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Abstract 

This study focuses on the cooling capacity of a damaged PWR reactor core during the reflooding 
phase of a Loss Of Coolant Accident (LOCA). Downstream the quench front, the core cooling is 
provided by an over-heated vapour flow carrying water droplets and may impact the ballooned 
fuel cladding and provide an additional cooling. The present paper will deal with the 
development of a CFD code to simulate such droplet dispersed flows with the fmal aim of 
carrying out sensitivity studies of blockage ratio and length on wall cooling. Adequate closure 
laws for the momentum and energy balances as well as for the heat transfer at droplet impact and 
interfacial area transport are given and some simulation results are presented. 

Introduction 

This study focuses on the cooling capacity of a damaged PWR reactor core during a Loss 
Of Coolant Accident (LOCA). During the reflooding phase of such accident, core cooling is 
provided by an over-heated vapour flow carrying water droplets, which experience break-up and 
coalescence and may impact the ballooned fuel cladding. Since the temperature of the fuel 
assemblies is well above the Leidenfrost temperature (> 600°C), the droplet impact regime is the 
bouncing regime : the strong evaporation flux prevents the droplet from wetting the wall. The 
heat exchange between the droplet and the hot clad is not negligible and should be considered to 
evaluate the clad to refrigerant heat transfer. The fmal aim of the present study is to accurately 
estimate the cooling capability of ballooned part of a damaged PWR core depending on the 
blockage ratio, the length of the balloons and on the thermal-hydraulic features of the dispersed 
droplet two-phase flow through the sub-channels. Indeed, the ballooning of the cladding has an 
important influence on the dispersed droplet flow and thus on the heat exchange and nuclear core 
coolability [1]. 
The French Institut de Radioprotection et de Sfirete Nucleaire (IRSN) has launched in 2006 a 
wide Research and Development Program on LOCA on this issue. The simulation part of this 
program deals with the adaptation of the CFD code Neptune_CFD (mainly devoted to bubbly and 
separated-phase flows) to the simulations of dispersed droplet two-phase flows involving steep 
thermal gradients and thus heat transfers. The final goal is to develop an operational tool 
enabling sensitivity simulations to droplet diameters and relative velocities, fuel power, ratio of 
ballooning etc which would, on one hand, study the cooling capability at CFD scale and, on the 
other hand, provide adequate closure laws for the study of reflooding phase in such LOCA 
conditions at a component scale. 
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Introduction 

This study focuses on the cooling capacity of a damaged PWR reactor core during a Loss 
Of Coolant Accident (LOCA). During the reflooding phase of such accident, core cooling is 
provided by an over-heated vapour flow carrying water droplets, which experience break-up and 
coalescence and may impact the ballooned fuel cladding. Since the temperature of the fuel 
assemblies is well above the Leidenfrost temperature (> 600°C), the droplet impact regime is the 
bouncing regime : the strong evaporation flux prevents the droplet from wetting the wall. The 
heat exchange between the droplet and the hot clad is not negligible and should be considered to 
evaluate the clad to refrigerant heat transfer. The final aim of the present study is to accurately 
estimate the cooling capability of ballooned part of a damaged PWR core depending on the 
blockage ratio, the length of the balloons and on the thermal-hydraulic features of the dispersed 
droplet two-phase flow through the sub-channels. Indeed, the ballooning of the cladding has an 
important influence on the dispersed droplet flow and thus on the heat exchange and nuclear core 
coolability [1]. 
The French Institut de Radioprotection et de Sûreté Nucléaire (IRSN) has launched in 2006 a 
wide Research and Development Program on LOCA on this issue. The simulation part of this 
program deals with the adaptation of the CFD code Neptune_CFD (mainly devoted to bubbly and 
separated-phase flows) to the simulations of dispersed droplet two-phase flows involving steep 
thermal gradients and thus heat transfers. The final goal is to develop an operational tool 
enabling sensitivity simulations to droplet diameters and relative velocities, fuel power, ratio of 
ballooning etc which would, on one hand, study the cooling capability at CFD scale and, on the 
other hand, provide adequate closure laws for the study of reflooding phase in such LOCA 
conditions at a component scale.   
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The present paper will first present the adequate closure laws of the two-fluid model at the basis 
of Neptune_CFD. One focuses on both momentum and energy balances. Furthermore, the 
conclusions of an experimental study aiming at measuring heat transfer at droplet impact, and the 
associated validated heat transfer model, adapted to CFD scale, will be described. In addition, an 
interfacial area transport equation is considered to follow the droplet diameter evolution 
according to thermal (evaporation/condensation) and dynamical phenomena (break-
up/coalescence). 
Finally, simulation results of steam-droplet flows throughout sub-channels involving ballooned 
rods are analyzed, conclusions and perspectives are drawn. 

1. Dispersed droplet flow closure laws 

Neptune_CFD code is a Euler-Euler three dimensional two-fluid code developed more especially 
for nuclear reactor applications and mainly devoted to bubbly and separate-phase flows. This 
local three-dimensional module is based on the classical two-fluid one pressure approach, 
including mass, momentum and energy balances for each phase[2], [3]. Firstly, the code has been 
adapted to droplet flows, implementing adequate closure laws. 

1.1 Momentum Source Terms 

In the momentum balance equation for phase k, the interfacial momentum transfer Mkt from 
phase k to the interface between droplet and vapour [kg/m2/s2] needs to be modelled: 

f(akpkVk) 

ft 
= ...E 11;1 k 

where a, p, v stand for the volumetric fraction, density and velocity of phase k, index k taking 1 
value for liquid droplet phase and g for vapour gaseous phase. Mkt is modelled as the averaged 
sum of the forces that govern droplet motion. The different forces are analyzed in the following 
sections. 

1.1.1 Drag and Added Mass Forces 

(1) 

In LOCA conditions eg [4,5], the typical droplet diameters range is from few micrometers to 
some millimeters for which surface tension force confers a spherical shape. The liquid 
volumetric fraction ranges between 104 and 10-2 which induces dilute flow of particles, i.e. low 
rate of collision. 
It has been checked that the drag and added mass forces expressions existing in Neptune_CFD 
[2] are adapted to the droplet case, but the added mass force is negligible in case of droplet flow. 
These expressions are valid for isolated (diluted flow) spherical inclusions which actually 
correspond to flow features 

1.1.2 Lift Force 

A particle moving in a fluid having a non-uniform velocity experiences a lateral lift force due to 
two different mechanisms: 'slip-spin' motion (or Magnus effect, when a rotating sphere moves 
parallel to the streamlines) and 'slip shear' motion (when the sphere moves through a viscous 
fluid in shear flow). Regardless these two effects, The Auton's expression of the lift force is 
commonly used for bubbly flow [6]. Nevertheless, in case of droplet flow, this force is over-
estimated leading to an incorrect droplet distribution within the flow [7]. It is commonly 
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Neptune_CFD code is a Euler-Euler three dimensional two-fluid code developed more especially 
for nuclear reactor applications and mainly devoted to bubbly and separate-phase flows. This 
local three-dimensional module is based on the classical two-fluid one pressure approach, 
including mass, momentum and energy balances for each phase[2], [3]. Firstly, the code has been 
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where α, ρ, v stand for the volumetric fraction, density and velocity of phase k, index k taking l 
value for liquid droplet phase and g for vapour gaseous phase. Mki is modelled as the averaged 
sum of the forces that govern droplet motion. The different forces are analyzed in the following 
sections. 
 
1.1.1 Drag and Added Mass Forces 

In LOCA conditions eg [4,5], the typical droplet diameters range is from few micrometers to 
some millimeters for which surface tension force confers a spherical shape. The liquid 
volumetric fraction ranges between 10-4 and 10-2 which induces dilute flow of particles, i.e. low 
rate of collision.  
It has been checked that the drag and added mass forces expressions existing in Neptune_CFD 
[2] are adapted  to the droplet case, but the added mass force is negligible in case of droplet flow.  
These expressions are valid for isolated (diluted flow) spherical inclusions which actually 
correspond to flow features 
 
1.1.2 Lift Force 

A particle moving in a fluid having a non-uniform velocity experiences a lateral lift force due to 
two different mechanisms: ’slip-spin’ motion (or Magnus effect, when a rotating sphere moves 
parallel to the streamlines) and ’slip shear’ motion (when the sphere moves through a viscous 
fluid in shear flow). Regardless these two effects, The Auton’s expression of the lift force is 
commonly used for bubbly flow [6]. Nevertheless, in case of droplet flow, this force is over-
estimated leading to an incorrect droplet distribution within the flow [7]. It is commonly 
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accepted in the literature that the lift force depends on the Reynolds number based on the particle 
motion Rep (Rep = pgv,d/N where vr stands for the relative velocity vr=vi-vg and II for the 
viscosity) and the local shear stress of the surrounding flow. Based on Saffman's expression for 
lift coefficient [8], the average contribution of lift on Mki, namely Mil-, reads: 

ML = a, 
d 

dv 
P,P, dr (f g f1)11 (2) 

with d the droplet diameter, n the unity vector having a direction perpendicular to the main flow 
and r the corresponding coordinate. However, the Auton and Saffman's expressions are only 
valid for smaller Reynolds numbers than that encounter in LOCA conditions. Recent DNS 
studies [9] [10] show that the lift coefficient at high Reynolds numbers is lower and could 
eventually drop to zero and change of sign for given values of the shear stress and Re number. A 
new expression from these DNS studies is currently tested in Neptune_CFD and would, at term, 
replace the Saffman's expression. 

1.1.3 Contribution of turbulence forces 

In a dispersed droplet flow, both the continuous (vapour) and the dispersed (droplets) phases 
contribute to the turbulent regime. Their turbulent regimes are somehow coupled. Droplets are 
subjected to turbulent fluctuations that increase their diffusion and mixing with the vapour phase. 
At the same time, the presence of the dispersed phase modifies the turbulence of the continuous 
phase taken into account through the k-s model [11]. The main disadvantage of this model is that 
it is not adequate for highly anisotropic or rotating flow, as it could occur in ballooned regions. 
Hinze-Tchen's particle tracking fluid theory [12], which is used to model the dispersed phase 
turbulence, is a local equilibrium model with a simplified approach applicable to dilute flows. 
Some algebraic formulations are used to link the dispersed particle turbulence to the gas flow 
turbulence via inertial drag expression. It states that the particle turbulence fluctuation is weaker 
than the fluid turbulent fluctuation and it decreases with the increase of droplets size. These 
hypothesis could not fit the targeted flow features especially if we refer to the recent works of 
Zhou [13] that has shown that in some cases and regions the particles fluctuation could be 
stronger than the fluid one. Alternative to Tchen's model considers additional transport equations 
to estimate the droplets mean fluctuating motion. Moreover, the turbulent reverse coupling model 
[2] has to be taken into account for the modification of the turbulent viscosity of the continuous 
phase due to the presence of the dispersed phase. 
Finally the turbulent contribution of the interfacial momentum transfer gathers the fluctuating 
part of the drag and added mass forces as well as the fluctuating pressure term due to the 
correlation between the particles distribution and the carrier phase stress tensor. 

1.1.4 Thrust force 

Ganic et Rohsenow [14] observed in dispersed flow film boiling regime an additional force 
associated with drop motion. Indeed, because of the temperature gradient in the thermal 
boundary layer, the side of the droplet closer to the wall evaporates at a higher rate and vapour is 
produced at higher velocity than on the cold side. This results in a reaction or thrust force, which 
tends to prevent the deposition of droplet on the wall [15]. The velocity of the evaporating 
vapour is estimated by dividing the evaporated mass flux by the local vapour density. Within the 
framework of the IRSN Research and Development Program on LOCA, an experimental study 
followed by modelling work was achieved in 2010. It provides a model for the heat flux removed 
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with d the droplet diameter, n
r  the unity vector having a direction perpendicular to the main flow 

and r the corresponding coordinate. However, the Auton and Saffman’s expressions are only 
valid for smaller Reynolds numbers than that encounter in LOCA conditions. Recent DNS 
studies [9] [10] show that the lift coefficient at high Reynolds numbers is lower and could 
eventually drop to zero and change of sign for given values of the shear stress and Re number. A 
new expression from these DNS studies is currently tested in Neptune_CFD and would, at term, 
replace the Saffman’s expression. 
 
1.1.3 Contribution of turbulence forces 

In a dispersed droplet flow, both the continuous (vapour) and the dispersed (droplets) phases 
contribute to the turbulent regime. Their turbulent regimes are somehow coupled. Droplets are 
subjected to turbulent fluctuations that increase their diffusion and mixing with the vapour phase. 
At the same time, the presence of the dispersed phase modifies the turbulence of the continuous 
phase taken into account through the k-ε model [11]. The main disadvantage of this model is that 
it is not adequate for highly anisotropic or rotating flow, as it could occur in ballooned regions. 
Hinze-Tchen’s particle tracking fluid theory [12], which is used to model the dispersed phase 
turbulence, is a local equilibrium model with a simplified approach applicable to dilute flows. 
Some algebraic formulations are used to link the dispersed particle turbulence to the gas flow 
turbulence via inertial drag expression. It states that the particle turbulence fluctuation is weaker 
than the fluid turbulent fluctuation and it decreases with the increase of droplets size. These 
hypothesis could not fit the targeted flow features especially if we refer to the recent works of 
Zhou [13] that has shown that in some cases and regions the particles fluctuation could be 
stronger than the fluid one. Alternative to Tchen’s model considers additional transport equations 
to estimate the droplets mean fluctuating motion. Moreover, the turbulent reverse coupling model 
[2] has to be taken into account for the modification of the turbulent viscosity of the continuous 
phase due to the presence of the dispersed phase.  
Finally the turbulent contribution of the interfacial momentum transfer gathers the fluctuating 
part of the drag and added mass forces as well as the fluctuating pressure term due to the 
correlation between the particles distribution and the carrier phase stress tensor.  
 
1.1.4 Thrust force 

Ganic et Rohsenow [14] observed in dispersed flow film boiling regime an additional force 
associated with drop motion. Indeed, because of the temperature gradient in the thermal 
boundary layer, the side of the droplet closer to the wall evaporates at a higher rate and vapour is 
produced at higher velocity than on the cold side. This results in a reaction or thrust force, which 
tends to prevent the deposition of droplet on the wall [15]. The velocity of the evaporating 
vapour is estimated by dividing the evaporated mass flux by the local vapour density. Within the 
framework of the IRSN Research and Development Program on LOCA, an experimental study 
followed by modelling work was achieved in 2010. It provides a model for the heat flux removed 
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by the droplet impact on the wall. From this expression, the evaporated mass flux could be 
derived and the thrust force expression is foreseen to be implemented into the code 
Nepttune_CFD in 2011. 

1.2 Enthalpy Source Terms 

Interfacial heat and mass transfer plays a major role in the energy and mass balance equations of 
both phases. The global heat transfer at the droplet interface between the vapour phase and the 
liquid droplet is represented by a double boundary layers model (figure 1). It is assumed that the 
interface between the vapour and the liquid is at the thermodynamical equilibrium and remains 
thus at saturation temperature. 
The heat transfers through the liquid and vapour boundary layers are modelled using empirical 
correlations. They induce either cooling down/heating up or evaporation/condensation. 

Ti=Tsat „-- --- --
gig 

-------

- „ 

Tg Gas boundary 

layer 

liquid boundary 

layer 

Figure 1 : Double boundary layer model at the droplet interface. 

1.2.1 Liquid side interfacial heat transfer 

The most basic model for heat transfer inside a spherical inclusion is the relaxation model [2,3]. 
Its name stands for the return to saturation conditions in a given relaxation time. This time is 
usually specified by the code user. Such model could be used for droplet inclusion, but more 
realistic model must be used to evaluate this time. 

x model : 
The external flow outside the droplet may induce, owing to shear stress, an internal convection 
(spherical Hill vortex pattern). Fine estimation of thermal heat transfer would require a resolution 
of the flow inside the drop, e.g. [16]. Abramzon et Sahzin [17] proposed an approximation 
resolution thanks to a model involving a factor x (varying from 1 to 2.72) : 

=1.86 + 0.86 tanh[2.2451og. 30PeJ] (3) 

where the liquid Peclet number is given by Pe, = V d I K, with xr the liquid thermal diffusivity 

and V  the maximal velocity of the flow at the interface: 
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Figure 1  : Double boundary layer model at the droplet interface. 

 
1.2.1 Liquid side interfacial heat transfer 

The most basic model for heat transfer inside a spherical inclusion is the relaxation model [2,3]. 
Its name stands for the return to saturation conditions in a given relaxation time. This time is 
usually specified by the code user.  Such model could be used for droplet inclusion, but more 
realistic model must be used to evaluate this time.  
 
χ model :  
The external flow outside the droplet may induce, owing to shear stress, an internal convection 
(spherical Hill vortex pattern). Fine estimation of thermal heat transfer would require a resolution 
of the flow inside the drop, e.g. [16]. Abramzon et Sahzin [17] proposed an approximation 
resolution thanks to a model involving a factor χ (varying from 1 to 2.72) :  

]
30

log245.2tanh[86.086.1
10

l
Pe+=χ       (3) 

where the liquid Peclet number is given by 
ll

dVPe κ/
max

= with κl the liquid thermal diffusivity 

and Vmax the maximal velocity of the flow at the interface:  
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V = lig Re, CF (Rep ) 
32 p, 

with CF(Rep) the shear coefficient given by: 
12.69 

C (Re ) = (5) 
P Re 2p"  (1 ± 13„, ) 

This last equation is valid for 10 < Rep < 100 and BM is the Spalding number associated to the 
diffusion effect of the vapour through the air and consequent limitation of the mass transfer at the 
interface. The heat flux at the droplet interface is [in w/m2]1:

10 
(I) = [ — (6) 

with lc/ the liquid conductivity and d the droplet diameter. Finally, the volumetric heat flux from 
the interface to the liquid [W/m3] is given by equation (7): 

qii=a,[Tat—T,]
6Ozk, 

d2 
(7) 

(4) 

Hendou's model : 
The heat transfer coefficient inside the liquid boundary layer is modelled by empirical 
correlations that depend on the flow regime inside the droplet [18]. In case of droplets with 
laminar recirculation: 

Nu1 = 2.567 + 0.794 Re" 2 Pr113 (8) 
P,Itg P,lig 

with Rep,liq=plvl d/[ti and Prp,licri.tiCp j/ki . In case of droplets with turbulent recirculation: 
Nu1 =0.351+0.381Re" Pr113 (9) 

P,Itg P,Itg 

Finally, the volumetric heat flux from the interface to the liquid [W/m3] is: 

= a/Nu/
6k  

[T —11 
d 2 ' 

The qii given by eq. (10) and (7) differ of Nu/(10 x). 

1.2.2 Vapour side interfacial heat transfer 

(10) 

Ranz-Marshall's model : 
The heat transfer due to the flow around a sphere is usually given by the Ranz-Marshall's 
correlation [2]: 

Nu g = 2.+0.6Re1/2 Pr1P/3g g 

and the volumetric heat flux from the interface to the vapour [W/m3] is: 

q,g =a,Nug Viz  ̀[1: —Tg ] (12) 

Lee's model : 
The Lee model takes into account a kinetic limitation due to evaporation. It has been shown that, 
at high evaporation rates, the evaporation reduces the convective heat transfer from vapour to the 
droplet [19,20]. Indeed the vapour mass flux, leaving the surface of the droplet, flows counter-
current to the heat flux. Lee et al. [21] corrected the average Nusselt number by the blowing 
factor B: 

1 If a linear temperature profile is supposed inside the droplet, it comes T1=:1.5 (Tsat+T(droplet center)) and thus the heat flux (6) is 
2.5 times less important. 
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with CF(Rep) the shear coefficient given by:  
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This last equation is valid for 10 < Rep < 100 and BM is the Spalding number associated to the 
diffusion effect of the vapour through the air and consequent limitation of the mass transfer at the 
interface. The heat flux at the droplet interface is [in W/m2]1:  
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with kl the liquid conductivity and d the droplet diameter. Finally, the volumetric heat flux from 
the interface to the liquid [W/m3] is given by equation (7):  
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Ηendou’s model :  
The heat transfer coefficient inside the liquid boundary layer is modelled by empirical 
correlations that depend on the flow regime inside the droplet [18]. In case of droplets with 
laminar recirculation:  

3/1

,

2/1

,
PrRe794.0567.2

liqPliqPl
Nu +=       (8) 

with ReP,liq=ρlvl d/µl and PrP,liq=µl Cp,l/kl . In case of droplets with turbulent recirculation:  
3/1

,

2/1

,
PrRe381.0351.0
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Nu +=       (9) 

Finally, the volumetric heat flux from the interface to the liquid [W/m3] is:  
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l
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k
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The qil given by eq. (10) and (7) differ of Nu/(10 χ).  
 
1.2.2 Vapour side interfacial heat transfer 

Ranz-Marshall’s model :  
The heat transfer due to the flow around a sphere is usually given by the Ranz-Marshall’s 
correlation [2]:   

3/1
,

2/1
, PrRe6.0.2 gPgPgNu +=       (11) 

and the volumetric heat flux from the interface to the vapour [W/m3] is: 
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6

2 gsat
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glig
TT

d

k
Nuq −= α       (12) 

Lee’s model :  
The Lee model takes into account a kinetic limitation due to evaporation. It has been shown that, 
at high evaporation rates, the evaporation reduces the convective heat transfer from vapour to the 
droplet [19,20]. Indeed the vapour mass flux, leaving the surface of the droplet, flows counter-
current to the heat flux. Lee et al. [21] corrected the average Nusselt number by the blowing 
factor B:  

                                                 
1 If a linear temperature profile is supposed inside the droplet, it comes Tl=0.5 (Tsat+T(droplet center)) and thus the heat flux (6) is 
2.5 times less important. 
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Nu g (1+ ) = . + B 2 0.74 Re1,12,, Pr113 (13) 

where B is the mass transfer number defined as: 
1.12 (T )— h (T ),I 

[h g (Ti) — hi (7; )1 
with hk the enthalpy of the phase k. The volumetric heat flux from the interface to the vapour is 
obtained by eq. (12). 

2. Direct Contact Heat Transfer 

(14) 

During the reflood phase of a LOCA, wall temperatures are above 500°C which is much higher 
than the Leidenfrost temperature of liquid water. In this particular impact regime, a thin vapour 
layer appears between the droplets and the heated slab so that direct contact with the hot solid is 
avoided. For low Weber number, characteristic of LOCA conditions, the surface energy is high 
enough compared to the kinetic energy to permit the rebound of the droplet which recovers its 
initial shape without breaking up. The generated vapour layer thermally insulates the droplet and 
minimizes the loss of heat from the surface at the impact. 
There is a lack of knowledge on the heat exchanged at the droplet impact on hot ballooned 
cladding. According to Andreani [5], this heat transfer is of the same order of magnitude than the 
convective heat transfer and should therefore be considered. An experimental set-up has been 
built to measure the heat removed by a single droplet impact while catching simultaneously the 
dynamical deformation over the hot wall. The experiments in ambient conditions are performed 
with very small droplets (80-300 µ,m) injected at 30°C at high frequency using a purpose-
designed piezoelectric nozzle that allows to adjust the droplet frequency, velocity and size at the 
injection. The target wall is a very thin disk of Nickel (500ttm thickness) heated beforehand 
around 600°C by an electromagnetic inductor device. At initial time, heating is shutdown and the 
heat flux removed from the wall by the impinging droplets (front face of the disk) is deduced by 
post-processing the temperature field (measured in the rear face of the disk using an infrared 
camera) thanks to a specifically developed semi-analytical inverse heat conduction model [22] 
[23]. 
A mechanistic approach is proposed for the modelling of the heat transfer between the droplet 
and the heated wall [24]. This model is based on combined dynamical and thermal 
considerations. The droplet dynamics is considered through a spring's analogy in order to 
evaluate the dynamics of the spreading diameter and the duration of the droplet/wall thermal 
interaction, called resident time. The thickness of the vapour cushion beneath the droplet is 
determined by balancing both momentum and heat and mass transfer within it. These results are 
validated against experimental data. 
The energy 013$ [J] removed by the droplet from the heated wall has been expressed by F. Lelong 
[24] and depends on droplet features, Weber and Reynolds numbers and wall temperature. From 
this expression, the average heat flux between droplets and the heated wall is derived: 

6 v„ 
0 . = a

g ird3 
(I) (16) 

It is implemented into the Neptune_CFD code as an additional heat transfer This heat transfer is 
considered in the mass or energy balance equations according to the mechanistic model [24]. It 
actually corresponds to the sum of convective heat transfer due to strong vapour flow, heating up 
of a tiny part of the droplet and of its subsequent evaporation. Thus source terms to the phasic 
mass and enthalpy balance equations have been derived according to this decomposition. We 
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where B is the mass transfer number defined as:  
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with hk the enthalpy of the phase k. The volumetric heat flux from the interface to the vapour is 
obtained by eq. (12).  

2. Direct Contact Heat Transfer 

During the reflood phase of a LOCA, wall temperatures are above 500°C which is much higher 
than the Leidenfrost temperature of liquid water. In this particular impact regime, a thin vapour 
layer appears between the droplets and the heated slab so that direct contact with the hot solid is 
avoided. For low Weber number, characteristic of LOCA conditions, the surface energy is high 
enough compared to the kinetic energy to permit the rebound of the droplet which recovers its 
initial shape without breaking up. The generated vapour layer thermally insulates the droplet and 
minimizes the loss of heat from the surface at the impact. 
There is a lack of knowledge on the heat exchanged at the droplet impact on hot ballooned 
cladding. According to Andreani [5], this heat transfer is of the same order of magnitude than the 
convective heat transfer and should therefore be considered. An experimental set-up has been 
built to  measure the heat removed by a single droplet impact while catching simultaneously the 
dynamical deformation over the hot wall. The experiments in ambient conditions are performed 
with very small droplets (80-300 µm) injected at 30°C at high frequency using a purpose-
designed piezoelectric nozzle that allows to adjust the droplet frequency, velocity and size at the 
injection. The target wall is a very thin disk of Nickel (500µm thickness) heated beforehand 
around 600°C by an electromagnetic inductor device. At initial time, heating is shutdown and the 
heat flux removed from the wall by the impinging droplets (front face of the disk) is deduced by 
post-processing the temperature field (measured in the rear face of the disk using an infrared 
camera) thanks to a specifically developed semi-analytical inverse heat conduction model [22] 
[23].  
A mechanistic approach is proposed for the modelling of the heat transfer between the droplet 
and the heated wall [24]. This model is based on combined dynamical and thermal 
considerations. The droplet dynamics is considered through a spring’s analogy in order to 
evaluate the dynamics of the spreading diameter and the duration of the droplet/wall thermal 
interaction, called resident time. The thickness of the vapour cushion beneath the droplet is 
determined by balancing both momentum and heat and mass transfer within it. These  results are 
validated against experimental data. 
The energy Φ  [J] removed by the droplet from the heated wall has been expressed by F. Lelong 
[24] and depends on droplet features, Weber and Reynolds numbers and wall temperature. From 
this expression, the average heat flux between droplets and the heated wall is derived:  
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It is implemented into the Neptune_CFD code as an additional heat transfer This heat transfer is 
considered in the mass or energy balance equations according to the mechanistic model [24]. It 
actually corresponds to the sum of convective heat transfer due to strong vapour flow, heating up 
of a tiny part of the droplet and of its subsequent evaporation. Thus source terms to the phasic 
mass and enthalpy balance equations have been derived according to this decomposition. We 
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therefore introduce the ratio r, defined as r = h„ Ith„ ±CP,I(Tsat —T1)], to evaluate the evaporation 

part. Thus, the heat transfer due to droplet impact and leading to additional droplet evaporation is 
modeled as a volumetric source term TSF in the cells of volume Vcell having wall as boundary 
over a surface Swan. It reads: 

TSr =(1) G < > 44 .

LV 

C 
TS „ G <-> i <41-r) 

with hi, the liquid convective exchange coefficient derived from eq. (7) or (10). 
In the determination of this direct contact heat transfer, the radiative heat transfer between the 
wall and the droplet is negligible [24]. However, considering the dispersed droplet flow topology 
encountered in LOCA conditions, the medium is non thermally homogeneous, absorbing, 
anisotropically scattering, emitting and non grey. The radiative heat transfer could not be 
neglected [15] and a choice of an enough accurate but low time consuming method to compute 
the radiative heat transfer equation is underway at IRSN [30]. 

(17) 

(18) 

3. Interfacial Area Equation 

Due to the importance of surfacic transfers at the droplet interface, the prediction of the 
volumetric interfacial area (a1 [m-1]) is essential. This implies to model its temporal and spatial 
evolution (due to droplet condensation/evaporation or dynamical phenomena). As, some 
inaccuracies remain in the correlations giving the heat exchanges (eq. (7), (10), (12)) and no data 
of spatial droplet diameter distribution are available in case of LOCA, the development of a 
monodispersion model, i.e. single droplet size equal to the Sauter diameter in the whole domain, 
has been preferred to a polydispersion model due to the lack of an accurate knowledge on 
boundary conditions. The transport equation of the interfacial area is given by equation (19) [171-1

fa 2  a fn 
+171.(aifj,)= F, a, + TS ai + TS 

ft 3 a,po _ ft ] 
ai,br 

In this equation, the first term on the RHS represents the change in volume of the droplets (due to 
evaporation/condensation, compressibility); the last two terms are break-up and coalescence 
source terms. 

(19) 

3.1 Phase Change 

The interfacial mass transfer term hl is related to the interfacial heat transfers on vapour and 
liquid sides. An additional term is considered for the near wall evaporation of droplets 
impinging. It reads: 

(—q. + q . ) 
=  ' + TS, 

LV 

3.2 Coalescence 

(20) 

The coalescence decreases the number of droplets and increases the mean Sauter droplet 
diameter (dsauter= 6a/a1 in case of monodispersion). It has been evaluated by O'Rourke [26]: 
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part. Thus, the heat transfer due to droplet impact and leading to additional droplet evaporation is 
modeled as a volumetric source term TSΓ in the cells of volume Vcell having wall as boundary 
over a surface Swall. It reads: 
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with hL the liquid convective exchange coefficient derived from eq. (7) or (10).  
In the determination of this direct contact heat transfer, the radiative heat transfer between the 
wall and the droplet is negligible [24]. However, considering the dispersed droplet flow topology 
encountered in LOCA conditions, the medium is non thermally homogeneous, absorbing, 
anisotropically scattering, emitting and non grey. The radiative heat transfer could not be 
neglected [15] and a choice of an enough accurate but low time consuming method to compute 
the radiative heat transfer equation is underway at IRSN [30]. 

3. Interfacial Area Equation 

Due to the importance of surfacic transfers at the droplet interface, the prediction of the 
volumetric interfacial area (ai [m

-1]) is essential. This implies to model its temporal and spatial 
evolution (due to droplet condensation/evaporation or dynamical phenomena). As, some 
inaccuracies remain in the correlations giving the heat exchanges (eq. (7), (10), (12)) and no data 
of spatial droplet diameter distribution are available in case of LOCA, the development of a 
monodispersion model, i.e. single droplet size equal to the Sauter diameter in the whole domain, 
has been preferred to a polydispersion model due to the lack of an accurate knowledge on 
boundary conditions. The transport equation of the interfacial area is given by equation (19) [m-1 
s-1] [25]: 
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In this equation, the first term on the RHS represents the change in volume of the droplets (due to 
evaporation/condensation, compressibility); the last two terms are break-up and coalescence 
source terms. 

3.1 Phase Change 

The interfacial mass transfer term Γl is related to the interfacial heat transfers on vapour and 
liquid sides. An additional term is considered for the near wall evaporation of droplets 
impinging. It reads:  
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3.2 Coalescence 

The coalescence decreases the number of droplets and increases the mean Sauter droplet 
diameter (dSauter=6α/ai in case of monodispersion). It has been evaluated by O’Rourke [26]:  
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2 

TSaico 
= 12a- a' (n 

a. 
(21) 

with n the droplet density number, /Co/ the droplet collision frequency and ri co the coalescence 
efficiency. Under the assumption of monodispersion, the density number can be written: 

n= 1 a: (22) 
36 a: 

The collision frequency could be derived from the vapour turbulence which causes eddying 
motions, enabling droplets to collide. Thus the root-mean-square velocity between two particles 
(14,4d) can be written as a function of droplet diameter and turbulent dissipation (s), the constant 
being evaluated by Aly [27]: 
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The break-up of a droplet depends on the balance between the external shear stresses that attempt 
to break up the droplet and the surface tension that resists to this deformation. Among the 
different possible mechanisms leading to droplet break-up, only the turbulent induced break-up is 
considered in the following because it is predominant in LOCA conditions. The break-up source 
term in the equation (19) is a function of the droplet density number, the break-up frequency fbr
and of the break-up efficiency ribr [28]. 
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where d„ is the critical droplet diameter beyond which break-up takes place. It reads, e.g. [29] : 
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where the critical Weber number Wecr depends on the droplet Reynolds number: 
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The droplet break-up frequency is estimated by the time scale of the turbulence: 

The 14th International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14  
Toronto, Ontario, Canada, September 25-30, 2011 

)(12

2

, cocol

i

l

coai
fn

a
TS ηαπ 








=      (21) 

with n the droplet density number,  fcol the droplet collision frequency and ηco the coalescence 
efficiency. Under the assumption of monodispersion, the density number can be written:  
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The collision frequency could be derived from the vapour turbulence which causes eddying 
motions, enabling droplets to collide. Thus the root-mean-square velocity between two particles 
(vrel,d) can be written as a function of droplet diameter and turbulent dissipation (ε), the constant 
being evaluated by Aly [27]: 
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The collision efficiency is given by:  
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3.3 Break-up 

The break-up of a droplet depends on the balance between the external shear stresses that attempt 
to break up the droplet and the surface tension that resists to this deformation. Among the 
different possible mechanisms leading to droplet break-up, only the turbulent induced break-up is 
considered in the following because it is predominant in LOCA conditions.  The break-up source 
term in the equation (19) is a function of the droplet density number, the break-up frequency fbr 
and of the break-up efficiency  ηbr [28]. 
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where dcr is the critical droplet diameter beyond which break-up takes place. It reads, e.g. [29]: 
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where the critical Weber number Wecr depends on the droplet Reynolds number: 
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The droplet break-up frequency is estimated by the time scale of the turbulence:  
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4. Simulation Results 
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As no local experimental data is available until now, in the literature, simulation results obtained 
with the Neptune_CFD code are presented in this section. The geometry of the calculation 
domain is first described and the main results are presented focussing on the dynamics of 
droplets and on the evaluation of heat transfers. 

4.1 Geometries and flow features 

The geometry consists of a part of the core subchannels (figure 2). A subchannel is defined as the 
fluid domain between eight adjacent fuel rods. Three adjacent core subchannels are considered in 
the present geometry: the first and second sub-channels are constricted due to the ballooning of 
four adjacent fuel rods, while the third sub-channel has a constant section along its whole length. 
The ratio of ballooning is defined as (1- Sw/S„be) with Sbe the fluid cross section in the 
ballooned region and S nbai the fluid section in the non-ballooned region. Different ratio of 
ballooning are studied (28%, 61% and 90 %). For ballooning ratio more than 61 %, the contact 
between adjacent rods avoid cross flows between sub-channels over the balloon length. The 
length of the present geometry is about the typical distance between two horizontal grids (350 
mm) and the length of the balloons is 196 mm. 
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Figure 2 : Studied geometry with four rods ballooned (subchannel 1). 

Liquid and vapour velocities (vi and vg), temperatures (Ti and Tg), and volumetric fractions, 
representative of a LOCA (v/:=1-5 m/s, vg=1-10 m/s, a, 104-10-2, Ti around saturation, T, from 
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4. Simulation Results 

As no local experimental data is available until now, in the literature, simulation results obtained 
with the Neptune_CFD code are presented in this section. The geometry of the calculation 
domain is first described and the main results are presented focussing on the dynamics of 
droplets and on the evaluation of heat transfers.  

4.1 Geometries and flow features 

The geometry consists of a part of the core subchannels (figure 2). A subchannel is defined as the 
fluid domain between eight adjacent fuel rods. Three adjacent core subchannels are considered in 
the present geometry: the first and second sub-channels are constricted due to the ballooning of 
four adjacent fuel rods, while the third sub-channel has a constant section along its whole length. 
The ratio of ballooning is defined as (1- Sbal/Snbal) with Sbal the fluid cross section in the 
ballooned region and Snbal the fluid section in the non-ballooned region. Different ratio of 
ballooning are studied (28%, 61% and 90 %). For ballooning ratio more than 61 %, the contact 
between adjacent rods avoid cross flows between sub-channels over the balloon length. The 
length of the present geometry is about the typical distance between two horizontal grids (350 
mm) and the length of the balloons is 196 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 :   Studied geometry with four rods ballooned (subchannel 1).   

Liquid and vapour velocities (vl and vg), temperatures (Tl and Tg), and volumetric fractions, 
representative of a LOCA (vl:=1-5 m/s, vg=1-10 m/s, αl=10-4-10-2, Tl around saturation, Tv from 
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saturation to 800 °C), are imposed as boundary conditions at the bottom inlet of the domain. 
Symmetry boundary conditions are considered on the open vertical surfaces between sub-
channels. Adiabatic, imposed heat flux or temperature can be used as wall boundary conditions. 
There is no wall conduction simulatpd up to now. Outlet boundary condition is an imposed level 
of pressure. The convergence of the different simulations is checked. 

4.2 Dynamics 

The thermal heat transfer is greatly influenced by the dynamical two-phase flow behaviour and 
especially the droplet spatial distribution within the geometry. That underlines the need of an 
accurate prediction of the two-phase flow dynamics. The effect of each force has been analysed 
independently; the drag, the turbulent and the lift (already discussed) influence the flow. 
The flow of each phase is deviated towards the bypass channel (third subchannel) due to the 
variation of horizontal flow sections in the first and second subchannels. Downstream the 
ballooned region, vapour turns back in the first subchannel whereas, due to their inertia, droplets 
do not follow the same path. Some droplets bounce on the wall To interpret the inertial 
behaviour of droplets, a Stokes number can be defined as the ratio of the relaxation time of the 
droplets to the characteristic time of the flow around the obstacle (which is the change of section 
due to the balloon), Do, being the obstacle dimension : 

St= 
v  p 4d (31) 

p, 3C„,v,„ 
if Sc>/, which is the most frequent cases in LOCA conditions, the droplet trajectories do not 
follow the vapour flow deviation: they are in a regime of inertia. But if SKI, droplets follow the 
vapour streamlines closely. In Figure 3, the liquid and vapour trajectories in case of 61 % of 
ballooning and St=205.5 are shown. 
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Figure 3 : Vapour and liquid velocity fields and trajectories (61% ofballooning ratio, inlet 
conditions: u=5 104m, vi=lmls, vs=10 St=205.5, 71=372.15 K, T1=573.15 K). 
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saturation to 800 °C), are imposed as boundary conditions at the bottom inlet of the domain. 
Symmetry boundary conditions are considered on the open vertical surfaces between sub-
channels. Adiabatic, imposed heat flux or temperature can be used as wall boundary conditions. 
There is no wall conduction simulated up to now. Outlet boundary condition is an imposed level 
of pressure. The convergence of the different simulations is checked.  

4.2 Dynamics 

The thermal heat transfer is greatly influenced by the dynamical two-phase flow behaviour and 
especially the droplet spatial distribution within the geometry. That underlines the need of an 
accurate prediction of the two-phase flow dynamics. The effect of each force has been analysed 
independently; the drag, the turbulent and the lift (already discussed) influence the flow.  
The flow of each phase is deviated towards the bypass channel (third subchannel) due to the 
variation of horizontal flow sections in the first and second subchannels. Downstream the 
ballooned region, vapour turns back in the first subchannel whereas, due to their inertia, droplets 
do not follow the same path. Some droplets bounce on the wall. To interpret the inertial 
behaviour of droplets, a Stokes number can be defined as the ratio of the relaxation time of the 
droplets to the characteristic time of the flow around the obstacle (which is the change of section 
due to the balloon), Dob being the obstacle dimension :  
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if St>1, which is the most frequent cases in LOCA conditions, the droplet trajectories do not 
follow the vapour flow deviation: they are in a regime of inertia. But if St<1, droplets follow the 
vapour streamlines closely. In Figure 3, the liquid and vapour trajectories in case of 61 % of 
ballooning and St=205.5 are shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3 :   Vapour and liquid velocity fields and trajectories (61% of ballooning ratio, inlet 
conditions: d=5 10-4m, vl=1m/s, vg=10 m/s St=205.5, Tl=372.15 K, Tg=573.15 K).   
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Figure 4 illustrates results obtained with different flow features c1=5 10 5m (St=20.55) or d=10 3m 
(St 410.56). The liquid is deviated towards the right by the ballooned region. As St number 
increases, the deviation downstream is more important which modifies the droplet spatial 
distribution as it can be seen on the volumetric fraction liquid field at the outlet top boundary of 
the domain. 
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Figure 4 

: liquid trajectories and volumetric fraction for different flow features (on the left : d=5 10-5
 m, 

St=20.55, on the right = d=10 3m, St 410.56; 61% of ballooning ratio, inlet conditions: vr1m/s, 
vg=10 m/s, Tr372.15 K, 7;=573.15 K, c4l01). 

43 Thermks 

Sensitivity studies have been carried out on interfacial heat transfer models. The liquid 
temperature reaches the saturation temperature downstream the inlet (at a location depending on 
the chosen model qu). From the x and Hendou models, relaxations time could be derived and 
compared; they are relatively similar. As the x model is derived from a more nrchanistical 
approach, it is pieftnctl. The vapour temperature decreases (from 573K at the inlet) non 
uniformly in the various subchannels but does not reach Tag. Lee's model leads to lower vapour 
cooling down than Ranz's model. The former is more adapted to droplet flow because it handles 
the diffusion limitation owing to the vapour mass flux leaving the interface. A part of the liquid 
is evaporated and consequently the flow accelerates and the liquid diameter slightly decreases (1-
2 % when break-up and coalescence are not considered) . 
Figure 5 gives the droplet diameter evolution within the domain. In this case, the initial droplet 
diameter is 50 pm. It first uniformly decreases due to evaporation resulting from interfacial heat 
transfers. Upstream the section restriction (90% of ballooning) droplets get accumulate or are 
deviated towards the bypass. Coalescence is important at the center of the subchannels and where 
droplets accumulate. The droplet diameter increases up to 370 pm upstream the restriction, in the 
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Figure 4 illustrates results obtained with different flow features d=5 10-5m (St=20.55) or d=10-3m 
(St=410.56). The liquid is deviated towards the right by the ballooned region. As St number 
increases, the deviation downstream is more important which modifies the droplet spatial 
distribution as it can be seen on the volumetric fraction liquid field at the outlet top boundary of 
the domain.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 
:   Liquid trajectories and volumetric fraction for different flow features (on the left : d=5 10-5 m, 
St=20.55, on the right = d=10-3m, St=410.56; 61% of ballooning ratio, inlet conditions: vl=1m/s, 

vg=10 m/s, Tl=372.15 K, Tv=573.15 K, αl=0.01).   

4.3 Thermics 

Sensitivity studies have been carried out on interfacial heat transfer models. The liquid 
temperature reaches the saturation temperature downstream the inlet (at a location depending on 
the chosen model qil). From the χ and Hendou models, relaxations time could be derived and 
compared; they are relatively similar. As the χ model is derived from a more mechanistical 
approach, it is preferred. The vapour temperature decreases (from 573K at the inlet) non 
uniformly in the various subchannels but does not reach Tsat. Lee’s model leads to lower vapour 
cooling down than Ranz’s model. The former is more adapted to droplet flow because it handles 
the diffusion limitation owing to the vapour mass flux leaving the interface. A part of  the liquid 
is evaporated and consequently the flow accelerates and the liquid diameter slightly decreases (1-
2 % when break-up and coalescence are not considered) .  
Figure 5 gives the droplet diameter evolution within the domain. In this case, the initial droplet 
diameter is 50 µm. It first uniformly decreases due to evaporation resulting from interfacial heat 
transfers. Upstream the section restriction (90% of ballooning) droplets get accumulate or are 
deviated towards the bypass. Coalescence is important at the center of the subchannels and where 
droplets accumulate. The droplet diameter increases up to 370 µm upstream the restriction, in the 
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bypass and downstream the balloon where flow recirculation occurs. On the contrary, break-up 
effect is mainly dominated by coalescence, and acts significantly only near the wall where 
turbulent intensity is larger. 
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Figure 5 : droplet diameter field (90% of ballooning ratio: no cross-flows, inlet conditions : 
v5m/s, vg=10m/s, T353.15 K, Ty=573.15 K, co=0.001). 
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Figure 6 : Wall temperature field (61% of ballooning, inlet conditions : vi=lm/s, vg=5 m/s, 
T353.15K, Ty=473.15 K, co=0.01, Ow=6000Wm-2). Blue cells are not in contact with walls. 
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Figure 6 :   Wall temperature field (61% of ballooning, inlet conditions : vl=1m/s, vg=5 m/s, 
Tl=353.15K, Tv=473.15 K, αl=0.01, Φw=6000Wm-2).  Blue cells are not in contact with walls.  



The 14th International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14 
Toronto, Ontario, Canada, September 25-30, 2011 

Finally, some simulations with imposed wall heat flux or temperature have been performed. 
Figure 6 illustrated the wall temperature obtained with a constant wall heat flux of 6000Wm2. 
At the lower part of the ballooned region in the second and third subchannels the heat flux 
removed by droplet impact reaches a maximum and the lowest wall temperatures are observed 
(450K). The rate of evaporation is high at this location. Then, in the balloon region, the wall 
temperature increases again and reaches (500K). Finally, downstream the balloon in the left hand 
side subchannel, the liquid volumetric fraction is low near the wall (mainly due to deviation and 
concentration in the centre of the subchannel) and the flow is thus not able to extract a lot of 
energy from the wall which heats up to 620 K. 

5. Conclusion and Perspective 

This paper summarizes the work achieved within the framework of the Research and 
Development Program on LOCA at IRSN. The goal is to accurately estimate the cooling 
capability of ballooned part of a damaged PWR core depending on the blockage ratio, the length 
of the balloons and on the thermal-hydraulic characteristics of the dispersed droplet two-phase 
flow entering the subchannels. The program consists in investigating the main thermal transfer 
modes and in adapting the Neptune_CFD code to the simulation of droplet dispersed flow. 
The dynamical and thermal closure laws adequate for small spherical liquid droplets within over-
heated vapour have been implemented into the code. A mechanistical model for heat transfer due 
to direct droplet impact on hot ballooned cladding has also been developed and validated on 
separated effect tests before being implemented. Finally, in order to have a good prediction of the 
heat exchanged through the droplets interface, a transport equation of the interfacial area has 
been considered and its source terms related to phase change, coalescence and break-up have 
been derived and implemented. 
Finally, several sensitivity studies involving various flow features, ballooning ratios, wall heating 
have been performed. The liquid droplets tend to be deviated towards the bypass depending on 
their diameters and relative velocity with the carrier phase. Some of them impact at the beginning 
of the ballooned region and some other penetrate inside it. The droplets are evaporated (in over-
heated vapour) that contributes to the flow acceleration. The droplets could also experience 
coalescence, where they accumulate, and break-up near the walls. Downstream the balloon, a 
flow recirculation is expected. These flow features influence the wall heat transfer. Better cooling 
is expected upstream the balloon thanks to higher droplet impact rate, but the thermal heat 
transfer could be less efficient downstream the balloon. 
However some tasks are still underway to improve the Neptune_CFD code applied to droplet 
dispersed flow. Works are in progress on thurst and lift forces, as well as on turbulence modeling 
(Rife, q2-q12 models [7]) and on radiative heat flux. Indeed, from our first evaluations, the 
radiative heat flux in such a grey diffusing absorbing medium (either optically thin or thick 
depending on the droplet features) is of the order of magnitude of the convective heat flux and 
has to be taken into account in Neptune_CFD, which does not handle any radiative heat flux 
models [30]. A conductive heat transfer inside the clad could also be envisaged. Moreover, 
following a R&D program devoted to LOCA, called CYCLADES, each phenomenon is, as much 
as possible, validated independently on separated effects tests such as droplet impact on hot wall, 
radiative heat transfer through a ramp spray. Finally, the code results will be validated against a 
integral experiment with local two-phase flow measurements which it foreseen to be performed 
at IRSN within the framework of the CYCLADES program.. 
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Development Program on LOCA at IRSN. The goal is to accurately estimate the cooling 
capability of ballooned part of a damaged PWR core depending on the blockage ratio, the length 
of the balloons and on the thermal-hydraulic characteristics of the dispersed droplet two-phase 
flow entering the subchannels. The program consists in investigating the main thermal transfer 
modes and in adapting the Neptune_CFD code to the simulation of droplet dispersed flow.  
The dynamical and thermal closure laws adequate for small spherical liquid droplets within over-
heated vapour have been implemented into the code. A mechanistical model for heat transfer due 
to direct droplet impact on hot ballooned cladding has also been developed and validated on 
separated effect tests before being implemented. Finally, in order to have a good prediction of the 
heat exchanged through the droplets interface, a transport equation of the interfacial area has 
been considered and its source terms related to phase change, coalescence and break-up have 
been derived and implemented. 
Finally, several sensitivity studies involving various flow features, ballooning ratios, wall heating 
have been performed. The liquid droplets tend to be deviated towards the bypass depending on 
their diameters and relative velocity with the carrier phase. Some of them impact at the beginning 
of the ballooned region and some other penetrate inside it. The droplets are evaporated (in over-
heated vapour) that contributes to the flow acceleration. The droplets could also experience 
coalescence, where they accumulate, and break-up near the walls. Downstream the balloon, a 
flow recirculation is expected. These flow features influence the wall heat transfer. Better cooling 
is expected upstream the balloon thanks to higher droplet impact rate, but the thermal heat 
transfer could be less efficient downstream the balloon. 
However some tasks are still underway to improve the Neptune_CFD code applied to droplet 
dispersed flow. Works are in progress on thurst and lift forces, as well as on turbulence modeling 
(Rij-ε, q2-q12 models [7]) and on radiative heat flux. Indeed, from our first evaluations, the 
radiative heat flux in such a grey diffusing absorbing medium (either optically thin or thick 
depending on the droplet features) is of the order of magnitude of the convective heat flux and 
has to be taken into account in Neptune_CFD, which does not handle any radiative heat flux 
models [30]. A conductive heat transfer inside the clad could also be envisaged. Moreover, 
following a R&D program devoted to LOCA, called CYCLADES, each phenomenon is, as much 
as possible, validated independently on separated effects tests such as droplet impact on hot wall, 
radiative heat transfer through a ramp spray. Finally, the code results will be validated against a 
integral experiment with local two-phase flow measurements which it foreseen to be performed 
at IRSN within the framework of the CYCLADES program..  
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