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ABSTRACT 

 

During a severe accident in a nuclear reactor, the molten core may relocate in the lower head of the reactor 

vessel or in the reactor pit in case of vessel failure. In both cases, if water is present, it may lead to the so-

called “fuel-coolant interaction”. When the melt jet enters into a water pool, it undergoes fragmentation 

and simultaneously initiates the rapid vapor generation due to high heat transfer. In the worst case, it could 

lead to steam explosion that may threat the integrity of the vessel or of the containment. 

 

The phenomenology of FCI phenomena depends on the nature of jet interaction with water: 

fragmentation/breakup, droplet deformation, vapor film destabilization. Many correlations have been 

developed to model these phenomena demonstrating the need for corium physical properties data. 

Nevertheless, experimental data about corium thermophysical properties are scarce, due to the difficulty to 

manage high temperature measurement.  

 

In order to assess the sensitivity of FCI scenarii to the corium thermophysical properties, French 900MW 

PWR calculations have been performed using the MC3D code. Ten thermophysical properties (density, 

solidus-line temperature, liquidus-line temperature, solid heat capacity, liquid heat capacity, surface 

tension, emissivity, thermal conductivity, melting specific heat) were varied following the Morris statistic 

methodology. The sensitivity of the main calculation outputs (pressure peak, mass of fragment, steam 

production) has been quantified.  

 

The aim of the paper is to assess the impact of corium thermophysical properties on fuel-coolant 

interaction. In the first part, the phenomenology of FCI, together with the main correlations introducing 

the corium thermophysical properties, are presented. The main assumption of the calculation scenario is 

also given. The second part is devoted to the presentation of the Morris methodology and the definition of 

property variation range according to the literature or to model prediction. The results of MC3D 

calculations are presented in the fourth part. It exhibits the important role played by the corium surface 

tension on the progression of the FCI. 
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1 INTRODUCTION 

 

A steam explosion is a physical phenomenon in which a hot liquid (the molten fuel) rapidly fragments and 

transfers its internal energy to a colder more volatile liquid (the coolant). In doing so, the coolant 

vaporizes at high pressures and expands, doing work on its surroundings. Indeed, a significant fraction of 

the thermal energy of the hot liquid is transferred to the cold liquid and converted into destructive 

mechanical energy due to the explosive vapor production and expansion [1]. The steam explosion process 

is then commonly divided into four phases: the premixing, the triggering, the explosion propagation and 

expansion phase [2]. 

During the premixing phase, the molten fuel jet breaks up and a coarsely mixed region of molten corium 

and coolant appears. 

Furthermore, during the premixing phase, a stable vapor film appears around the fuel particles. This 

allows large quantities of melt and coolant to intermix owing to density and/or velocity differences as well 

as vapor production. 

Due to the vapor film that separates the melt particles and jet and the coolant, the heat transfers between 

the two liquids are relatively low, leading to a metastable phase which time scale is in a range of seconds. 

The heat transfer regime between the two fluids is then film boiling. 

To summarize, the premixing phase is characterized by: 

- a time scale of the order of a few seconds, 

- a space scale of several orders of magnitude ranking from the millimeter (order of magnitude of the 

size of the generated particles) to several meters (reactor size), 

- strong non-equilibrium heat transfers involving temperatures from ~300K (liquid water) to 3000K 

(molten fuel) and pressures from 1 to ~200bar, 

- multiple fragmentation and mixing processes and generation of a steam film around the fuel particles 

(film boiling heat transfer). 

The triggering phase is initiated by an event (the trigger) that disturbs the metastable film conditions 

engendered during the premixing phase. It is generally agreed that the passage of a low-amplitude 

pressure wave destabilizes the vapor film surrounding the fuel particles. The film collapse leads to a liquid 

(fuel)-liquid (coolant) contact that causes the fuel to rapidly fragment (thermal fragmentation). The 

prompt increase in the fuel surface area vaporizes more liquid coolant and increases again the local vapor 

pressure. This pressure wave tends to accelerate the various fluids composing the system and lead to 

hydrodynamic fragmentation when the velocity differences between the phases become significant [3]. 

Finer fragments are then generated during this phase, their size being in the range of a few tens of 

microns. 

Given the presence of a trigger (pressure pulses resulting from melt impact on the floor, for example), a 

vapor explosion can occur, characterized by a pressure wave that spatially propagates through the fuel-

coolant mixture as the swift fuel fragmentation and quenching processes spread through the mixture. 

Significant heat exchanges between the fragments and the coolant govern the violent liquid water 

vaporization feeding the pressure wave. The expansion of the resulting high pressure mixture behind the 

propagation front against the constraints imposed by the surroundings determines the damage potential of 

a vapor explosion [1,4]. 

 

One of the major outcomes of OECD SERENA program is that in case of an ex-vessel steam explosion 

occurring in the pit of a PWR, the calculated loads are above the capacity of a typical cavity wall and that 

the scatter of the results raises the problem of the quantification of the safety margin for ex-vessel FCI 

[5,6]. 

The present sensitivity analysis of the steam explosion on input parameters such as the corium physical 

properties, by determining the ones that have the biggest effect on the FCI, may contribute to the reduction 

of the result uncertainty. 
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In order to assess the sensitivity of FCI scenarii to the corium thermophysical properties, French 900MW 

PWR calculations have been performed using the MC3D code. Ten thermophysical properties (density, 

solidus-line temperature, liquidus-line temperature, solid heat capacity, liquid heat capacity, surface 

tension, emissivity, thermal conductivity, melting specific heat) were varied following the Morris statistic 

methodology [7]. This methodology has already been used by Grishchenko et al. for the sensitivity study 

of an FCI occurring in a generic Nordic BWR with TEXAS-V code [8]. The sensitivity of the main 

calculation outputs (pressure peak, mass of fragment, steam production) has been quantified. 

 

The aim of the paper is to assess the impact of corium thermophysical properties on fuel-coolant 

interaction. In the section 2, the phenomenology of FCI is described together with the main correlations 

introducing the corium thermophysical properties. The main assumption of the calculation scenario is 

given in section 3. It also provides the presentation of the Morris methodology and the definition of 

property variation range according to the literature or to model prediction. The results of MC3D 

calculations are presented in the fourth section.  

 

 

2 FUEL COOLANT INTERACTION MODELLING IN MC3D CODE AND CALCULATION 

ASSUMPTIONS  

 
MC3D is an eulerian thermal-hydraulics software developed by IRSN [9–12]. It is devoted to the study of 

3D multiphase and multi-constituent flows. MC3D is written in a modular way, proposing two different 

applications: the pre-mixing application and the explosion application. A complete steam explosion 

simulation is then achieved in two steps.  

 

 

2.1 FCI phenomenology as modeled by MC3D  

 

2.1.1 The premixing application 

 

This application focuses on the modeling of the fragmentation of the molten corium jet into large droplets 

(coarse fragmentation), on the calculation of the secondary fragmentation of the droplets and on the 

corium/coolant heat transfer estimation. The fuel is described using two fields so that its two states can be 

represented: 

- the continuous fuel phase (jet), 

- the discontinuous fuel phase (the droplets). 

Two other fields are defined to represent the coolant phase: 

- a liquid field, 

- a gas field, mixture of steam and non-condensable gases, its composition being governed by the 

partial pressure of each component.  

Mass transfers between the continuous and discontinuous fuel fields are estimated during the jet 

fragmentation and the coalescence processes. 

 

2.1.2 The explosion application 

 

The explosion application is dedicated to the calculation of the fine fragmentation of the droplets 

generated during the premixing phase as well as the heat transfers between these fragments and the 

surrounding fluid phases. Applying a user-defined pressure pulse at a user-defined location within the 

domain may trigger it. In this application, there is no more continuous field to represent the fuel that can 

be found in two different dispersed fields: 
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- the droplet field, 

- the fragment field. 

The mass transfers between the fuel droplet and fragment fields are modeled in MC3D according to the 

two fine fragmentation mechanisms already described above. It is then possible to simulate a steam 

explosion as a whole, from the escalation phase to the explosion propagation phase.  

 

2.2 Correlations and corium thermophysical properties 

 

In this section, the MC3D code correlations involving the corium thermophysical properties are presented 

[9,10,13]. The main correlations that allow understanding or interpreting the influence of corium 

thermophysical properties on the FCI phenomena have been listed below.  

 

2.2.1 Premixing phase 

 

For the simulation of the premixing phase, the corium thermophysical properties, which are used in the 

modelling, are the emissivity, the density, the surface tension, the solidus-line and liquidus-line 

temperature, the thermal conductivity, the solid and liquid specific heat, the viscosity. 

 

Emissivity 

The corium emissivity 𝜀 is used in the modelling of corium to water radiative heat transfer. Two following 

correlations are used according to the corium state “jet” (j) or “drop” (d): 

 

𝑄𝑟,𝑗𝑙=𝜎[
𝜀𝑗𝜀𝑙

(𝜀𝑗+𝜀𝑙−𝜀𝑗𝜀𝑙)
](𝑇𝑗

4−𝑇𝑙
4)𝐴𝑗−𝑏 (1) 

𝑄𝑟,𝑑𝑙=𝜎[
𝜀𝑑𝜀𝑙

(𝜀𝑑+𝜀𝑙−𝜀𝑑𝜀𝑙)
](𝑇𝑑

4−𝑇𝑙
4)𝐴𝑑𝑙−𝑏 (2) 

 

90% of these fluxes is transmitted to the liquid coolant. The remaining part is transmitted to the interface 

between liquid coolant and its vapor and thus participates directly to the coolant evaporation. 

 

Density 

The corium density plays a role in many phenomena related to FCI: jet fragmentation, coarse drop 

fragmentation (called secondary fragmentation), drop coalescence, drag coefficient on corium drop, 

pressure wave speed. 

 

There are two jet fragmentation models implemented in the MC3D code. The “CONST” model is based 

on the observations from FARO fragmentation experiment data [14] 

 

Γ𝑗→𝑑=𝜌𝑗 𝐴𝑗 Γ0(
𝑇0
𝑇𝑗
)

0.75

√
𝜇𝑔

𝜇𝑔,0
|
𝑃=1𝑏𝑎𝑟

𝜎0
𝜎𝑗
(
𝜌0
𝜌𝑗
)

0.5

 (3) 

 

where the subscript 0 is related to the FARO experimental conditions and fragmentation rate. 

 

The second model called “KELMHOLTZ” takes into account the growth of Kelvin-Helmholtz 

instabilities: 
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Γ𝑗→𝑑≃𝜌𝑗 𝐴𝑗 𝑁𝑓
𝜌𝑗𝜌𝑐‖𝑉𝑗⃗⃗ −𝑉𝑐⃗⃗⃗ ‖

2

3(𝜌𝑗+𝜌𝑐)
 (4) 

 

The corium density influences the drop to jet coalescence rate. The implemented coalescence model is 

currently implemented for horizontal jet interfaces only: 

 

Γ𝑑→𝑗=
𝑊𝑑
𝛿
𝜌𝑑 𝛼𝑑 (5) 

 

δ being the cell height above the jet interface. 

 

The corium density plays a role in the corium droplet coarse fragmentation. This fragmentation is 

described in MC3D as an area variation: 

 

Γ𝐴,𝑑→𝑑=0.245
𝐴𝑑
𝐷𝑑
√
𝜌𝑐
𝜌𝑑
 ‖𝑉 𝑑−𝑉 𝑐‖ (6) 

 

The drop motion is driven by gravity and drag forces. The density affects the drag coefficient in distorted 

regime of the corium droplets in a continuous flow: 

 

𝐶𝑑𝑑𝑖𝑠𝑡= 
2 𝐷𝑑
3
√
𝑔 (𝜌𝑑− 𝜌𝑐)

𝜎𝑑
 (7) 

𝛾=
𝑎

𝑏
Σ2 

 

Moreover, the density affects the momentum equation and the corium jet speed that has an obvious 

influence on the pressure impact on the floor, also increasing the probability of an explosion trigger. 

 

Surface tension 

The corium droplet coarse fragmentation is possible when the Weber number of the corium droplets is 

above a critical/threshold value called Wecr. This critical value corresponds to the maximum 

hydrodynamic perturbation that the drop could absorb without being fragmented. The droplet Weber 

number is defined by: 

 

𝑊𝑒=
𝜌𝑐 𝐷𝑑 ‖𝑉 𝑑−𝑉 𝑐‖

2

𝜎𝑑
 (8) 

 

It is then possible to determine the final droplet diameter by using the critical Weber number, Wecr. 

 

The jet fragmentation correlation (3), presented above, depends on the corium surface tension. Moreover, 

the drop diameter is also given by: 
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𝐷𝑑∝ 
2

3
 
𝜌𝑗 𝜌𝑐‖𝑉 𝑗−𝑉 𝑐‖

2

𝜎𝑗(𝜌𝑗+𝜌𝑐)
 (9) 

 

Solidus/Liquidus temperature, melting enthalpy, thermal conductivity, solid and liquid specific heat 

The solidification of the corium jet and drop impacts the heat transfer between the coolant and the corium. 

A solidification temperature is defined as the temperature below which there is no droplet fragmentation. 

It is set as the average of solidus and liquidus temperature [9]: 

 

𝑇𝑠𝑜𝑙𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛=
𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠+𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

2
 (10) 

 

Depending on the corium state, the droplet and jet internal energies can be calculated as a function of the 

melting enthalpy, 𝐿𝑓𝑑, and of the liquid and solid specific heats, Cpliquid  and Cpsolid: 

 

{

𝐸=𝐶𝑝𝑠𝑜𝑙𝑖𝑑(𝑇−𝑇𝑜𝑟𝑖𝑔𝑖𝑛)                                      𝑤ℎ𝑒𝑛  𝑇<𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
𝐼𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑖𝑜𝑛                                        𝑤ℎ𝑒𝑛 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠<𝑇<𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

𝐸=𝐸𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠+𝐶𝑝𝑙𝑖𝑞𝑢𝑖𝑑(𝑇−𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠)            𝑤ℎ𝑒𝑛  𝑇>𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

 (11) 

{
𝐸𝑠𝑜𝑙𝑖𝑑𝑢𝑠=𝐶𝑝𝑠𝑜𝑙𝑖𝑑(𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠−𝑇𝑜𝑟𝑖𝑔𝑖𝑛)

𝐸𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠=𝐸𝑠𝑜𝑙𝑖𝑑𝑢𝑠+𝐿𝑓𝑑
 (12) 

 

Thus, the corium internal energy can be drawn as a function of the temperature depending on the corium 

state (Figure 1). The curve slopes represent the specific heats. 

 

 

 
Figure 1. Corium internal energy as function of the temperature 

 

 

Viscosity 

The viscosity is not used in the simulation of the premixing phase, certainly due to the absence of wall 

friction in MC3D. Nevertheless, the corium jet behavior is certainly influenced by drag into the water 

pool. However, implementing such phenomenology would be very costly considering the CPU time.  



The 9TH European Review Meeting on Severe Accident Research (ERMSAR2019) Log Number: 009 

Clarion Congress Hotel, Prague, Czech Republic, March 18-20, 2019 
 

 

7/20 
 

 

2.2.2 Steam explosion phase 

 

For the steam explosion phase, the corium thermophysical properties are the emissivity, the density, the 

surface tension, the solidus-line and liquidus-line temperature, the thermal conductivity, the solid and 

liquid specific heat, the viscosity. 

The modelling of the steam explosion phase mainly deals with the following elements: 

• Drop generated by the premixing phase, 

• Small drop due to high Weber numbers or thermal fragmentation, 

• Coolant, 

• Steam and non-compressible gas 

 

Emissivity 

The modelling of radiative heat transfer is unchanged by comparison with the premixing phase (see 

previous subsection). 

 

Density 

The steam explosion leads to a fine fragmentation of the corium droplets into fragments. The 

fragmentation rate is a function of the density: 

 

Γ𝑑→𝑓=
1

𝑡𝑓𝑟𝑎𝑔
∗  

𝛼𝑑‖𝑉 𝑑−𝑉 𝑐‖

𝐷𝑑
√𝜌𝑑𝜌𝑐  (13) 

 

The drop diameter and the interfacial area evolutions depend on the density as follows: 

 

𝑑𝐷𝑑
𝑑𝑡
=−

Γ𝑑→𝑓

𝛼𝑑𝜌𝑑
 
𝐷𝑑
3

 (14) 

Γ𝐴,𝑑=
𝜕

𝜕𝑡
𝐴𝑑=−4

Γ𝑑→𝑓

𝜌𝑑𝐷𝑑
 (15) 

Γ𝐴,𝑓=
𝜕

𝜕𝑡
𝐴𝑓=6

Γ𝑑→𝑓

𝜌𝑓𝐷𝑓
 (16) 

 

Surface tension 

The diameter of the fine fragments generated by the explosion is calculated by introducing the Weber 

number and the surface tension explicitly: 

 

𝐷𝑓=𝑊𝑒𝑐𝑟
𝜎𝑑

𝜌𝑐‖𝑉 𝑑−𝑉 𝑐‖
2 (17) 

 

The minimum size of the fragments is limited to 10µm. 

 

Solidus/Liquidus temperature, melting enthalpy, thermal conductivity, solid and liquid specific heat 

The modelling of solidification/melting phenomena, and the .corium internal energy remains unchanged 

during the explosion phase (see previous subsection). 

 

Viscosity 

As for the premixing phase, the viscosity is not used in the simulation of the explosion phase. 
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3 STATISTICAL STUDY OF THERMOPHYSICAL PROPERTY ON FCI 

 

3.1 Calculation presentation 

 

The scenario used for the sensitivity analysis is an ex-vessel steam explosion occurring in the pit of the 

generic PWR, as for the reactor exercise performed during the SERENA program [15]. The reactor 

pressure vessel (RPV) bottom is elevated at 4 m from the basemat. The corium pours out of the vessel 

through a 30 cm diameter breach and flows in a 3.6 m deep, 343 K, water pool (Figure 2). The pressure 

inside and outside the RPV is initially equal to 0.2 MPa. In the present study, the corium superheat has 

been set to 100 K. This means that the corium temperature is equal to Tliquidus + 100 K. 

 

The calculations have been performed with MC3D V3.9p1 [13] on a 2D axi-symmetric Cartesian meshing 

(33x47 cells), as represented in Figure 3. 

 

 

  

Figure 2. Calculation conditions (from [15]) Figure 3. Lower part of the meshing used in 

the MC3D computations 

(red: corium, blue: water, grey: RPV) 

 

 

The calculations consist of two temporally chained MC3D computations: 

• One premixing computation stopped when the corium front reaches the basemat, 

• One explosion calculation started using the final state of the premixing calculation, with the explosion 

triggered at the contact point between the corium and the basemat. This calculation lasts 50 ms since 

the triggering time. 
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As the aim is to study the effect of the physical properties on the results, the calculations have been 

performed by activating the models that use them the most: 

¶ The used jet fragmentation model is KELMHOLTZ, which computes the Kelvin Helmholtz instability 

growth, rather than the parametric CONST model 

¶ The droplet breakup model is activated 

¶ The thermal conductivity in the corium jet is activated 

¶ The size of the melt fragments generated by the explosion is calculated 

 

Some global observables are calculated at the end of each computation, i.e. at the corium/basemat contact 

time for the premixing computation and at the end of the explosion for the explosion computation. They 

are listed in the Table I. 

 

 

Table I. Observables 

 

Name description unit Computation 

time Corium-basemat contact time s premixing 

mcorium Corium mass present in the cavity kg premixing 

dm Total melt particle mass in mixture kg premixing 

ldm Liquid melt droplet mass in mixture kg premixing 

dmW Total melt particle mass in region with void less than 60% kg premixing 

ldmW Liquid melt droplet mass in region with void less than 60% kg premixing 

dsauter Particle Sauter diameter m premixing 

vm vapour mass kg premixing 

pmfloor Maximum pressure on the basemat Pa explosion 

imfloor Maximum impulsion on the basemat Pa.s explosion 

pmwall Maximum pressure on the cavity wall Pa explosion 

imwall Maximum impulsion on the cavity wall Pa.s explosion 

mf Mass of melt fragments generated during the explosion kg explosion 

 

 

Among these observables, the analysis will focus on the followings, written in bold in the above table. ldm 

is the mass of liquid corium droplets, these droplets can be finely fragmented by the pressure wave and 

thus participate to the explosion. ldmW is the mass of molten corium droplets in liquid water. These 

droplets can participate to the initiation of the explosion, caused by the destabilization of the vapor film 

surrounding them. pmfloor is the maximum amplitude of the explosion on the basemat. imfloor is the time 

integral of the pressure peak on the basemat, giving some information on the explosion strength. mf is the 

mass of droplets fragmented by the explosion. 

 

3.2 Statistic methodology 

 

The sensitivity analysis has been performed using the Elementary Effect method introduced by Morris [7] 

and refined by Campolongo and co-workers [16]. This screening method needs a number of calculations 

ℴ(5𝑑−10𝑑), d being the dimension of the parameter space, i.e. the number of parameters. This is much 

cheaper than quantitative variance-based sensitivity analysis methods like Sobol indices, which need a 

number of calculations greater than ℴ(104𝑑) [17]. But the Sobol indices can give more complete 

information on the parameter sensitivity than the Morris method does. 

This method investigates a model response 𝑌(𝑥1,…,𝑥𝑛) by varying one input at a time and keeping the 

others fixed. In the original version [7], which is used here, the input parameter space is discretized with a 
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grid of p levels and the inputs are moved one at a time (OAT) on this grid. The defined trajectory is then 

composed of n+1 points. Morris recommends not moving the inputs on the next level of the grid and, 

instead, jumping j levels, j being equal to p/2. Figure 4 represents an example of three trajectories in a 

two-dimensional input space with a number of levels p=6 and a jump j=3. 

 

 

 
Figure 4. example of OAT trajectories in a 2 dimensional input space for the Morris method 

 

 

For each input parameter i, the elementary effect is then calculated as the ratio between the model 

response and the input variations: 

 

𝐸𝐸𝑖=
𝑌(𝑥1,…,𝑥𝑖−1,𝑥𝑖+∆𝑥𝑖,𝑥𝑖+1,…,𝑥𝑛)−𝑌(𝑥1,…,𝑥𝑛)

∆𝑥𝑖
 (18) 

 

The input variation being:  ∆𝑥𝑖=
𝑗

𝑝−1
∆𝑋𝑖=

𝑝

2(𝑝−1)
∆𝑋𝑖 (19) 

 

Randomly sampling r trajectories gives r different elementary effects. It is then possible to calculate the 

average μi and the standard deviation, σi. 

 

𝜇𝑖=𝔼(𝐸𝐸𝑖)=
∑ 𝐸𝐸𝑖
𝑟
𝑖=1

𝑟
 (20) 

𝜎𝑖=𝜎(𝐸𝐸𝑖)=√
∑ (𝐸𝐸𝑖−𝜇𝑖)

2𝑟
𝑖=1

𝑟
 

(21) 

 

A standard deviation close to 0 means that the elementary effect is linear and does not have any 

interaction with the other inputs. 
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Another measure has been introduced, using the absolute values of the EE and preventing the problem of 

compensation between the effects when the model is non-monotonic. 

 

𝜇𝑖
∗=𝔼(|𝐸𝐸𝑖|)=

∑ |𝐸𝐸𝑖|
𝑟
𝑖=1

𝑟
 (22) 

𝜇𝑖
∗ close to 0 means that the effect is negligible. 

 

After normalization by multiplying the elementary effects by DXi, it is possible to plot them on a σ vs. µ* 

graph that gives direct information on them (see Figure 5). The information on µ has been added on these 

graphs by using a color scale. This gives some information on the average sign of the effects and, by 

comparing µ and µ*, on the monotonicity of the model. 

 

 

 
Figure 5. interpretation of the s vs. µ* graph 

 

 

3.3 Corium thermophysical property data 

 

A short state-of-the-art about corium thermophysical property data has been done to propose data range in 

the framework of the sensitivity study. The calculations have been performed considering C100 corium, 

i.e. 100% oxide corium mixture composed of 80 w% UO2 and 20 w% ZrO2. This corium was used in the 

SERENA reactor exercise [15]. As it is only composed of oxides, it also enables the use of oxide mixing 

laws. 

 

Emissivity 

The C100 corium emissivity has been calculated by averaging the single emissivity of UO2 and ZrO2. 

These values have been taken in [18]: 

 

𝜀𝑈𝑂2=0.85, 𝜀𝑍𝑟𝑂2≈0.6 (23) 

 

Density 

Two references have been used to build an average value of the C100 corium density. First, the 

experimental data from RASPLAV program [19] have been considered:  
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𝜌(𝑇)=7400−0.45(𝑇−2973.15) (kg/m3) (24) 

 

Second, the density was calculated according to the correlation of Kim et al [20], which is a weighted 

average of UO2 and ZrO2 single densities: 

 

 
(25) 

 

The UO2 density has been calculated using Kirilov et al [21] correlation: 

 

𝜌(𝑇)=11800−0.93 𝑇 (kg/m3) (26) 

 

While the ZrO2 density was calculated with Kolev one [22]: 

 

𝜌(𝑇)=8620−0.89 𝑇 (kg/m3) (27) 

 

Surface tension 

Corium surface data are very scarce and there exist only one reference providing experimental 

measurement for the C100 corium [19]:  

 

𝜎=573±150 (J/m2) (28) 

 

Solidus/Liquidus temperature 

As for the surface tension, the experimental data for the C100 corium come from the RASPLAV program 

[19]. In this reference, the solidus and liquidus temperature measures are equal to respectively 2500°C and 

2700°C. These data have then been averaged with data obtained with the GEMINI code coupled to the 

TOLBIAC/CORPRO and NUCLEA database. 

 

Melting enthalpy, Solid and liquid specific heat 

The melting enthalpy and the specific heats have been estimated with the CORPRO and NUCLEA 

database. 

For the liquid specific heat, additional value from [22] has been taken into account to build an average 

value. 

 

𝐶𝑝𝑙𝑖𝑞𝑢𝑖𝑑(𝑇=2920 K)=485.2 (J/kg/K) (29) 

 

Thermal conductivity 

As for the density, two approaches have been investigated in order to obtain values of the C100 corium 

thermal conductivity in the liquid state. First, experimental measurements have been done in the 

framework of the RASPLAV program [19]: 

 

λ𝐶100 = 1.57.10
−3 𝑇 − 1.58 (30) 

 

In the framework of AP1000 reactor safety assessment, a correlation has been proposed to calculate the 

thermal conductivity of the corium as a function of UO2 and ZrO2 respective thermal conductivities [23]: 

 



The 9TH European Review Meeting on Severe Accident Research (ERMSAR2019) Log Number: 009 

Clarion Congress Hotel, Prague, Czech Republic, March 18-20, 2019 
 

 

13/20 
 

 

𝜆=𝑓𝑁−𝑈𝑂2×𝜆𝑈𝑂2+𝑓𝑁−𝑍𝑟𝑂2×𝜆𝑍𝑟𝑂2−0.4×𝑓𝑁−𝑈𝑂2×𝑓𝑁−𝑍𝑟𝑂2 (31) 

 

where 𝑓𝑁−𝑋 is the molar fraction of the X component. 

 

The conductivity of UO2 and ZrO2 has been estimated by extrapolation of solid thermal conductivity (see 

[24,25] for more details). It leads to the following values: 

 

λ𝑈𝑂2=2.782 (W/m/K) (32) 

λ𝑍𝑟𝑂2=2.11 (W/m/K) (33) 

 

3.4 Thermophysical data range NC 

 

The thermophysical properties of C100 corium have been summarized in the Table II. By now, the MC3D 

code does not allow introducing properties as a function of the temperature. For this reason, a central 

value has been estimated from reference data (see previous subsection) for each property. The data range 

has been fixed at 10% in the statistical sensitivity study. 

 

 

Table II. C100 Corium Thermophysical values 
 

C100 Corium Thermophysical properties Value 

Density [kg/m³] 7781.1 

Liquid specific heat [J/kg/K] 531.98 

Solid specific heat [J/kg/K] 638.56 

Melting enthalpy [J/kg] 315605 

Surface tension [J/m2] 559.5 

T° Solidus [K] 2825.6 

T° Liquidus [K] 2946.6 

Emissivity 0.725 

Thermal conductivity [W/m/K] 2.74 
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4 MC3D CALCULATION RESULTS 

 

4.1 Relative uncertainty propagation 

 

The sensitivity analysis has been performed using the parameters listed in Table II, except that the 

solidification interval, dTliqsol = Tliquidus - Tsolidus, has been used instead of Tliquidus. This prevents 

Tliquidus from being lower than Tsolidus. 

The corium pool temperature has been calculated from Tliquidus, using a constant corium superheat equal 

to 100 K. 

 

The 9-dimension parameter space has been discretized with 50 OAT trajectories, with a grid of 100 levels 

and a jump equal to 50, as recommended by Morris. This needed 1000 MC3D computations (500 

premixing and 500 explosion computations). 

 

As an illustration, the Figure 6 represents a focus of the effects on the corium droplet Sauter Mean 

Diameter (SMD) at the impact time of the corium on the basemat. The Morris graph a/. shows a clear 

linear effect of the surface tension, tsurf, on the SMD, with no interaction. In addition to the original 

Morris graph, the information on the average of the elementary effects is also given by the color of the 

points. It can then be observed that the average of the elementary effect of the surface tension on the SMD 

is positive. The scatterplot b/. also shows the linear dependency with a limited spreading of the dots 

around the average (red line). This positive linear dependency is in agreement with the eq. (8) used to 

calculate the corium droplet diameter. 

 

 

a/.  b/.  

 

Figure 6. corium droplet SMD at the impact time of the corium on the basemat, dsauter. a/. Morris 

graph. b/. scatterplot of the SMD vs. the surface tension (red line = average). 

 

 
The Figure 7 shows that the molten corium droplet masses, generated by the jet fragmentation, mainly 

depend on the surface tension. Let us recall that ldm represents more or less the corium mass that may 

participate to the explosion and that ldmW represents the mass of the droplets that can contribute to the 

initiation of the explosion, caused by the destabilization of the vapor film surrounding them. This means 

that the probability of occurrence of an explosion mainly depends on the corium surface tension. 
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Figure 7. Morris graphs of the molten droplet masses of corium at the time of the corium impact on 

the basemat. ldm: molten corium droplet mass, ldmW: molten corium droplet mass in liquid water. 

 

 

The Morris graphs of the explosion calculation observables, Figure 8, show that the corium surface 

tension plays a major role on the explosion. The effect on the corium mass fragmented by the explosion, 

mf, is one of the biggest, in interaction with the corium solidification heat, efusion. The effect of the 

corium surface tension on the explosion strength is more grouped with the other effects, while remaining 

one of the biggest. 

 

 

 
 

Figure 8. normalized elementary effects of observables at the end of the explosion calculations.  

mass of corium fragmented by the explosion (mf) and pressure load on the basemat,  

maximum pressure (pm_floor) and impulsion (im_floor) 
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4.2 Focus on surface tension 

 

The results of the sensitivity study of main FCI output data in relation with the corium C100 

thermophysical properties have shown that the surface tension was the parameter that has the biggest 

influence. 

For this reason, a sensitivity study dedicated to the surface tension has been performed. The data range has 

been extended up to 30% to take into account the uncertainties of the reference value [19]. The Table III 
proposes a summary of the calculations. 

The results exhibit the important impact of the surface tension on all the output parameters as the integral 

and compensate effect range varies from 41% to 138%. 

 

Table III. Separate effect of surface tension on the premixing phase and explosion phase during FCI 

 

Name 

Sensitivity analysis of 

surface tension effect 
Range=163,42 J.m-2 

(i.e. 30% of the nominal 

value) 

µ*/y0 

Integral effect 

µ/y0 

Compensate 

effect 

Calculation 

with the data 

range central 

value, y0  

Mean value 
(average from 

experimental 

plan) 

time 
Corium-basemat contact 

time (s) 
15x10-3 (2%) 0 (0%) 9,3 9,325 

mcorium 
Corium mass under the 

initial water level  (kg) 
25 (5%) 0 (0%) 1224,58 1222,2 

mjet 
Jet mass under the initial 

water level (kg) 
65 (11%) 65 (11%) 556,94 563,73 

dm Drop mass (kg) 61 (9%) 59 (9%) 709,16 702,94 

dmW 

Total melt particle mass in 

region with void less than 

60% (kg) 

85 (26%) 82 (25%) 332,22 350,25 

ldm 
Liquid melt droplet mass 

in mixture (kg) 
210 (41%) 210 (41%) 516,64 514,77 

ldmW 

Liquid melt droplet mass 

in region with void less 

than 60% (kg) 

230 (138%) 230 (138%) 174,91 188,76 

dsauter 
Particle Sauter diameter 

(mm) 
1,4 (52%) 1,4 (52%) 2,66 2,67 

vm Steam mass (kg) 0,82 (18%) 0,82 (18%) 4,68 4,55 

pm_wall 
Maximum pressure on the 

cavity wall (MPa) 
5,5 (65%) 3,6 (35%) 9,12 12,08 

im_wall 
Maximum impulsion on the 

cavity wall (MPa.s) 
0,029 (40%) 0,028 (39%) 0,06 0,071 

pm_floor 
Maximum pressure on 

the basemat (MPa) 
20 (100%) 10 (50%) 31,46 35,86 

im_floor 
Maximum impulsion on 

the basemat (Pa.s) 
0,03 (38%) 0,027 (35%) 0,071 0,082 

mf 

Mass of melt fragments 

generated during the 

explosion (kg) 

220 (70%) 220 (70%) 294,83 345,81 
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5 NEEDS FOR NEW EXPERIMENTAL DATA AND DEVELOPMENT OF VITI-MBP 

FACILITY 

 

Corium surface tension experimental data are scarce: only one reference exists, from the 

OECD/RASPLAV and OECD/MASCA programs (2000) [19]. CEA has developed a new device to fill this 

lack: the VITI-MBP facility. The VITI-MBP device has been qualified by measuring reference material 

surface tension at room temperature (ultrapure water) and at high temperatures (Pure Alumina, 99.99%).  

Then, original results on corium surface tension have been obtained.  Corium “C100” (100% oxidized 

corium) and corium C32 has been considered. Benchmarks against former RASPLAV experimental results 

have been performed. The whole VITI-MBP results will be published soon in [26]. 

 

 
Figure 9. Schematic view of the VITI-MBP facility 

 

 

The layout of the facility is displayed in the Figure 9. The liquid bath (1) is placed in a crucible (2) made 

of alumina, hafnia or tungsten, depending on the studied liquid. The capillary tube (3), made of alumina or 

tungsten, is placed above the crucible and connected with the micrometer translation stage (11) which 

allows for the control of the immersion of the capillary into the liquid bath. A flowmeter (12) controls the 

gas flow (argon) in the capillary at a low gas flow rate (below 0.9 mL/min). A pressure sensor (13) is also 

connected to the capillary thanks to an insulating connection to measure the pressure difference between 

the capillary and the confinement vessel (7). If electro-conductive, the crucible is heated up by direct 

induction method using the water-cooled inductor (5), connected to a generator (9) working at the 

frequency of 180 kHz. The heating may also be indirect if the inductor is electromagnetically coupled with 
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a susceptor (not represented in Figure 9), made of dense graphite. The thermal confinement is achieved 

thanks to the thermal shield (4) placed between the inductor and the crucible. 

 

 

6 CONCLUSIONS 

 

The Fuel Coolant Interaction phenomenology has been described together with its modelling in the French 

reference code MC3D. Moreover, the MC3D correlations that involve the corium thermophysical 

properties have been listed and presented in details for both the premixing phase and the explosion phase. 

It was shown that the properties acting on the FCI progress are: the emissivity, the density, the surface 

tension, the solidus and liquidus temperature, the melting enthalpy, the thermal conductivity, the solid and 

liquid specific heat. 

 

Data range of these properties has been proposed for a totally oxidized corium (C100). The values have 

been given either by the literature when experimental data were available, or by modelling and 

calculation. 

 

Then, a sensitivity studies of the corium thermophysical properties on the progress of FCI in a 900MWe 

French PWR, using the MC3D code and the Morris statistic methodology. The analysis have focused on 

the following outputs: the liquid melt droplet mass in mixture, the liquid melt droplet mass in region with 

void less than 60%, the maximum pressure on the basemat, the maximum impulsion on the basemat and 

the mass of melt fragments generated during the explosion. 

 

The normalized elementary effects of the premixing observables at the time of the corium impact on the 

basemat demonstrate that the corium surface tension was the more sensitive parameter. The same results 

were observable on the normalized elementary effects of the explosion observables at the end of the 

explosion calculation. This is in agreement with the conclusions of the recent status report on ex-vessel 

steam explosion [6] that points out the importance of corium surface tension together with its density and 

liquidus and solidus temperatures.  

 

Therefore, a specific sensitivity study dedicated to the surface tension impact of the main FCI output was 

done highlighting the need to reduce the uncertainty on corium surface tension. In response, the VITI-

MBP facility has been developed to allow experimental measurement of corium surface tension. It is 

presented introducing original results that will be published in a future publication [26]. 
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8 NOMENCLATURE 

 
Latin: 

A interfacial area 

Cp corium heat capacity 

D diameter 
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E corium internal energy 

EE elementary effect (§3.2) 

Lfd corium fusion enthalpy 

P pressure 

Q heat flux 

t*frag non-dimensional fragmentation time 

T temperature 

𝑉  velocity 

W velocity component in the z direction 

We Weber number 

Greek: 

α volume fraction 

ε emissivity 

Γ mass transfer rate 

ΓA area variation 

μ dynamic viscosity 

 average of the elementary effects (§3.2) 

λ thermal conductivity 

ρ density 

σ Stefan-Boltzmann constant (º5.67 10-8 W/m2/K4), eq. (1) and (2) 

 surface tension, elsewhere 

 standard deviation of the elementary effects (§3.2) 

Subscript: 

0 related to FARO corium experiment conditions 

b bubbly flow 

c continuous, ambient, surrounding phase 

d corium droplet or debris, dispersed phase 

j corium jet 

l liquid coolant 

r  radiative 

 
 

9 REFERENCES 

 

1. M.L. CORRADINI, B.J. KIM, and M.D. OH. "Vapor explosions in light water reactors: A review of 

theory and modeling". Progress in Nuclear Energy 22(1), pp. 1–117 (1988). 

2. B.D. TURLAND and G.P. DOBSON. Molten fuel coolant interactions: a state of the art report. 

Report. EUR 16874 EN. European Commission (1996). 

3. E. DE MALMAZET. Etude de la fragmentation de gouttes chaudes en ébullition en film dans un 

écoulement d’eau. thèse de Docteur. Institut National Polytechnique de Grenoble, Grenoble (2009). 

4. G. BERTHOUD. "Vapor Explosions". Annual Review of Fluid Mechanics 32(1), pp. 573–611 (2000). 

5. D. MAGALLON, K.H. BANG, S. BASU, G. BERTHOUD, M. BÜRGER, M.L. CORRADINI, et al. 

FCI phenomena uncertainties impacting predictability of dynamic loading of reactor structures 

(SERENA programme). Workshop on Evaluation of Uncertainties in Relation to Severe Accidents 

and Level, vol. 2 (2005). 

6. P. PILUSO, M. ADORNI, G. AZARIAN, K.H. BANG, S. BASU, M. BUCK, et al. Status Report on 

Ex-Vessel Steam Explosion. NEA/CSNI/R(2017)15. OCDE/NEA/CSNI (2018). 

7. M.D. MORRIS. "Factorial Sampling Plans for Preliminary Computational Experiments". 

Technometrics 33(2), pp. 161–174 (1991). 



The 9TH European Review Meeting on Severe Accident Research (ERMSAR2019) Log Number: 009 

Clarion Congress Hotel, Prague, Czech Republic, March 18-20, 2019 
 

 

20/20 
 

 

8. D. GRISHCHENKO, S. BASSO, P. KUDINOV, and S. BECHTA. Sensitivity Study of Steam 

Explosion Characteristics to Uncertain Input Parameters Using TEXAS-V Code. Proceedings of The 

10th International Topical Meeting on Nuclear Thermal-Hydraulics, Operation and Safety 

(NUTHOS-10), , Okinawa, Japan (2014). 

9. S. PICCHI. MC3D Version 3.9: Description of the physical models of the PREMIXING application. 

rapport IRSN. PSN-RES/SAG/2017-00073. IRSN, Cadarache, France (2017). 

10. S. PICCHI. MC3D Version 3.9: Description of the physical models of the EXPLOSION application. 

rapport IRSN. PSN-RES/SAG/2017-00074. IRSN, Cadarache, France (2017). 

11. R. MEIGNEN. Status of the qualification program of the Multiphase Flow code MC3D. Proceedings 

of ICAPP ’05, vol. 5, American Nuclear Society (ANS), Séoul, Korea (2005). 

12. C. BRAYER and G. BERTHOUD. Vapor explosion modeling with MC3D. Proceedings of ICONE 5, 

, Nice, France (1997). 

13. S. PICCHI. MC3D Version 3.9: User’s guide. rapport IRSN. PSN-RES/SAG/2017-00068. IRSN, 

Cadarache, France (2017). 

14. A. ANNUNZIATO, C. ADDABBO, and D. MAGALLON. FARO Test L-28 Quick Look Report. 

Technical Note No. I.99.74 / INV-MFCI(99)-D032. JRC, Ispra, Italy (1999). 

15. D. MAGALLON. SERENA Programme Reactor exercise, synthesis of calculations (2012). 

16. F. CAMPOLONGO, J. CARIBONI, and A. SALTELLI. "An effective screening design for 

sensitivity analysis of large models". Environmental Modelling & Software 22(10), pp. 1509–1518 

(2007). 

17. B. IOOSS. "Revue sur l’analyse de sensibilité globale de modèles numériques". Journal de la Société 

Française de Statistique 152(1), pp. 1–23 (2011). 

18. V.F. STRIZHOV, G.A. KOBZEV, and R.R. GALIMOV. Developement of a database for thermo-

physical properties of corium : pure components. Project 3078p. IBRAE (2006). 

19. V.F. STRIZHOV, Y.G. DEGALTSEV, and V.G. ASMOLOV. RASPLAV Final Report. OECD NEA 

(2000). 

20. W.K. KIM, J.H. SHIM, and M. KAVIANY. "Thermophysical properties of liquid UO2, ZrO2 and 

corium by molecular dynamics and predictive models". Journal of Nuclear Materials 491, pp. 126–

137 (2017). 

21. P.L. KIRILLOV, M.I. TERENTIEVA, and N.B. DENISKINA. Thermophysical properties of 

materials for nuclear engineering. 2nd ed. , Moscow (2007). 

22. N.I. KOLEV. Multiphase Flow Dynamics 5, Nuclear Thermal Hydraulics. 2nd ed. Springer Berlin 

Heidelberg, Berlin, Heidelberg (2011). 

23. H. ESMAILI, M. KHATIB-RAHBAR, and S. BASU. Analysis of In-Vessel retention and ex-vessel 

Fuel Coolant Interaction for AP1000. NUREG/CR-6849 ERI/NRC 04-201. US Nuclear Regulatory 

Commission, Washington, DC, USA (2004). 

24. C. RONCHI, M. SHEINDLIN, M. MUSELLA, and G.J. HYLAND. "Thermal conductivity of 

uranium dioxide up to 2900 K from simultaneous measurement of the heat capacity and thermal 

diffusivity". Journal of Applied Physics 85(2), pp. 776–789 (1998). 

25. R. MÉVREL, J.C. LAIZET, A. AZZOPARDI, B. LECLERCQ, M. POULAIN, O. LAVIGNE, et al. 

"Thermal diffusivity and conductivity of Zr 1−x Y x O 2−x/2 ( x =0, 0.084 and 0.179) single 

crystals". Journal of the European Ceramic Society 24(10–11), pp. 3081–3089 (2004). 

26. N. CHIKHI, J. DELACROIX, P. FOUQUART, and B. TURQUAIS. Measurement of corium surface 

tension using the maximum bubble pressure. Proceedings of SWINTH-2019, , Livorno, Italy (2019). 

 


