion scenarios significantly higher pressure loads are predicted than 
obtained in the OECD programme SERENA Phase 1. 

1 INTRODUCTION 

What is generally called a steam explosion in the frame of reactor safety is a process 
occurring during the interaction of the core melt with water, when the energy transfer from 
the melt to the coolant is so rapid that very high pressure regions are created, which, when 
expanding, induce dynamic loading of the surrounding structures [1]. The steam explosion is 
also called an energetic fuel-coolant interaction (FCI). The dynamic loads generated on the 
reactor pressure vessel walls by an in-vessel steam explosion can potentially lead to the early 
failure of the vessel and challenge the in-vessel retention strategies. The dynamic loads 
generated on the cavity walls and the reactor pressure vessel by an ex-vessel steam explosion 
can potentially lead to cavity damage or failure, and/or to primary system piping severe loads 
that could challenge the containment integrity. 

In general, while penetrating and progressing into water, the core melt breaks up into 
particles of a few millimetres to centimetres size, which transfer part of their thermal energy 
to water in film boiling regime and eventually collect on the bottom structure forming a debris 
bed. The energy transfer during the melt descent into water is limited by the film boiling 
regime and/or the nature of the core melt. As a result, the particles are still partly liquid when 
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they reach the bottom, except in very deep water pools. This phase is called the “premixing 
phase” and the melt-water-steam mixture that is being formed, the “premixture”. 

Film boiling is a rather unstable regime. If an external event, such as a strong impact on 
the structure, generates a pressure wave in the water capable to break the film surrounding 
particles somewhere, a “catastrophic” break-up of these particles may result. Particles of 
micrometer size form in very short timescale and transfer quasi-instantaneously most of their 
remaining energy to water. As a consequence, very high pressures are generated locally, 
which in turn induce the collapse of the film surrounding the neighbouring particles. This 
process propagates step by step to all the premixture and can escalate into an explosion. The 
strength of such a steam explosion in terms of impact on the structures depends on the 
geometry of the system, on the premixing characteristics at the time of the explosion, and on 
the nature of the melt. 

Details of processes taking place prior and during a steam explosion have been 
experimentally studied for a number of years with adjunct efforts in modelling these 
processes to address the scaling of these experiments. Despite great efforts in steam explosion 
research, the confidence in prediction of reactor situations is not such that an unambiguous 
position could be taken whether the early failure of the containment due to a steam explosion 
would be possible or not. Therefore, in the year 2002, the first phase of the OECD/SERENA 
programme was launched, bringing together most international experts in the area of Fuel 
Coolant Interaction (FCI) with the objective of evaluating the capabilities of the current 
generation of FCI computer codes in predicting steam explosion induced loads, reaching 
consensus on the understanding of important FCI phenomena relevant to the reactor 
simulations, and to propose confirmatory research to bring the predictability of FCI energetics 
to required levels for risk management [2]. One of the outcomes of the OECD/SERENA 
Phase 1 programme is that for in-vessel steam explosions the calculated loads are far below 
the capacity of typical reactor vessels, which allows thinking that the safety margin for in-
vessel FCI might be sufficient. But for ex-vessel steam explosions the calculated loads are 
above the capacity of typical reactor cavity walls. Due to the large scatter of simulation 
results, reflecting the uncertainties in steam explosion understanding, modelling and scaling, 
the safety margin for ex-vessel FCI can not be quantified as reliable. 

To get a better insight in the ex-vessel steam explosion phenomenon and the resulting 
pressure loads, a comprehensive analysis has been performed simulating different scenarios of 
ex-vessel steam explosions in a typical pressurized water reactor cavity with the FCI code 
MC3D [3]. In the paper the performed study is described and the main results are presented. 

2 MODELLING 

The simulations were performed with the MC3D computer code, which is being 
developed by CEA and IRSN, France [3]. MC3D is a code for the calculation of different 
types of multiphase multi-component flows. It has been built with the fuel-coolant interaction 
calculations in mind. It is, however, able to calculate very different situations and has a rather 
wide field of potential applications. MC3D is a set of two fuel-coolant interaction codes with 
a common numeric solver, one for the premixing phase and one for the explosion phase. The 
premixing module focuses on the modelling of the jet, its fragmentation into large drops and 
the coarse fragmentation of large drops. The fine fragmentation phase is dealt with the 
explosion module. This application focuses on the fine fragmentation of large drops and heat 
exchanges between the produced fragments and the coolant. In general, the steam explosion 
simulation with MC3D is being carried out in two steps. In the first step, the distribution of 
the melt, water and vapour phases at steam explosion triggering is being calculated with the 
premixing module. These premixing simulation results represent the input for the second step, 
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when the escalation and propagation of the steam explosion through the pre-mixture is being 
calculated with the explosion module. 

To be able to perform a series of simulations of different ex-vessel steam explosion 
scenarios, the reactor cavity was modelled in a simplified 2D geometry, since the CPU times 
of 3D simulations would be too long. To assure that the 2D simulation results reflect 
qualitatively and quantitatively as closely as possible the conditions in a real 3D reactor 
cavity, the 2D geometry has to be appropriately defined. Therefore, the simulations were 
performed with two different 2D representations of a typical 3D pressurized water reactor 
cavity: the 2D axial symmetric model (Figure 1) and the 2D slice model (Figure 2). The 2D 
axial symmetric model is, due to its axial symmetry, limited on the treatment of axial 
symmetric phenomena with axial symmetric initial conditions in the axial symmetric part of 
the reactor cavity directly below the reactor vessel and around it. Consequently, the venting 
through the instrument tunnel can not be directly considered in the axial symmetric model, 
and therefore the venting through the instrument tunnel was not considered in the model, 
which is conservative. Contrary to the axial symmetric model, which treats only part of the 
reactor cavity, the 2D slice model treats the whole reactor cavity. However it does not take 
into account the 3D geometry and the 3D nature of the phenomena. So the cylindrical part of 
the reactor cavity and the cylindrical reactor vessel are not treated as cylinders but as plan-
parallel infinite plates. In the 2D slice model the opening on the left side was determined so 
that the opening area per reactor cavity width corresponds to the real 3D reactor cavity 
geometry. 

The cavity geometry and dimensions were set in accordance with a typical pressurized 
water reactor cavity [4, 5]. In the models the dimensions of the cavity are: length , 
radius of cylindrical part , height 

m5.10≈x
m5.2≈r m13≈z , and the mesh sizes are: 2D axial 

symmetric model – 26x36 cells (Figure 1), 2D slice model: left melt pour – 78x40 cells and 
right melt pour – 63x40 cells (Figure 2). In regions, which are more important for the 
modelling of the FCI phenomenon, the numerical mesh was adequately refined; therefore the 
meshes for the left and right melt pour are not identical (Figure 2). The initial pressure in the 
domain was set to the containment pressure and a constant pressure boundary condition at the 
cavity openings was assumed. 

 
 

 

Reactor Pressure Vessel 

Reactor Cavity Wall 

 Figure 1: Geometry and mesh of 2D axial symmetric model of reactor cavity. 
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Figure 2: Geometry and mesh of 2D slice model of reactor cavity (top: left side pour, bottom: 
right side pour). The scales in horizontal and vertical directions are different. 

3 SIMULATION 

3.1 Simulated Cases 

In the performed ex-vessel steam explosion study, a wide spectrum of different relevant 
scenarios has been analyzed to capture the most severe steam explosions and to establish the 
influence and importance of different accident conditions on the FCI outcome. The 
simulations have been performed in two steps. In the first step, the premixing phase of the 
FCI process has been simulated for selected scenarios and then, in the succeeding second step, 
the explosion phase simulations have been performed by triggering the so established 
premixtures at different times. The premixing phase simulations have been performed for the 
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cases presented in Table 1, varying the following parameters: melt pour location, primary 
system overpressure and cavity water subcooling. In the premixing simulations, the initial 
conditions were set reasonably according to expected conditions at the vessel failure during a 
severe accident in a typical pressurized water reactor. They are similar to the conditions used 
in the ex-vessel reactor simulations in the OECD programme SERENA Phase 1 [2]. Central 
and side melt pours were considered and a parametric analysis was performed varying the 
primary system overpressure (0 bar, 2 bar) and the water temperature (100°C-60°C). The 
water saturation temperature at 1.5 bar containment pressure is 111.4’C, so the cavity water 
subcooling was in the range of 11.4°C to 51.4°C. The simulated cases were denoted with 
three designators defined in Table 1 (e.g. case C2-60 is a central melt pour at 2 bar primary 
system overpressure into cavity water with a temperature 60°C). 

 
Table 1: Initial conditions for simulated premixing cases  

Parameter Value Designator 
Melt temperature 3000 K  / 
Melt level 1.25 m / 
Melt mass 50 t / 
Reactor vessel opening 
size 

Central pour: r = 0.2 m 
Side pour: h = 0.2 m 

/ 

Water level 3 m / 
Containment pressure 1.5 bar / 
Melt pour location Central (Figure 1) 

Left (Figure 2) 
Right (Figure 2) 

C 
L 
R 

Primary system 
overpressure 

0 bar 
2 bar 

0 
2 

Water temperature 100°C 
80°C 
60°C 

100 
80 
60 

 
The premixing phase was simulated for 10 seconds after the start of the melt release. 

For each premixing simulation, a number of explosion simulations were performed triggering 
the premixture at different times. The triggering times (Table 2) were selected depending on 
the melt pour location and the primary system pressure, so that the most important stages of 
the case specific melt releases were captured. In the central melt pour cases at 2 bar primary 
system overpressure (C2), after 6 seconds most melt was released from the reactor vessel and 
gas started to flow out of the vessel opening and dispersing the melt jet, so the premixture was 
triggered also at a slightly later time to capture this phenomenon. The side melt pour cases at 
a depressurized primary system (L0, R0) were not triggered before 1.5 seconds, since about 1 
second was needed for the melt to reach the water surface.  

  
Table 2: Basic triggering times for explosion phase simulations  

Cases Triggering times (s) 
C0 0.5 1 / 2 / 5 / 10 
C2 0.5 1 / 2 / 5 6.5 10 
L0, R0 / / 1.5 2 3 5 / 10 
L2, R2 0.5 1 / 2 3 5 / 10 
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In addition to the triggering times listed in Table 2, for each simulated premixing case 
the explosions were triggered also at 1-3 additional times when the explosivity criteria crit1 
and crit2, which are based on the volume of liquid melt drops in contact with water as 
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were the highest. The symbols lα , gα , dα  are the liquid, void and droplet volume 

fractions, and  is the mesh cell volume. In this way, we tried to capture also the strongest 
steam explosions. For the most explosive central melt pour case, that is case C2-60 as 
presented in the next section, a series of explosion simulations were performed triggering the 
premixture every 0.2 seconds during the whole simulated premixing duration of 10 seconds to 
get a better insight in the influence of the triggering time on the steam explosion outcome. 
The explosion phase was simulated for 0.1 seconds after triggering. The premixture was 
triggered in the cell, where the local cell explosivity criteria crit2 was the highest (Eq. 1). 

cV

 
3.2 Simulation Results 

The premixing and explosion simulations were performed with the code MC3D version 
3.5 with patch1 on a net of PC computers with Windows operating system, having altogether 
25 processors, using the Condor distributed computing system. To establish the best model 
parameters enabling stable calculations, a number of testing simulations have been performed. 
During the study, some minor code bugs were identified and corrected, and some code 
improvements were done. In Table 3 some computing information regarding stability and 
CPU times of simulations is provided. The water subcooling had the largest influence on the 
stability of the simulations. At a water temperature of 50°C (subcooling ~60°C), the 
premixing simulations diverged already shortly after melt-water contact. The stability of 
premixing simulations could be significantly increased by increasing the minimum bubble 
diameter from the default 0.5 mm to higher values, whereas this did not work for explosion 
simulations. So, if the premixing simulations did not converge, the minimum bubble diameter 
was increased gradually (to 1 mm, 2 mm) up to 5 mm, where most of the problematic 
simulations remained stable over the whole simulation time. By increasing the minimum 
bubble diameter, the surface area for condensation in subcooled conditions is reduced and so 
the heat transfer terms are less stiff, which has a benevolent influence on the numerical 
stability. Due to the short condensation time scales, this minimum bubble diameter increase 
has only a small influence on the simulation results, reflecting as a slightly reduced 
condensation.  

  
Table 3: Stability and CPU times of performed simulations  

Parameter Stability 
(more stable to less stable) 

CPU time 
(shorter time to longer time) 

Melt pour location Central > Right > Left Central < Right < Left 
Premixing: C: ~day, L: ~week 
Explosion: C: ~hour, L: ~day 

Primary system overpressure 0 bar > 2 bar / 
Water temperature 100°C > 80°C > 60°C / 
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On Figure 3, the calculated explosivity criteria (Eq. 1) during premixing are presented 

for some representative simulated cases. In general, in all cases, the explosivity criteria are 
highest in the beginning of the simulation, when the melt jet enters the water and the void 
build up is still low. The later evolution of the explosivity criteria is case specific. In the 
depressurized central cases (see C0) and the pressurized side cases (see R2, L2) the 
explosivity criteria later remain low till the end of the simulation due to the void buildup. In 
the pressurized side cases (see R2, L2) the explosivity criteria at later stages are additionally 
reduced since after about 3 seconds the melt level in the reactor vessel reaches the lower 
boundary of the vessel opening and so only small amounts of melt are ejected from the vessel 
after that time. At the pressurized central cases (see C2), after about 6 seconds, most of the 
melt is already released from the vessel and gas starts to flow with high velocity out of the 
reactor vessel, dispersing the melt jet. Due to the increased melt dispersal, more melt droplets 
are created, increasing at that time the explosivity criteria (see C2). In the depressurized side 
cases (see R0, L0), more explosivity criteria peaks occur during the melt release since, due to 
the pressure buildup in the reactor cavity, the melt outflow from the reactor vessel is 
interrupted and so the melt release occurs in intervals. Each melt release interval produces one 
explosivity criteria peak.  

 On Figure 4, the maximum calculated pressures in the cavity and the maximum 
calculated pressure impulses (integral of pressure over time) at the cavity walls are presented 
for the simulated cases. In the calculation of the pressure impulses, the initial containment 
pressure was subtracted from the calculated absolute pressure since the dynamical pressure 
loads on the cavity walls are caused by the pressure difference. The points on the graphs are 
connected with lines to make the figures more clear, but since the triggering times are too rare 
for interpolation (except for case C2-60), these lines mostly do not correctly represent the 
expected pressures and pressure impulses between two calculated points. On some graphs for 
the same simulated case more points are plotted at the same time (e.g. the yellow curves on all 
figures). That means that, in these cases, the premixing simulations were performed with 
different minimum bubble diameters, most probably due to convergence problems during 
premixing or later during the explosion simulation, and so on the graphs the applicable 
explosion simulation results based on different premixing simulations are presented. Some 
explosion simulations did not converge, so the results for these cases are not presented in the 
graphs. 

We see that the pressure curves and pressure impulse curves (Figure 4) are reasonably 
correlated to the corresponding explosivity criteria curves (Figure 3), as was expected. The 
results for the central melt pour cases show that, in the initial stage of the melt pour, stronger 
explosions occur for higher cavity water subcooling and higher melt pour driving pressure. 
The reason for this could be that higher water subcooling results in less void build up and 
higher driving pressure in increased melt fragmentation. On the contrary, at the later stage of 
the simulations, stronger explosions occur for lower water subcooling and the driving 
pressure has no significant influence anymore (until in the pressurized case most of the melt is 
released and gas starts to flow through the vessel opening). This difference could be due to 
less droplet solidification with lower water subcooling. The results of the side melt pour cases 
reveal that stronger explosions may be expected with a depressurized primary system. The 
reason for this could be that with a pressurized primary system the melt is ejected sidewards 
on the cavity wall, sliding then into water at the wall, which hinders the formation of an 
extensive premixture. In addition, with a pressurized system, gas flows through the vessel 
opening into the cavity and pushes the cavity water through the instrument tunnel out of the 
cavity, creating a highly voided region below the cavity. 
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C0-60 C2-60 (most explosive central case) 
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R0-80 (most explosive right side case) 

 
R2-80 
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L0-60 (most explosive left side case) 

 
L2-60 (diverged after 5.06 s) 
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Figure 3: Explosivity criteria during premixing for representative central (top), right (middle) 
and left (bottom) pour cases at a depressurized (left) and pressurized (right) primary system. 
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Central melt pour 

  
 

Right side melt pour 

  
 

Left side melt pour 

  
Figure 4: Maximum calculated pressure in cavity (left) and maximum calculated pressure 
impulse at cavity wall (right) for simulated cases. 

 
In general, the highest maximum pressures and maximum pressure impulses were 

reached at higher cavity water subcoolings (Table 4). The highest maximum pressure was 
reached in case C2-60 (nearly 300 MPa) and the highest pressure impulse in case R-80 
(nearly 700 kPa.s). These values significantly overpredict the results obtained in the frame of 
the OECD programme SERENA Phase 1 [2], where the calculated maximum pressure loads 
at the cavity wall for a central melt pour varied from a few MPa to ~40 MPa and the impulses 
from a few kPa.s to ~100 kPa.s. 

The high calculated pressure loads in the side melt pour cases could be attributed to the 
used 2D slice modelling of the reactor cavity, where the melt is released in form of an infinite 
wide curtain and the explosion is triggered through the whole width of that curtain (Figure 2). 
This is quite conservative since, due to the 2D treatment, venting and pressure relief is 
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underpredicted and the explosion development is overpredicted. In addition the 
appropriateness of the applied premixing and explosion models in such a 2D geometry is 
questionable. So the side melt pour simulations (L, R) should be regarded more as providing 
only some basic qualitative insight in the FCI behaviour for side melt pour scenarios. 
 

Table 4: Maximum pressures and pressure impulses for different melt pour locations  

Maximum pressure Maximum impulse Pour 
location p (MPa) Case I (kPa.s)  Case 
C 292.9 C2-60 470.4 C2-80 
R 105.1 R0-60 657.6 R0-80 
L 116.1 L2-80 399.9 L0-60 

 
The central melt cases are closer to the reality since, for a central melt pour, the 2D 

axial symmetric representation is quite suitable and the applied FCI models are adjusted to 
such a geometry (Figure 1). If the explosion is not triggered at the symmetry axis, venting is 
again underpredicted and the explosion development overpredicted, but less than in the side 
melt pour cases. So the reliability of central melt pour simulation results is higher than the 
reliability of side melt pour simulation results. As we see in Table 4, also in the central pour 
simulations the maximum pressure loads (impulse nearly 500 kPa.s) significantly overpredict 
the pressure loads obtained in SERENA Phase 1 and significantly exceed the pressure 
impulses, which could be consequential to the integrity of the cavity and are estimated to be 
of the order of some tens of kPa.s [2]. Therefore, it was agreed in the frame of the 6.FP EU 
SARNET (Network of Excellence for a Sustainable Integration of European Research on 
Severe Accident Phenomenology) FCI group to analyze the simulation results in detail and to 
perform the simulation of the most explosive central case C2-60 also by other SARNET FCI 
partners with their FCI codes. 

4 CONCLUSIONS  

A comprehensive analysis of the ex-vessel steam explosion phenomenon in a typical 
pressurized water reactor cavity was performed with the FCI code MC3D. The main purpose 
of the study was to establish the most challenging ex-vessel steam explosion scenarios and to 
estimate the expected pressure loadings on the cavity walls. To be able to perform a series of 
simulations the reactor cavity was modelled in a simplified 2D geometry, trying to assure that 
the 2D simulation results reflect qualitatively and quantitatively as closely as possible the 
conditions in a real reactor cavity. A wide spectrum of different relevant scenarios has been 
analyzed to capture the most severe steam explosions and to establish the influence and 
importance of different accident conditions on the FCI outcome. Central and side melt pours 
were considered and a parametric analysis was done varying the primary system overpressure 
and the cavity water subcooling. For each premixing simulation, a number of explosion 
simulations were performed triggering the premixture at different times, thus covering the 
most important stages of the specific melt releases. We tried to capture the strongest steam 
explosions by applying explosivity criteria, triggering the explosion when the explosivity 
criteria indicated that the conditions in the premixture are most favourable for the 
development of a strong steam explosion. 

The simulation results revealed that the strongest steam explosions may be expected in 
the initial stage of the melt release, when the void build up is not so extensive yet, and at 
higher water subcoolings, where condensation efficiently hinders the void buildup. The 
results for the central melt pour cases show that, in the initial stage of the melt pour, stronger 
explosions occur for higher water subcooling and higher primary system overpressure, 
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whereas later stronger explosions occur for lower water subcooling and the driving pressure 
has no significant influence anymore. An explanation for this could be that, in the initial 
stage, higher water subcooling results in less void buildup and the higher driving pressure in 
increased melt fragmentation, whereas at later times mainly droplets freezing, which is more 
expressive at higher water subcooling, accounts for the observed differences. The results of 
the side melt pour cases reveal that stronger explosions may be expected with a depressurized 
primary system. With a pressurized primary system melt is ejected sidewards on the cavity 
wall, hindering the formation of an extensive premixture, and in addition since gas flows 
through the vessel opening into the cavity a highly voided region below the cavity is formed. 

For some side melt pour scenarios as well as for some central melt pour scenarios, the 
maximum calculated pressures and pressure impulses significantly overpredict the pressure 
loads obtained in the OECD programme SERENA Phase 1. The high calculated pressure 
loads in the side melt pour cases could be attributed to the 2D modelling of the reactor cavity, 
where, due to the 2D treatment, venting and pressure relief is underpredicted and the 
explosion development is overpredicted. Besides, the appropriateness of the applied 
premixing and explosion models in such a 2D geometry is questionable. But the central melt 
cases are closer to reality and they have been performed in similar conditions as selected for 
the SERENA ex-vessel reactor case, so it has to be explored if the pressure loads during an 
ex-vessel steam explosion could possibly be higher than expected. Therefore it was agreed in 
the frame of the 6.FP EU SARNET FCI group to analyze the simulation results in detail and 
to perform the simulation of the most explosive central case also by other SARNET FCI 
partners with their FCI codes. 
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