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ABSTRACT 

Analytical activities related to the vapour explosion phenomenon are mostly performed 
in the frame of safety studies for light-water reactors. Those activities are performed with 
models that were developed with the focus on the water. Thus, the applicability of the models 
for fuel-sodium interaction must still be demonstrated. Indeed, the important differences of 
thermo-dynamical and physical properties of sodium compared to water lead to the necessity 
to investigate some particular phenomena. In particular, the boiling mechanisms are suspected 
to be strongly different, with an important role of the transition boiling regime. 

The purpose of the paper is to propose a heat transfer model for the transition boiling 
regime that is suitable for implementation into the fuel-coolant interaction codes. The model 
is fitted to the existing experimental data. The validity of the model is discussed. The 
applicability of the model is demonstrated using the MC3D code. 

1 INTRODUCTION 

In the frame of the safety studies for the demonstration-scale sodium cooled fast 
reactors (SFR), it is important to estimate the risk for the environment in the case of a severe 
accident. A vapour explosion can occur during a core melt accident when rapid and intense 
heat transfer follows the interaction between the molten core material and sodium. Potentially 
severe dynamic loadings on surrounding systems, structures and components could be 
induced. 

Several experimental programs were launched to help understanding and characterizing 
the vapour explosion phenomenon in SFR [1]. But the related analytical activities were 
prematurely stopped and the focus was then put to the reactors with water. Since then, 
knowledge has been improved and models have strongly evolved so that the vapour explosion 
phenomenon has been solely studied for application to light-water reactors. The analytical 
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research is mostly performed with the use of comprehensive computer codes. The models of 
the key processes that are implemented into these codes were manly developed with the focus 
on the water. Evidently, due to the large differences in thermo-dynamical and physical 
properties of sodium compared to water, the applicability of the codes and models for the 
fuel-sodium interaction must be demonstrated. In this paper the heat transfer modelling with 
the MC3D code, developed by IRSN (France), is analysed [2]. 

In contrast to the case with water, for sodium, heat is probably mainly transferred from 
the melt to the coolant in the transition boiling regime and then the modelling of this regime is 
the most important [3]. The transition boiling regime essentially presents an unstable film 
boiling situation in which transient contacts or quasi-contacts occur. The purpose of the paper 
is to propose a model for the transition boiling regime. We firstly analyse the temperature 
range of the transition boiling regime. Second, a model for a heat transfer that is suitable for 
implementation into the fuel-coolant interaction (FCI) codes is proposed. The model is fitted 
to the existing experimental data. The validity of the model is discussed. The applicability of 
the model is then demonstrated using the MC3D code. Finally, the conclusions are given. 

2 MINIMUM FILM BOILING TEMPERATURE 

The minimum film boiling (MFB) temperature is the necessary surface temperature 
from which a stable vapour film exists between the hot surface and the liquid coolant. Below 
this temperature, film boiling will be unstable and that leads to a transition boiling regime. 
Transition boiling is in general characterized by a very turbulent flow and by higher heat flux. 
Both aspects can then be used to characterize the temperature separating the two regimes. 

2.1 Empirical correlation 

For a variety of coolants, the geometrical mean of the saturation Tsat and critical Tcrt 
temperature can be used to predict the MFB temperature when the bulk of the liquid is at 
saturation conditions [4]. But, as seen in Figure 1, the experimental results for metal wires or 
spheres immersed in water have shown that the MFB temperature strongly increases with the 
increasing coolant sub-cooling [5-7]. Increase of the MFB temperature with the coolant sub-
cooling was also observed in sodium pool boiling experiments [8]. Discussed experimental 
results are relevant because the spherical geometry is used as an approximation for the melt 
droplet shape in the FCI codes and the relative velocities in the wire experiments are close to 
expected conditions. 

As seen in Figure 1, for experiments with spheres the difference between the pool 
boiling and the forced-convection conditions exists at larger sub-cooling. Although the MFB 
temperature was decreased at the onset of the flow, any further flow velocity increase had no 
effect. The results are insensitive to the variation of the sphere material and size. On the other 
hand experiments with wire show that the MFB temperature decreases with decreasing 
velocity and size of wire. 

Based on the experimental results we propose to use a simple correlation: 

     √          (         )  (1) 

where Tliq is the liquid temperature and C is a parameter. As seen in Figure 1, on average, C is 
approximately 8. However, based on more detailed analyses of the experimental results in 
Figure 1, C should be considered at least as a function of the flow velocity and sphere/wire 
diameter. For higher velocities, the ability of the film forming is smaller (C is increasing). 
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Results in the figure also indicate that with the increasing wire diameter the MFB temperature 
increases (fitted C are 7.9 and 9.1 for 0.3 mm and 0.5 mm respectively). Once the diameter is 
too large, the effect of the increasing size of sphere on the MFB temperature is not observed. 
Additionally, the effect of the material properties and surface conditions on the parameter C 
should also be considered [9]. In the future, systematic experimental investigation of the 
parameter C should be made for sodium. 

  

Figure 1: Transition to the film boiling regime at different sub-cooling and in the forced/pool 
convection conditions for different diameters and relative velocities of spheres [5] (left) and 
platinum wire [6] (right) in water. Line: Eq. (1) with C=8. 

2.2 Discussion 

As seen in Figure 1, in some experiments the measured MFB temperatures are much 
higher than the homogeneous nucleation (HN) temperature defined with the empirical 
correlation [10]: 

        (           (
    
    

)
 
)  
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The HN temperature represents the maximum superheat temperature of coolant. Therefore, 
two modes of the liquid-surface contact could be considered in the transition boiling regime. 
Change from the stable film boiling regime to the contact mode can occur if the MFB 
temperature is below the HN temperature. If the MFB temperature is above the HN 
temperature, the liquid-surface contact is not considered as physically possible (i.e. non-
contact mode). Because of local strong reduction of film thickness, a sudden increase in the 
heat transfer is possible in the non-contact mode. 

Indeed, as it will be shown in Section 4.3, above the HN temperature the increase in the 
heat transfer was observed in the forced convection experiments with water [6,7]. In those 
experiments, the HN temperature was found to be relatively insensitive to the coolant sub-
cooling. A similar phenomenon was also observed in the water-jet impingement experiments 
on the hot surface and sphere quenching experiments in a pool of water [11,12]. Increase in 
the heat flux could also be observed from the TREPAM (CEA, France) experimental results 
[13]. In [13], the non-contact mode of the transition boiling regime is interpreted as an 
unstable film boiling regime. 

For sodium at normal conditions (Tsat=1155 K; Tcrt=2504 K) the MFB temperature (Eq. 
(1) with C=8) would be higher than the HN temperature (2061 K [14]) at approximately 50 K 
of sub-cooling. Because the sub-cooling in the SFR reactor is in the range of few hundreds K, 
the approach how to model the transition boiling regime is of primary importance for the fuel-
sodium interaction studies. 
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3 HEAT TRANSFER MODEL FOR TRANSITION BOILING REGIME 

In this section, a heat transfer model for the transition boiling regime is proposed based 
on similarities between the correlations for the convection regime and the film boiling regime. 

3.1 Convection regime 

The Nusselt number correlation for the convection regime must be applicable for 
sphere, used to characterize melt droplet in the FCI codes, and sodium, with the Prandtl 
number ~0.004. In the premixing or explosion phase a typical droplet diameter is of the order 
of 1 mm or 0.1 mm and has a relative velocity of the order of 1 m/s or 10 m/s, respectively. 
Thus the correlation must also be applicable for the Reynolds number around 4000. 

The Melisari-Argyropoulos (MA) correlation is one of the correlations that is applicable 
for typical FCI conditions in water and sodium [15]: 

                              
     

                                

(3) 

The correlation is used to define the heat transfer between the droplet surface and the bulk 
liquid. 

3.2 Film boiling regime 

In FCI codes, the Epstein-Hauser (EH) correlation is often used to characterize the heat 
transfer in the film boiling regime [2,16]. The correlation was built from a theoretical model. 
The EH correlation was verified for several coolants, including water. The correlation was not 
validated for sodium, because no experimental data are available. However, according to 
Epstein and Hauser, the model should also be applicable for sodium. For highly sub-cooled 
coolants the EH correlation can be simplified in a way that the Nusselt number represents the 
heat transfer between the film-liquid interface and the bulk liquid: 

          (
 
 )
   
     

        
     

(4) 

3.3 Transition boiling 

Transition boiling regime is hard to model. It could be physically characterized with the 
Rayleigh-Taylor instability mechanism. Based on similarities of the convection boiling 
regime, Eq. (3), and the film boiling regime, Eq. (4), an empirical correlation for the non-
contact mode is proposed: 

                      
     (5) 

where a and b are fitting parameters. 

The correlation in Eq. (5) was fitted to the experimental data [6,7]. In those experiments 
a pre-heated 25 mm long platinum wire (diameter of 0.3 mm or 0.5 mm) immersed into sub-
cooled water (between 20 K and 100 K) at different velocities (from 0.1 m/s to 1.5 m/s) was 
used. The pressure was 0.1 MPa. From a measured temperature of the wire, the surface heat 
flux was calculated and plotted as a function of the surface temperature (see Figure 3 in 
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Section 4.3). The heat fluxes were extracted from the graphical results in [6,7]. Extraction was 
made in approximately 1 K intervals in the temperature range that corresponds to the non-
contact mode, i.e. the MFB temperature is larger than the HN temperature. At each 
experimental point the Nusselt number was calculated. In the calculation, the properties of the 
coolant were taken at the bulk conditions. Because the bulk conditions are considered to 
remain constant during the experiment, the Nusselt number in the non-contact mode is 
assumed to be constant. The calculated Nusselt numbers were then divided into groups of 10. 
For each group the average Nusselt number was calculated. The fitted parameters are: a=0.19 
and b=0.77. 

In Figure 2 the experimental data and the correlation in Eq. (5) are compared. 
Discrepancy between the experimental results and the correlation is mainly below 50 %. The 
proposed parameters are valid for cylindrical geometry, Prandtl numbers for water and 
Reynolds numbers in the range of 50 to 900. Clearly, more experimental data with different 
coolants and with sphere geometry are necessary. Nevertheless, at the moment the proposed 
correlation could be considered relevant because the relative velocities are comparable to 
velocities expected during the FCI premixing phase and the wire diameters are at the lower 
end of the expected droplet diameters. 

 
Figure 2: Proposed correlation versus experimental data. 

4 MODELLING IN MC3D 

In the MC3D code the selection of the heat transfer correlation is made by comparing 
the surface temperature and the limiting conditions (i.e. temperature ranges for boiling 
regimes) [2]. The transition boiling regime and the nucleate boiling regime are modelled as an 
interpolation between the convection regime (Tsur<Tsat) and the film boiling regime 
(Tsur>Tsat+100 K). The approach is adequate for studying FCI with water where the heat is 
mainly transferred in the film boiling regime. But as discussed in Sections 2 and 3, the 
approach should be improved to enable simulations of FCI with sodium. In this section, an 
improved heat flux modelling for the MC3D code is proposed and assessed. 

4.1 Heat transfer model implementation 

The hypothetical contact (CNT) temperature is generally used to define the boiling 
regimes: 

     
          
      √
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where ρ, c and λ are the density, the specific heat and the thermal conductivity of liquid and 
melt, respectively. In the proposed approach the CNT temperature is compared to the limiting 
conditions (for example Eqs. (1) and (2)): 

 If TCNT >TMFB: the film boiling regime is modelled with the EH correlation. 

 If TCHF<TCNT< TMFB (where the critical-heat-flux (CHF) temperature is simply defined as 
a mean value between the HN temperature and the saturation temperature): the transition 
boiling regime is modelled: 

o If THN<TMFB: 

 If TCNT>THN: the non-contact mode is modelled with the proposed 
correlation Eq. (5). Smooth transition between the film boiling regime and 
the non-contact mode is made with an interpolation around the MFB 
temperature. 

 If TCNT<THN: the contact mode is modelled as an interpolation between the 
correlations for the convection regime and the non-contact mode. 

o If THN>TMFB: the contact mode is modelled as an interpolation between the 
convection regime and the film boiling regime. 

 If TCNT<TCHF: the nucleate boiling regime and the convection regime are modelled with 
the MA correlation (see Eq. (3)). 

4.2 Simulation 

The heat transfer model implementation was validated with the simulation of the Honda 
et al. experiments (see Section 3.3) [6]. Several simulations were performed for each 
experiment to demonstrate the applicability of the proposed approach. A summary of used 
approaches is given in Table 1. 

Table 1: Heat transfer approaches (STD: current heat transfer model; STD-TMFB: transition 
boiling regime extended to MFB temperature; NEW: new approach). 

Boiling regime STD STD-TMFB NEW 

Convection Tsur<Tsat: Ranz-Marhsall 
correlation 

Tsur<Tsat: Ranz-Marhsall 
correlation TCNT<TCHF: MA 

correlation Nucleate 
interpolation interpolation Transition THN<TCNT<TMFB: Eq. (5) 

Else: interpolation 

Film Tsur>Tsat+100 K: EH 
correlation Tsur>TMFB: EH correlation TCNT>TMFB: EH correlation 

The experiments were modelled in a simplified geometry. The Cartesian coordinate 
system was used. The mesh had one cell, with dimension 25 mm in every direction. The 
initial conditions were the same as in the experiments and are given in Table 2. 

Additionally, the cylindrical geometry of the wire was taken into account in the 
interfacial area calculation. The EH correlation for cylindrical coordinates was used [16]. 

4.3 Results and discussion 

Simulation results are shown in Figure 3. In general the NEW approach could be 
considered as the most appropriate. Comparing the STD and STD-TMFB results confirms 
how important is to properly model the MFB temperature. Modelling with the STD-TMFB 
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approach is only in average adequate for coolant sub-cooling of ~70 K. Based on the 
simulation results, the use of the STD approach cannot be supported for high sodium sub-
cooling. Hereafter, the simulation parameters (Table 2) and results for each boiling regime are 
analysed and discussed. 

The film-boiling regime is adequately modelled with the EH correlation. The 
correlation was multiplied with the MLP multiplicator. The correlation is considered to be 
applicable also for sodium [16]. 

The interpolation function in the INT interval is used to smoothly model the transition 
from the film-boiling regime to the non-contact mode of the transition boiling regime. For 
sub-cooling above 70 K, the width of the interval is not affected by the sub-cooling. Similarly 
it is expected for sodium where the sub-cooling is large. But at lower coolant sub-cooling the 
interval increases with decreasing sub-cooling, i.e. transition is harder to define. As seen in 
figure, the matching of the NEW approach and the experimental data could be improved by 
selecting another interpolation function. Nevertheless, for higher sub-cooling the over-
estimation is considered as acceptable. 

With the NEW approach the transition boiling regime is modelled between the CHF and 
MFB temperature. The non-contact mode is modelled between the MFB temperature 
(variation of C in Eq. (1)) and the HN temperature (setting THN,exp). The contact mode is 
modelled between the HN temperature and the CHF temperature. As seen in table, transition 
from the non-contact mode to the contact mode occurs at temperatures that are ~40-80 K 
higher than the HN temperature calculated with Eq. (2). The C factor is higher for the STD-
TMFB approach than for the NEW approach. Difference could be explained by analysing Eq. 
(6). For the platinum/water system the k factor is ~0.1 which results in difference between the 
actual measured temperature and the CNT temperature. The difference between the actual 
temperature and the CNT temperature is even more important for the corium/sodium system 
where k~2. Because the CNT temperature in sodium would be closer to the coolant 
temperature, the definition of the MFB temperature and the HN temperature has an important 
effect on the selection of the boiling regime. If the HN temperature for sodium is 2061 K [14], 
then at high sodium sub-cooling the heat transfer primarily occurs in the contact mode. But 
for the HN temperature closer to the MFB temperature the heat transfer primarily occurs in 
the non-contact mode. The heat transfer occurs in the film boiling regime only for the hottest 
corium and sodium near or at saturation temperature. 

Modelling in the non-contact mode of the transition boiling regime is adequate only 
with the use of the NEW approach. Matching is good at the coolant sub-cooling higher than 
80 K. Here the parameter a is not affected by the coolant sub-cooling. In the simulations the b 
parameter in Eq. (5) was set to 0.77 (see Section 3.3). Due to physical background the 
proposed correlation has potential to be applicable for sodium. In the contact mode, the 
calculated heat transfers are up to 2 times lower than the experimental values. Modelling 
could be improved with the help of the CHF value for sodium [8]. CHF could be used to 
improve definition of the CHF temperature and consequently to improve the interpolation 
between the CHF and HN temperatures. At the current understanding of the key FCI 
processes, this proposal could be considered as sufficient. Another option is to develop and 
apply a dedicated heat transfer correlation. 

The discrepancy in the nucleate boiling regime is not considered as an important 
deficiency, because the main boiling regimes during the typical FCI with water and sodium 
are the film boiling regime and the transition boiling regime. Nevertheless implementation of 
the correlation for nucleate boiling regime is planned for the future. 
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Table 2: Initial conditions and simulation parameters. 
 Initial conditions Simulation parameters 

Case Tsat-Tliq 
[K] 

vliq 
[m/s] 

pliq 
[MPa] 

Dwire 
[mm] 

approach C THN,exp 
[K] 

a INT 
[K] 

MLP 

H92-50 50 1 0.1 0.3 STD N/A N/A N/A N/A 0.42 
     STD-TMFB 10.4 N/A N/A N/A 0.42 
     NEW 9 626 0.09 150 0.42 
H92-60 60 1 0.1 0.3 STD N/A N/A N/A N/A 0.42 
     STD-TMFB 10.3 N/A N/A N/A 0.42 
     NEW 9 646 0.11 120 0.42 
H92-70 70 1 0.1 0.3 STD N/A N/A N/A N/A 0.4 
     STD-TMFB 9 N/A N/A N/A 0.4 
     NEW 7.8 636 0.13 80 0.4 
H92-80 80 1 0.1 0.3 STD N/A N/A N/A N/A 0.36 
     STD-TMFB 8 N/A N/A N/A 0.36 
     NEW 7 656 0.13 80 0.36 
H92-90 90 1 0.1 0.3 STD N/A N/A N/A N/A 0.32 
     STD-TMFB 7.8 N/A N/A N/A 0.32 
     NEW 6.8 666 0.13 80 0.32 
H92-100 100 1 0.1 0.3 STD N/A N/A N/A N/A 0.35 
     STD-TMFB 8 N/A N/A N/A 0.35 
     NEW 7 666 0.14 80 0.35 

 

  

  

  
Figure 3: Calculated and measured [6] heat fluxes. 
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5 CONCLUSIONS 

As observed from quenching experiments with sub-cooled water, the transition boiling 
regime could be divided into two modes: contact and non-contact. With analyses of the 
experiments and literature review, empirical correlations for the temperature ranges of the 
transition boiling regime and their modes were proposed. Also an empirical correlation for the 
heat transfer modelling during the non-contact mode was proposed. The correlations were 
fitted to the experimental data. However additional forced convection heat transfer 
experiments with different coolants (e.g. sodium) and at different sub-cooling rates are needed 
to support the proposed correlation. 

The transition boiling regime is likely the predominant regime during the mixing of the 
melt droplets with sodium. Therefore, the proposed empirical correlations were implemented 
into the MC3D code. Successful simulations of the quenching experiments with highly sub-
cooled water were made. The following conclusions can be drawn: the calculation results 
strongly depend on the minimum film boiling temperature, the homogeneous nucleation 
temperature, and approaches to simulate the heat transfer during the transition boiling regime. 
Although the range of validity of the proposed heat transfer correlation for the non-contact 
mode is limited, it is proposed to use it for the fuel-sodium interactions simulation. 

Proposed modelling approach improves the MC3D capabilities to perform the fuel-
sodium interactions. Therefore, the paper presents a step forward in the fuel-coolant 
interaction modelling for the sodium cooled fast reactors. 

ACKNOWLEDGMENTS 

The JSI authors acknowledge the financial support of the Slovenian Research Agency 
within the research program P2-0026 and the research program project Z2-5490. The authors 
are, however, responsible for the scientific content. 

REFERENCES 

[1] Berthoud, G., Jacobs, H., Knowles, B., "Analysis of large scale UO2 Na interactions 
performed in Europe", IAEA-IWGFR technical committee meeting on material-coolant 
interactions and material movement and relocation in liquid metal fast reactors, O-arai, 
Ibaraki (Japan), 1994. 
[2] Meignen, R., Picchi, S., Lamome, J., Raverdy, B., Escobar, S.C., Nicaise, G., "The 
challenge of modeling fuel–coolant interaction: Part I – Premixing", Nucl Eng Des, 2014, pp. 
in press. 
[3] Uršič, M., Leskovar, M., Meignen, R., "Analysis of Effect of Sodium Thermo-
Dynamical Properties in Fuel-Coolant Interaction", Proceedings of the 10th International 
Conference on Nuclear Option in Countries with Small and Medium Electricity Grids. HND, 
Zadar, Croatia, 2014, p. 135. 
[4] Olek, S., Zvirin, Y., Elias, E., "A Simple Correlation for the Minimum Film Boiling 
Temperature", J Heat Trans-T Asme 113, 1991, pp. 263-264. 
[5] Dhir, V.K., Purohit, G.P., "Subcooled Film-Boiling Heat-Transfer from Spheres", 
Nucl Eng Des 47, 1978, pp. 49-66. 
[6] Honda, H., Takamatsu, H., Yamashiro, H., "Heat-transfer characteristics during rapid 
quenching of a thin wire in water", Heat Transfer - Japanese Research 21, 1992, pp. 773-791. 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  ̶  11, 2014

314.9



314.10 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8     11, 2014 

[7] Honda, H., Takamatsu, H., Yamashiro, H., "Minimum heat-flux point and liquid-solid 
contact during rapid quenching of thin wires", Heat Transfer - Japanese Research 24, 1995, 
pp. 517-537. 
[8] Farahat, M.M.K., Eggen, D.T., Armstron.Dr, "Pool Boiling in Subcooled Sodium at 
Atmospheric-Pressure", Nucl Sci Eng 53, 1974, pp. 240-254. 
[9] Kim, H., DeWitt, G., McKrell, T., Buongiorno, J., Hu, L.W., "On the quenching of 
steel and zircaloy spheres in water-based nanofluids with alumina, silica and diamond 
nanoparticles", Int J Multiphas Flow 35, 2009, pp. 427-438. 
[10] Nishio, S., "Prediction Technique for Minimum-Heat-Flux(Mhf)-Point Condition of 
Saturated Pool Boiling", Int J Heat Mass Tran 30, 1987, pp. 2045-2057. 
[11] Seiler-Marie, N., Seiler, J.M., Simonin, O., "Transition boiling at jet impingement", Int 
J Heat Mass Tran 47, 2004, pp. 5059-5070. 
[12] Sher, I., Harari, R., Reshef, R., Sher, E., "Film boiling collapse in solid spheres 
immersed in a sub-cooled liquid", Appl Therm Eng 36, 2012, pp. 219-226. 
[13] de Malmazet, E., Berthoud, G., "Convection film boiling on horizontal cylinders", Int J 
Heat Mass Tran 52, 2009, pp. 4731-4747. 
[14] Schins, H.E.J., "Incipient and Nucleate Boiling of Sodium", Atomkernenerg/Kernt 24, 
1974, pp. 243-246. 
[15] Melissari, B., Argyropoulos, S.A., "Development of a heat transfer dimensionless 
correlation for spheres immersed in a wide range of Prandtl number fluids", Int J Heat Mass 
Tran 48, 2005, pp. 4333-4341. 
[16] Epstein, M., Hauser, G.M., "Subcooled Forced-Convection Film Boiling in the 
Forward Stagnation Region of a Sphere or Cylinder", Int J Heat Mass Tran 23, 1980, pp. 179-
189. 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  ̶  11, 2014

314.10


