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ABSTRACT 

In the frame of safety studies for the Advanced Sodium Technological Reactor for 
Industrial Demonstration project, it was decided at the Institut de Radioprotection et de Sûreté 
Nucléaire, France, to repay attention on the vapour explosion phenomenon and potential 
damages that could result for sodium cooled fast reactors. A vapour explosion may occur 
during a core melt accident, when the rapid and intense heat transfer follows the interaction 
between the molten corium and the sodium. The purpose of the paper was to evaluate the 
major physical characteristics of the melt-sodium interaction with emphasis on the main 
mitigating aspects, namely the melt solidification and boiling processes. First, the 
experimental results of the sodium tests performed at the FARO-TERMOS facility were 
discussed. The main mitigation mechanisms were identified. Second, the selected FARO-
TERMOS test was analysed with the MC3D code. The results demonstrated ability of the 
MC3D code to enable quantitative analyses of the fuel-sodium interactions. 

1 INTRODUCTION 

An unprotected transient over power or a loss of coolant flow may result in a core melt 
of a sodium cooled fast reactor (SFR). A vapour explosion may occur during a core melt 
accident when the rapid and intense heat transfer follows the interaction between the molten 
material and the coolant [1]. In this energetic fuel-coolant interaction (FCI) process part of the 
melt energy is intensively transferred to the coolant during the melt droplets fine 
fragmentation process in a very short time scale. The fine fragmentation process rapidly 
increases the melt surface area, vaporizing more coolant and increasing the local vapour 
pressure. Potentially severe dynamic loadings on surrounding systems, structures and 
components could be induced. A vapour explosion can therefore jeopardize the reactor vessel 
and the containment integrity. Direct or bypassed loss of the containment integrity can lead to 
radioactive material release into the environment, threatening the safety of the general public. 
Consequently, the understanding of the vapour explosion phenomenon is very important for 
nuclear safety. 

Vapour explosion phenomenon studies have started mainly with the focus on SFR. 
Several programs (e.g. BETULLA, FARO-TERMOS, THINA) were launched to help 
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understanding and characterizing the phenomenon [2]-[4]. In parallel to experimental 
programs, several steady-state one-dimensional models were proposed. These models enabled 
only qualitative understanding with low applicability, largely due to the lack of potential for 
describing the premixing state, i.e. initial state of the explosion. For various reasons, the 
studies were interrupted prematurely and complete attention was given on light water 
reactors. Since then, the modelling capabilities have largely evolved, through the building of 
multidimensional multiphase flow models [5]. One of them is the MC3D code, developed and 
managed by IRSN (Institut de Radioprotection et de Sûreté Nucléaire), France, with support 
of CEA (Commissariat à l’énergie atomique et aux énergies alternatives), France, and EDF 
(Electricité de France), France [6].  

In the frame of safety studies for the ASTRID (Advanced Sodium Technological 
Reactor for Industrial Demonstration) project, it was decided at IRSN to repay attention on 
the vapour explosion in SFR and potential damages that could result. We present here a 
summary of a first analysis done with the MC3D code. 

2 FARO-TERMOS EXPERIMENTS 

The experiments performed at the FARO-TERMOS facility could be considered as the 
most relevant for a reactor case (see Figure 2). In those experiments the largest amount of 
corium was poured into sodium and occurrence of spontaneous energetic FCI events was 
reported [2]. From the available experimental data a global understanding of a vapour 
explosion phenomenon in sodium is possible and is given in this section. 

Two tests, named T1 and T2, were performed [2]. The UO2 melt was prepared in the 
FARO furnace. Then the melt, at temperature around 3000°C, was released through the 
release channel (diameter 50 or 80 mm, length 2.5 m), the intersection valves (diameter 120 
mm, length 1.5 m) and the guide tube (diameter 134 mm, length 1.15 m) into the TERMOS 
test section. The size of the release channel defined the initial diameter of the molten jet. The 
TERMOS test section consisted of a pressure vessel (external diameter 800 mm, overall 
height 4 m), a sodium container (inner diameter 470 mm) and a test tube (inner diameter 280 
mm). The sodium container and the pressure vessel were separated by insulation. The test 
tube was ended with a debris catcher. The sodium was at 400°C and the height in the sodium 
container and the test tube was 2.5 m. Temperature and pressure measurements were made 
and the debris was sieved. The initial conditions and the main results are listed in Table 1. 

In the T1 test all the mass was released from the FARO furnace to the TERMOS test 
section. In the T2 test, there was initially 140 kg of molten corium [7], but the melt flow was 
interrupted with closure of the intersection valves at time around 1.25 s after the melt-sodium 
contact. Then only around 60 kg of the melt was finally poured into the test section. In the 
post-test analyses, around 60 kg (T1 test) and 45 kg (T2 test) of the melt was collected from 
the debris catcher. The post-test analyses have shown that the size of irregular particles in the 
debris catcher was below 1 mm. This small size of the particles can be attributed to high melt 
impact velocity but also to the explosive events recorded. The rest of the released melt was 
founded on the top of the test section. 

Table 1: The initial conditions and the main results of the FARO-TERMOS T1 and T2 tests 
[2] 

 Property T1 T2 
UO2 mass released 110 kg 60 kg 

 temperature at coolant contact 3273 K 3273 K 
 release diameter 50 mm 80 mm 
 free fall in gas 5.35 m 5.35 m 
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 velocity at coolant contact 10 m/s 10 m/s 
sodium height 2.5 m 2.5 m 

 temperature 663 K 663 K 
 sub-cooling 520 K 520 K 
argon pressure in TERMOS 0.13 MPa 0.13 MPa 

 pressure in FARO 0.30 MPa 0.28 MPa 
 free volume up to valves 0.15 m3 0.15 m3 

results number of events 3 2 
 maximum pressure in cover gas 0.8 MPa 0.75 MPa 
 maximum pressure in sodium not available 6.0 MPa 
 maximum penetration depth 1 m 1 m 
 mass in debris catcher 60 kg 45 kg 

The melt flow penetration depth in the tests was estimated with nets immersed in the 
sodium which were found destroyed up to the level at around 1 m below the initial sodium 
level. These observations suggest that below 1 m the melt was already fragmented and at least 
partly solidified. 

Only the T2 test results are discussed in the paper because the temperature 
measurements inside the sodium are given only for the T2 test [2] (Figure 1). Two pressure 
peaks were observed in the cover gas. At the time of the first peak, the sodium temperature at 
along the tube was still at its initial level. Thus a strong vaporization could occur only locally 
in the interaction zone. The second pressure peak corresponds to the moment when the 
temperature of the sodium was around saturation conditions also at the test tube edge. 
Consequently, a more global vaporization was possible and this resulted in a strong increase 
of the cover gas pressure. Such immediate vaporization of coolant has not been observed in 
the experiments with water. This fast and homogenous heating of the sodium can be attributed 
to its low specific heat (~1250 vs. ~4200 J/kg/K for water) and high thermal conductivity 
(~50 vs. ~0.6 W/m2/K for water). 

  
Figure 1: T2 test. Pressure and temperature histories (left) and signature of a vapour explosion 

initiation (right) [2] 

In the T2 test, the beginning of both pressure peak rises in the cover gas could be 
correlated with the time of pressure peaks inside the sodium which could be interpreted as a 
consequence of the local vapour explosions. The rise time of the first signal inside the sodium 
was less than 0.1 ms with a maximum value of 6 MPa and duration of 5 to 10 ms [2] (Figure 
1). Although spontaneous steam explosions could never be observed with corium in water in 
1D geometry similar to those in TERMOS, spontaneous steam explosions in water up to the 
range of 50 MPa were measured in some KROTOS experiments with alumina [5]. As the 
available energies per unit of volume are in principle the same for corium and alumina, there 
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is strong limitation to the escalation of the explosion that needs to be explained. There are 
several reasons for this limitation: 

• Thermo-dynamic properties of the sodium. The saturation temperature increases 
strongly with pressure, therefore the local vaporisation would be limited. 

• Global void in the mixing region. The impact of void is quite unclear but it hinders the 
vapour explosion propagation and escalation due to the void compressibility and 
sodium depletion. 

• Melt solidification. Solidification is enhanced by the small particles due to large melt 
velocity. Solidification inhibits fine fragmentation of the droplets and consequently 
inhibits energy transfer and velocity of propagation [8]. 

3 SIMULATION 

The FARO- TERMOS T2 test was simulated and analysed with the MC3D code version 
3.7.3 [6]. The main objective was to simulate the mixing of corium with sodium and to 
analyse the potential of explosion mitigation. The explosions themselves were not simulated 
so their consequence on the history cannot be taken into account directly. 

3.1 MC3D code 

MC3D is a code for the calculation of different types of multi-phase and 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 FCI 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 droplets and the coarse fragmentation of 
large droplets. The fine fragmentation phase is dealt with the explosion module. This 
application focuses on the fine fragmentation of large droplets and heat exchanges between 
the produced fragments and the coolant. 

There are two jet fragmentation models in MC3D: one which evaluates the 
fragmentation characteristics from the local characteristics and one simpler, more parametric 
(named CONST), which allows more control for this first step of analysis. 

The MC3D code has been up to now fully dedicated to FCI with water. To enable 
modelling of FCI with sodium the thermo-dynamic and transport properties tables for sodium 
were incorporated [9]. Also the heat transfer modelling in the code was revised. It was 
verified in particular that convection and film boiling (extension of the Epstein-Hauser model 
[10] with Sakuraï model [6] for pool boiling) models, are valid. Modelling of the transition 
point between the film boiling regime and the transition boiling regime was improved and 
supported with experimental data (for water). Finally, the major unknown comes from the 
transition regime for which no model could be found in literature and even no data for 
sodium. Unfortunately, this regime is supposed to have a high importance with sodium so that 
further research is need on this point. At the moment, a simple linear transition between film 
boiling and pure convection is done, which gives at least the order of magnitude of the heat 
flux for the data at our disposal (with water). 
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3.2 Calculation model 

As seen in Figure 2, the experiment was modelled in a simplified 2D geometry. The 
mesh was axial symmetrical and cylindrical coordinates were used. The radius of the mesh 
was 0.235 m and the height was 8.3 m. The experimental free volume was kept. 

 
Figure 2: The geometry of the computational model consisting of 38x166 cells 

The main parameters for the UO2 melt, the argon gas and the sodium were set to the T2 
test values given in Table 1. The velocity at the melt-sodium contact was around 11 m/s. Once 
60 kg of the melt passed the level of the intersection valves, the mass release was interrupted. 
The fragmentation of the jet into the droplets was modelled with the CONST model. The jet 
fragmentation rate was defined so that a jet break up length of approximately 1 m was 
obtained. It can be noticed that a breakup length of 1 m would yield a dimensional length L/D 
of the order of 15-20 in the range of results for corium-water tests. The size of the droplets 
created by the jet fragmentation was set to 1 mm. The droplet quenching was modelled with 
the improved solidification influence model (ISIM) [8]. The ISIM enables to define the crust 
thickness on the surface of droplets. Secondary break up of the melt droplets was not 
considered; therefore the generated droplet size during the jet fragmentation was also the final 
size of the droplets. 

The premixing phase was simulated for a period of 4 s. 

3.3 Results and discussion 

In Figure 3 the cover gas pressure history and sodium temperature at the test tube edge 
simulation results are compared with the experimental values. The simulated sodium 
temperature agrees with the experimental data. As in the experiment also in the simulation 
several cover gas peaks are observed. As indicated in Figure 3 (right) and seen in Figure 4, 
the first simulated peak at around 0.9 s is due to localized vaporization. The last increase in 
the cover gas pressure is due to more global vaporization. As discussed in Section 2, similar 
behaviour was observed also in experiment. 
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Figure 3: The cover gas pressure and the sodium temperature in the TERMOS test section. 
The simulation results and the experimental values at the level 1600 mm are shown 
 

 
Figure 4: A snapshots of the sodium temperature and the liquid fraction at the time around the 

first cover gas peak 

The main sources of discrepancy between the simulation and experimental results are: 

• Lack of data about the jet inflow. Over-estimation of cover gas pressure peaks height 
and number could be attributed to the global over-estimation of mass flow in the 
simulation. Around 60 kg of the melt has passed the intersection valves at the time 
around 1.25 s after the melt-sodium contact in the experiment whereas at the time 
around 0.45 s after the melt-sodium contact in the simulation. In the simulation the 
melt flow was coherent. But the nature of the flow in the experiment is very uncertain. 

• Uncertainties in the jet fragmentation modelling. In the simulation the droplet size was 
fixed to 1 mm. Although small size was expected due to the high melt velocity, this 
choice is quite arbitrary. 

• Uncertainties in the heat transfer modelling for the transition regime. Physically based 
modelling is necessary because, due to the sodium properties (i.e. high saturation 
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temperature and thermal conductivity) it is likely that the transition boiling regime is 
predominate in FCI. 

The purpose of the simulation was also to evaluate the major physical characteristics of 
the melt-sodium interaction with emphasis on the main mitigating mechanisms, i.e. the melt 
solidification and boiling processes. Namely, the strength of the vapour explosion depends on 
the mass of melt droplets, which can efficiently participate in the explosion, i.e. the mass of 
droplets being capable to undergo fine fragmentation in regions with enough coolant available 
for vaporization and for enabling the fine fragmentation process. From the simulations of FCI 
experiments with water, the crust thickness of around 10-20 % of the droplet diameter should 
prevent the fine fragmentation [8]. As seen in Figure 5, the majority of the melt droplets have 
at least 0.1 mm thick crust and cannot participate in a vapour explosion. The droplets in the 
sodium are liquid or the crust thickness is less than 0.1 mm from the melt-sodium contact at 
around 0.7 s till 1.8 s. The comparison of the left and right side of the figure shows that the 
majority of droplets available for the fine fragmentation are in high voided regions. From the 
simulation results it could be expected that very limited mass of droplets could eventually 
participate in any violent FCI event. 

  
Figure 5: On the left, the total droplet mass, the liquid droplets mass and the mass of droplets 
with the crust less than 0.1 mm are shown. On the right, the mass of droplets with the crust 
less than 0.1 mm and in the regions with the void fraction less than 20, 60 and 100 % are 

shown 

4 CONCLUSIONS 

In the paper, an importance of the sodium boiling characteristics and the melt droplet 
solidification process on the vapour explosion phenomenon was studied for the case of the 
FARO-TERMOS experiments. The aim of the paper was also to evaluating the capabilities of 
the MC3D code to model the FCI experiments with sodium. It was demonstrated that the 
MC3D code enables quantitative analyses of the FARO-TERMOS T2 test. Base on the 
simulation results only very limited amount of mass was probably participating during the 
vapour explosion events in the T2 test. Additionally, the vapour explosions loads were 
probably limited to quite moderate pressures also due to the sodium physical properties, 
which should limit boiling under high pressure conditions.  

By using the sodium thermo-dynamic and transport properties tables and adequate heat 
transfer models for sodium in the MC3D code, we have obtained a simulation tool capable to 
assess the potential of strong vapour explosions in SFR. In the future, the modelling with the 
MC3D could be improved with the use of physically based transition boiling regime models 
and by introducing the multiple droplet size groups modelling approach. 
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