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ABSTRACT 

A steam explosion may occur when, during a severe reactor accident, the molten core 
comes into contact with the coolant water. 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. To resolve the open issues in steam explosion 
understanding and modelling, the OECD program SERENA phase 2 was launched at the end 
of year 2007, focusing on reactor applications. To verify the progress made in the 
understanding and modelling of fuel coolant interaction key phenomena for reactor 
applications a reactor exercise has been performed. 

In the paper the PWR ex-vessel steam explosion study, which was carried out with the 
MC3D code in conditions of the SERENA reactor exercise for the PWR axial release case, is 
presented and discussed. The premixing simulations were performed with both available jet 
breakup models – the global model and the local Kelvin-Helmholtz model. For each 
premixing simulation an explosion simulation was performed, triggering the explosion at the 
time of melt bottom contact. With the local model smaller melt droplets were created than 
defined in the global model, resulting in increased solidification and void build up. 
Consequently the pressure loads on the cavity wall were smaller with the local model. With 
the global model, on the cavity wall the highest calculated pressure was ~15 MPa and the 
highest pressure impulse was ~110 kPa.s. 

1 INTRODUCTION 

A steam explosion, in the frame of nuclear reactor safety, is a process resulting from the 
interaction between the core melt (corium) and water ([1],[2]). Indeed, the energy transfer 
from the corium to the coolant is so fast, that a high amount of vapour is created in a very 
short time. The high pressure and the fast expansion of the vapour could potentially induce 
high loadings on the surrounding structures. The steam explosion is also called an energetic 
fuel-coolant interaction (FCI). In case of an ex-vessel steam explosion, the cavity walls might 
not be able to bear such dynamic loads. Then, the cavity or even the containment might be at 
risk of damages or even failure ([3],[4],[5]). 

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 experimental results to reactor conditions ([1],[6],[7]). 
Despite great efforts in steam explosion research, the confidence in prediction of reactor 
situations is not such that an unambiguous position can be taken whether an 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 programme SERENA (Steam Explosion Resolution for 
Nuclear Applications) [8] was launched, bringing together international experts in the area of 
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FCI with the objective of assessing 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 reactor simulations, and to propose confirmatory 
research to bring the predictability of FCI energetics to required levels for risk management. 
The main conclusion of the SERENA phase 1 was that due to the large scatter of simulation 
results, which reflects the deficiency in the steam explosion phenomenon understanding and 
uncertainties on modelling and scaling, the safety margins for ex-vessel steam explosions 
could not be quantified reliably. 

To resolve the remaining open issues on the FCI processes and their effect on ex-vessel 
steam explosion energetics, the SERENA phase 2 was launched in the year 2007, consisting 
of an experimental and an analytical part. To verify the progress made in the understanding 
and modelling of FCI key phenomena for reactor applications a reactor exercise has been 
performed. The objective of the exercise is to demonstrate a reduction of the scatter of the 
code predictions for ex-vessel FCIs observed in SERENA phase 1 in such a way that the loads 
on the reactor structures can be predictable. The exercise comprises three cases, a BWR axial 
melt release, a PWR axial release and a PWR side release. 

In the performed ex-vessel steam explosion study the conditions of the SERENA 
reactor exercise for the PWR axial release case were considered. The simulations were 
performed with two different jet breakup modelling approaches. In the paper the study is 
described and the main results are presented. 

2 MODELLING AND CALCULATION CONDITIONS 

The simulations were performed with the MC3D computer code, which is being 
developed by IRSN, France [9]. MC3D is a multi-dimensional Eulerian code devoted to study 
multi-phase and multi-constituent flows in the field of nuclear safety. It is built with FCI 
calculations in mind. It is, however, also able to calculate very different situations (e.g. direct 
containment heating) and has a rather wide field of potential applications. In MC3D, a set of 
two modules with a common solver, one for the premixing phase and one for the explosion 
phase, is used. 

To perform steam explosion calculations with MC3D, two steps are needed because of 
the time scale difference between the premixing and the explosion phenomena, a few second 
for the former, a few milliseconds for the latter. In the first calculation, the melt, water and 
steam distributions and interfacial areas are calculated to characterize the conditions of the 
premixture in which the explosion will take place. In the second calculation, a trigger is 
applied at the beginning. The code then calculates the propagation and escalation phases of 
the steam explosion, using the premixing simulation results as initial conditions. 

The MC3D premixing module focuses on the mixture formation, i.e. the modelling of 
the molten fuel jet, its fragmentation into large drops, the coarse fragmentation of these drops 
and the heat transfer between the melt and the coolant, resulting in void generation [10]. The 
fuel is described by two fields, the “continuous” fuel field (e.g. fuel jet or molten pool) and 
the “droplets” fuel field (melt droplets), considering the possible continuous or dispersed state 
of the fuel. The fuel is transferred between both fields during jet break-up and coalescence. In 
MC3D two jet break-up models are provided, a global model and a local model. In the global 
model the jet fragmentation rate is deduced from the comparison to a standard case (i.e. 
typical conditions in FARO experiments [11]) and the size of the created droplets is a user 
parameter. By default the diameter of the created droplets is 3 mm, what is the typical average 
Sauter diameter in the FARO experiments. The average Sauter diameter is defined so, that the 
interfacial surface area for the same volume of melt droplets is the same. In the local model 
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the jet fragmentation rate and the size of the created droplets are calculated based on local 
velocities applying the Kelvin-Helmholtz instability model. The simulations were performed 
with both jet breakup modelling approaches. 

The explosion module focuses on the fine fragmentation of the melt droplets, generated 
during premixing, and the heat exchange between the produced fragments and the coolant 
[10]. In this module the “continuous” fuel field is not present, but there are two fields related 
to the dispersed fuel, i.e. the “droplets” fuel field and the “fragments” fuel field. During the 
fine fragmentation process the fuel is transferred from the “droplets” field to the “fragments” 
field. The diameter of the created fragments, which is a user parameter, was set to the code 
standard value 100 µm, which is based on KROTOS experiments [7]. The explosion is 
triggered by applying a user defined initial local pressure pulse. 

The geometry of the considered PWR axial release case with initial conditions is 
presented in Figure 1. The molten corium of composition 80wt% UO2 / 20wt% ZrO2 and a 
total mass of 30 tons pours from the failed reactor vessel through a central hole with a 
diameter of 30 cm into the cavity, which is partly filled with water up to a level of 3.6 m. The 
containment and vessel pressures are both 0.2 MPa, thus the melt is released solely by gravity. 
The water subcooling is 50 K (Twater= 343 K) and the melt superheat is 300 K (Tmelt= 3228 K). 
The PWR axial release case was modelled in a 2D axial symmetric geometry (Figure 1). The 
mesh was adequately refined in the most important regions, i.e. in the area around the jet and 
in water where the FCI occurs. After some testing a mesh of 42 x 59 cells was chosen, which 
gives both an acceptable refinement and a practical calculation time (about a week). At the 
upper boundary of the simulation domain a constant pressure boundary condition was applied. 
The applied corium properties are given in Table 1. 

  
Figure 1: PWR scheme with initial conditions and calculation model (vert./horiz. scale = 0.3) 

 

Table 1: Applied corium material properties 
Property Value 
Density 7300 kg/m3 
Thermal conductivity 3.00 W/m/K 
Specific heat – liquid / solid 510 J/kg/K , 450 J/kg/K 
Latent heat 280 000 J/kg 
Solidus / Liquidus temperature 2882 K , 2928 K 
Surface tension 0.573 N/m 
Emissivity 0.8 
Dynamic viscosity 0.005 Pa/s 
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3 SIMULATION 

The simulations of the PWR axial release case were performed with the code MC3D 
version 3.6.8 on a computer cluster. So a number of simulations could be done 
simultaneously, each simulation running on its own processor. 

3.1 Premixing Phase 

The premixing phase was simulated 2.5 s after the start of the melt release. Two 
simulations were performed, one applying the global jet breakup model (global model) and 
one applying the local jet breakup model (Kelvin-Helmholtz model). 

In Figure 2 the premixing conditions performed with the global and the Kelvin-
Helmholtz (KH) model are presented at various times after melt release. After a free fall of 
0.4 m through gas the corium jet starts to penetrate the water and gradually breaks up into 
melt droplets. The red dots denote the regions with melt droplets hot enough to be treated as 
being effectively liquid, and the black dots denote the regions with droplets, which are treated 
to be effectively solid and thus not able to undergo fragmentation. The melt droplets are 
considered to be effectively liquid if their average temperature is higher than the melt solidus 
temperature. This is the default criterion, which takes into account that the MC3D code is 
based on the melt droplets mean Sauter diameter. In the later stage of the simulations, after 
melt bottom contact, due to some violent interactions the fluid flow becomes very turbulent 
and the premixture is pushed inside the reactor vessel. With the global jet breakup model this 
is related to the secondary breakup, where the sensitive coupling of the droplets size, the heat 
transfer rate and the droplets fragmentation, which is promoted by the resulting rapid void 
build up, may lead to a runaway reaction. With the KH jet breakup model this is related to the 
sensitive feedback mechanisms of the jet breakup itself, where the jet fragmentation rate and 
the size of created droplets directly depend on the ambient premixture conditions. 

In Figure 3 the evolution of the melt droplets mean Sauter diameter is presented. In the 
global jet breakup model the size of the created droplets is a user parameter and the default 
value of 3 mm was used. Thus the average size of the droplets is initially 3 mm (when no 
droplets are presented yet, the Sauter diameter is arbitrary set to a large value due to 
numerical reasons) and is then reduced due to secondary breakup, by which unstable droplets 
fragment into smaller droplets. At about 1.5 s a sort of runaway fragmentation reaction 
occurs, as explained in the previous paragraph, rapidly decreasing the droplets size to about 1 
mm. In the KH jet breakup model the size of the created melt droplets is calculated and is in 
the range of 1-2 mm. At the end of the simulations the droplets size increases with both jet 
breakup models. The reason for this is that due to the turbulent fluid flow the continuous melt 
phase becomes too distorted to be well described on the rough mesh and numerically breaks 
up into large droplets (Figure 2). 

In Figure 4 the evolution of various corium masses is presented. The following masses 
are shown: total mass of corium in water, total mass of corium droplets, mass of liquid 
droplets, total mass of droplets in regions with void less than 60% and mass of liquid droplets 
in regions with void less than 60%. The total mass of corium in water is defined as the mass 
of corium below the initial water level. Thus, when the violent interactions occur and the 
premixture is pushed also inside the reactor vessel (Figure 2), the various droplet masses may 
become larger than the so defined mass of corium in water. 
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Global jet breakup model 
0.5 s 1.0 s 1.5 s 2.0 s 

    
Kelvin-Helmholtz jet breakup model 

0.5 s 1.0 s 1.5 s 2.0 s 

    
Figure 2: Premixing conditions at various times after melt release for calculations applying 

the global and the Kelvin-Helmholtz jet breakup model (vertical/horizontal scale = 0.6) 
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Figure 3: Melt droplets mean Sauter diameter for simulations with the global (GLO) and the 
Kelvin-Helmholtz (KH) model 

 
Global jet breakup model Kelvin-Helmholtz jet breakup model 

  
Figure 4: Evolution of various corium masses: total mass of corium in water (InWater), total 
mass of corium droplets (Droplets), mass of liquid droplets (DrLiquid), total mass of droplets 
in regions with void less than 60% (DrVap<60%), mass of liquid droplets in regions with void 
less than 60% (DrLiq&<60%), for simulations with the global and the Kelvin-Helmholtz jet 

breakup model. The dotted black line denotes the time of melt bottom contact 
 

The strength of the steam explosion depends on the mass of melt droplets, which can 
efficiently participate in the steam explosion – that is the mass of liquid melt droplets in 
regions with high water content, the so called active melt mass. The mass of liquid droplets in 
regions with void less than 60% is a good measure for this active melt mass (Figure 4, curve 
“DrLiq&<60%”). The total mass of droplets in regions with void less than 60% shows the 
limiting effect of the explosion strength by void (curve “DrVap<60%”), and the mass of 
liquid droplets shows the limiting effect by solidification (curve “DrLiquid”). 

In the initial melt penetration stage up to about 1 s, the mass of corium in water is 
similar in both cases (Figure 4, curve “InWater”). This was expected because due to the 
applied constant pressure boundary condition the pressure build up below the vessel is 
negligible, resulting in an unrestricted gravity pour of the melt. Once the water level reaches 
the reactor vessel (Figure 2), pressure starts to build up in the central part of the cavity and 
thus reducing the melt outflow. When the violent interaction occurs, the pressure build up is 
so large that no melt can flow out of the vessel anymore. Actually, the premixture is pushed 
inside the vessel. This happens somewhat earlier with the KH model, therefore the larger final 
mass of corium in water with the global model. Due to the complex behaviour after the 
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violent interaction, which is difficult to judge if it is realistic or only a consequence of 
possibly too sensitive feedback mechanisms in the applied models, we will focus our 
discussion only on the initial melt penetration stage up to melt bottom contact (Figure 4, 
dotted black curve). It may be observed that the total mass of droplets is somewhat larger with 
the global model (curve “Droplets”). As expected, the melt solidification is much more 
expressed with the KH model due to the smaller droplets, which cool faster (compare curves 
“Droplets” and “DrLiquid”). But surprisingly the mass of droplets in high voided regions in 
relation to the total mass of droplets is comparable with both models (compare curves 
“Droplets” and “DrVap<60%”). It was expected that there will be a significant difference 
because the smaller droplets with the KH model produce more void. It turned out that the 
reason for this behaviour is the jet breakup modelling itself. In the global model the 
fragmentation rate does not depend on the local premixture conditions. The melt droplets are 
created equally also if the jet is surrounded by a thick vapour chimney and so the melt 
droplets are inserted directly in the gas region (Figure 2). The most important result is the 
active mass (curve “DrLiq&<60%), i.e. the mass of liquid melt droplets in low voided 
regions, because it defines the expected strength of the steam explosion. The active mass is 
typically lower with the KH model due to the smaller droplets, so stronger explosions are 
expected with the global model. The triggering time is denoted with the black dotted line. 

3.2 Explosion Phase 

The explosion phase was simulated 100 ms after triggering. The explosion was 
triggered at melt bottom contact time by applying at the bottom of the cavity in the centre a 
triggering cell with pressurized gas at 5 MPa. 

In Figure 5 the premixture conditions at explosion triggering time are presented for the 
simulations with the global and Kelvin-Helmholtz jet breakup models. It may be observed 
that the region of liquid droplets (red dots) in liquid water (blue region) is larger for the global 
jet breakup model, which is in accordance with the active mass curves in Figure 4. 

Global jet breakup model 
triggering time 0.90 s (MBC) 

Kelvin-Helmholtz jet breakup model  
triggering time 0.97 s (MBC) 

  
Figure 5: Premixture conditions at explosion triggering time for simulations with the global 

and the Kelvin-Helmholtz model 
 

In Figure 6 the time evolution of the calculated pressures with corresponding pressure 
impulses (integral of pressure over time) is presented for the locations marked in Figure 7. 
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These locations are: cavity bottom at centre (curves “CavBotCen”), cavity bottom 1 m from 
the centre (“CavBot1m), wall at elevations from 0.5 m to 3.5 m (WalEle0.5m to 
WalEle3.5m), reactor vessel 0.25 m from the centre (VesCen0.25m). In all cases the largest 
pressures and pressure impulses are calculated on the cavity bottom in the centre. The loads 
on the wall are lower since the pressure is reduced during the propagation from the 
premixture region to the walls in the axial symmetric geometry and they decrease with 
increased elevation due to pressure relief. In accordance with the calculated active mass at 
triggering time (Figure 4, curve “DrLiq&<60%”), the pressure loads are smaller with the KH 
model. Except the narrow pressure peak on the cavity bottom in the centre is larger with the 
KH model (~53 MPa vs. ~39 MPa), which is a local event. It may be observed that the cavity 
wall is periodically loaded due to pressure reflections. The maximum pressure on the wall is 
~15 MPa for both models, but the maximum pressure impulse is significantly lower with the 
KH model (~80 kPa.s vs. ~110 kPa.s). The pressure impulse on the bottom of the cavity in the 
centre is ~140 kPa.s for both models. With the KH model it decreases rapidly with increasing 
the distance from the centre. At a distance of 1 m from the centre it drops already to ~80 kPa.s 
with the KH model, whereas with the global model it is still ~110 kPa.s. 

 
Global jet breakup model - triggering time 0.90 s (MBC) 

  
Kelvin-Helmholtz model – triggering time 0.97 s (MBC) 

  
Figure 6: Pressure at locations marked in Figure 7 with corresponding pressure impulses, 

applying the global and the Kelvin-Helmholtz jet breakup model in the premixing calculation 
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Figure 7: Locations where the pressures and pressure impulses were recorded 

4 CONCLUSIONS 

A PWR ex-vessel steam explosion analysis was performed with the code MC3D. In 
the study the conditions of the SERENA reactor exercise for the PWR axial realease case 
were considered. In reactor calculations the largest uncertainties in the prediction of the 
steam explosion strength may be expected due to the large uncertainties related to the jet 
breakup. They propagate through different premixing processes and result in uncertainties 
in the generation rate and size of the melt droplets, the distribution of the melt droplets in 
the premixture, the droplets solidification and the void fraction, which all influence the 
steam explosion strength. To get some insight in these uncertainties, the premixing 
simulations were performed with both available jet breakup models - the global model and 
the Kelvin-Helmholtz (KH) model. 

The performed simulations revealed that with the KH jet breakup model weaker 
explosions are predicted than with the global model due to the smaller predicted melt 
droplets size, resulting in increased melt solidification and increased void build up, both 
reducing the explosion strength. The predicted maximum pressure on the wall is ~15 MPa 
with both models. The maximum pressure impulse at the wall is ~110 kPa.s with the global 
model and ~80 kPa.s with the KH model. 
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