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Abstract

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

Introduction

This study focuses on the cooling capacity of aatged PWR reactor core during a Loss
Of Coolant Accident (LOCA). During the refloodindigse of such accident, core cooling is
provided by an over-heated vapour flow carryinge~alroplets, which experience break-up and
coalescence and may impact the ballooned fuel tlgddince the temperature of the fuel
assemblies is well above the Leidenfrost tempesgteit600°C), the droplet impact regime is the
bouncing regime : the strong evaporation flux pnésehe droplet from wetting the wall. The
heat exchange between the droplet and the hoislaat negligible and should be considered to
evaluate the clad to refrigerant heat transfer. flited aim of the present study is to accurately
estimate the cooling capability of ballooned pdrtaodamaged PWR core depending on the
blockage ratio, the length of the balloons andhenthermal-hydraulic features of the dispersed
droplet two-phase flow through the sub-channeldeénl, the ballooning of the cladding has an
important influence on the dispersed droplet flowd &hus on the heat exchange and nuclear core
coolability [1].
The French Institut de Radioprotection et de SOkatéléaire (IRSN) has launched in 2006 a
wide Research and Development Program on LOCA @niskue. The simulation part of this
program deals with the adaptation of the CFD codptidhe_CFD (mainly devoted to bubbly and
separated-phase flows) to the simulations of dssgzedroplet two-phase flows involving steep
thermal gradients and thus heat transfers. Thd fijoal is to develop an operational tool
enabling sensitivity simulations to droplet diamigtand relative velocities, fuel power, ratio of
ballooning etc which would, on one hand, studydbeling capability at CFD scale and, on the
other hand, provide adequate closure laws for thdysof reflooding phase in such LOCA
conditions at a component scale.
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The present paper will first present the adequiaguce laws of the two-fluid model at the basis
of Neptune_CFD. One focuses on both momentum amdggrbalances. Furthermore, the
conclusions of an experimental study aiming at meag heat transfer at droplet impact, and the
associated validated heat transfer model, adapt€bD scale, will be described. In addition, an
interfacial area transport equation is considei@dollow the droplet diameter evolution
according to thermal (evaporation/condensation) adghamical phenomena (break-
up/coalescence).

Finally, simulation results of steam-droplet flottsoughout sub-channels involving ballooned
rods are analyzed, conclusions and perspectivedrane.

1 Dispersed droplet flow closure laws

Neptune_CFD code is a Euler-Euler three dimensitwadfluid code developed more especially
for nuclear reactor applications and mainly devaiedubbly and separate-phase flows. This
local three-dimensional module is based on thesiak two-fluid one pressure approach,
including mass, momentum and energy balances thr glaase[2], [3]. Firstly, the code has been
adapted to droplet flows, implementing adequatswi® laws.

11 Momentum Source Terms

In the momentum balance equation for phase kinteefacial momentum transféf,; from
phasek to the interface between droplet and vapégii’/s’] needs to be modelled:

M =..2 M K.i (1)

ot

wherea, p, v stand for the volumetric fraction, density aredocity of phase k, index k taking |
value for liquid droplet phase and g for vapouregas phaseMy is modelled as the averaged
sum of the forces that govern droplet motion. Thifeknt forces are analyzed in the following
sections.

1.1.1 Drag and Added Mass Forces

In LOCA conditionseg [4,5], the typical droplet diameters range is frégw micrometers to
some millimeters for which surface tension forcenfecs a spherical shape. The liquid
volumetric fraction ranges between™and 1& which induces dilute flow of particlese. low
rate of collision.

It has been checked that the drag and added mass fexpressions existing in Neptune_CFD
[2] are adapted to the droplet case, but the aduess force is negligible in case of droplet flow.
These expressions are valid for isolated (dilutlav)f spherical inclusions which actually
correspond to flow features

1.1.2 Lift Force

A particle moving in a fluid having a non-unifornelecity experiences a lateral lift force due to
two different mechanisms: ’slip-spin’ motion (or Ntaus effect, when a rotating sphere moves
parallel to the streamlines) and ’'slip shear’ mot{sshen the sphere moves through a viscous
fluid in shear flow). Regardless these two effedise Auton’s expression of the lift force is
commonly used for bubbly flow [6]. Nevertheless,caise of droplet flow, this force is over-
estimated leading to an incorrect droplet distrdoutwithin the flow [7]. It is commonly
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accepted in the literature that the lift force deggeon the Reynolds number based on the particle
motion Rg (Re, = pyvid/ly where vy stands for the relative velocity=w-vg and p for the
viscosity) and the local shear stress of the sading flow. Based on Saffman’s expression for
lift coefficient [8], the average contribution dftlon M,;, namely M-, reads:

) d
M =a'\/pgug (T, ) @

d
with d the droplet diameterj the unity vector having a direction perpendictitathe main flow
and r the corresponding coordinate. However, théoand Saffman’s expressions are only
valid for smaller Reynolds numbers than that entmmum LOCA conditions. Recent DNS
studies [9] [10] show that the lift coefficient high Reynolds numbers is lower and could
eventually drop to zero and change of sign for gjivalues of the shear stress and Re number. A
new expression from these DNS studies is currealied 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 continuouapur) and the dispersed (droplets) phases
contribute to the turbulent regime. Their turbulesgimes are somehow coupled. Droplets are
subjected to turbulent fluctuations that incred&ssrtdiffusion and mixing with the vapour phase.
At the same time, the presence of the dispersesepmadifies the turbulence of the continuous
phase taken into account through khemodel [11]. The main disadvantage of this modéha

it is not adequate for highly anisotropic or ratgtiflow, as it could occur in ballooned regions.
Hinze-Tchen’s particle tracking fluid theory [12jhich is used to model the dispersed phase
turbulence, is a local equilibrium model with a plified approach applicable to dilute flows.
Some algebraic formulations are used to link trepelised particle turbulence to the gas flow
turbulence via inertial drag expression. It stdlted the particle turbulence fluctuation is weaker
than the fluid turbulent fluctuation and it decresawith the increase of droplets size. These
hypothesis could not fit the targeted flow featuespecially if we refer to the recent works of
Zhou [13] that has shown that in some cases anidneghe particles fluctuation could be
stronger than the fluid one. Alternative to Tchemsdel considers additional transport equations
to estimate the droplets mean fluctuating motionrédver, the turbulent reverse coupling model
[2] has to be taken into account for the modifimatof the turbulent viscosity of the continuous
phase due to the presence of the dispersed phase.

Finally the turbulent contribution of the interfacimomentum transfer gathers the fluctuating
part of the drag and added mass forces as welhadluctuating pressure term due to the
correlation between the particles distribution #melcarrier phase stress tensor.

1.1.4 Thrust force

Ganic et Rohsenow [14] observed in dispersed fldm Doiling regime an additional force
associated with drop motion. Indeed, because of témeperature gradient in the thermal
boundary layer, the side of the droplet closehtowall evaporates at a higher rate and vapour is
produced at higher velocity than on the cold sides results in a reaction or thrust force, which
tends to prevent the deposition of droplet on thal \WM.5]. The velocity of the evaporating
vapour is estimated by dividing the evaporated rflagsby the local vapour density. Within the
framework of the IRSN Research and Development@mgn LOCA, an experimental study
followed by modelling work was achieved in 2010prbvides a model for the heat flux removed



The 14™ I nter national Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

by the droplet impact on the wall. From this expres, the evaporated mass flux could be
derived and the thrust force expression is foreseenbe implemented into the code
Nepttune_CFD in 2011.

12 Enthalpy Source Terms

Interfacial heat and mass transfer plays a majerirothe energy and mass balance equations of
both phases. The global heat transfer at the dropkrface between the vapour phase and the
liquid droplet is represented by a double bound@ygrs model (figure 1). It is assumed that the
interface between the vapour and the liquid ishatthermodynamical equilibrium and remains
thus at saturation temperature.

The heat transfers through the liquid and vapowmdary layers are modelled using empirical
correlations. They induce either cooling down/he&gatip or evaporation/condensation.

Ti=Tzat "./"_

Gas boundary

:';‘/ layer

liquid boundary

layer

Figure 1 : Double boundary layer model at the bhtoipterface.

1.2.1 Liquid side interfacial heat transfer

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

X _model:
The external flow outside the droplet may inducging to shear stress, an internal convection

(spherical Hill vortex pattern). Fine estimationtieérmal heat transfer would require a resolution
of the flow inside the drope.g. [16]. Abramzon et Sahzin [17] proposed an approkiona
resolution thanks to a model involving a fagtdwarying from 1 to 2.72) :

x = 186+ 086tanh[2.245l0g,, ZQO] ®)

where the liquid Peclet number is given Bg = Vmaxd //(| with x, the liquid thermal diffusivity
andVnx the maximal velocity of the flow at the interface:
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=Y Hipe C.(Re,) @)
with Ce(Rey) the shear coefficient given by:
_ 1269 (5)
C.(Re)=—— ———~

- Re“(L+B,)
This last equation is valid for 10 Rg, < 100 andBy is the Spalding number associated to the

diffusion effect of the vapour through the air ashsequent limitation of the mass transfer at the
interface. The heat flux at the droplet interfac@in Wnr]*:

@, = KT Ty ©)

with k; the liquid conductivity and the droplet diameter. Finally, the volumetric hitax from
the interface to the liquid{/m?’] is given by equation (7):

q =a [T, -7 2K Q

Hendou’s model

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

Nu, =2.567+ 0.794Re},’jq Pr;ffq (8)
with Res ig=pivi d/py and P jiq=i C, /K . In case of droplets with turbulent recirculation:
Nu, = 0.351+ O.381R(=:1P’jq Pr;ffq 9)
Finally, the volumetric heat flux from the interéato the liquid YWm?] is:
6k
qil = al Nul dzl [Tsat _T|] (10)

Theq; given by eq. (10) and (7) differ diu/(10 y).

1.2.2 Vapour side interfacial heat transfer

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

Nu, = 2.+ 06Rep? Pry'? (11)
and the volumetric heat flux from the interfacete vapour \Wm?] is:
6k
q, =a,Nu, dj" [T, -T] (12)

Lee’s model

The Lee model takes into account a kinetic limitatdue to evaporation. It has been shown that,
at high evaporation rates, the evaporation redtimesonvective heat transfer from vapour to the
droplet [19,20]. Indeed the vapour mass flux, leguihe surface of the droplet, flows counter-
current to the heat flux. Leet al. [21] corrected the average Nusselt number by tbevibp
factor B:

L If a linear temperature profile is supposed insigedroplet, it comes 0.5 (Tsait T(groplet centedy @Nd thus the heat flux (6) is
2.5 times less important.
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Nug l+B)=2+ O.74Reijjap Pr;fvzp (13)
where B is the mass transfer number defined as:
8= h, (T,)—h (T)] (14)

[h, () -h ()]
with hy the enthalpy of the phase k. The volumetric hieat from the interface to the vapour is
obtained by eq. (12).

2. Direct Contact Heat Transfer

During the reflood phase of a LOCA, wall temperatuare above 500°C which is much higher
than the Leidenfrost temperature of liquid watartHis particular impact regime, a thin vapour
layer appears between the droplets and the helaled that direct contact with the hot solid is
avoided. For low Weber number, characteristic ofC40conditions, the surface energy is high
enough compared to the kinetic energy to permitréimund of the droplet which recovers its
initial shape without breaking up. The generatggoua layer thermally insulates the droplet and
minimizes the loss of heat from the surface airhgact.

There is a lack of knowledge on the heat excharajetthe droplet impact on hot ballooned
cladding. According to Andreani [5], this heat &t is of the same order of magnitude than the
convective heat transfer and should therefore beidered. An experimental set-up has been
built to measure the heat removed by a singlelerampact while catching simultaneously the
dynamical deformation over the hot wall. The exmemts in ambient conditions are performed
with very small droplets (80-30Qm) injected at 30°C at high frequency using a psepo
designed piezoelectric nozzle that allows to adjustdroplet frequency, velocity and size at the
injection. The target wall is a very thin disk ofckel (50Qum thickness) heated beforehand
around 600°C by an electromagnetic inductor deVAt¢énitial time, heating is shutdown and the
heat flux removed from the wall by the impingingpliets (front face of the disk) is deduced by
post-processing the temperature field (measurethanrear face of the disk using an infrared
camera) thanks to a specifically developed semliydoal inverse heat conduction model [22]
[23].

A mechanistic approach is proposed for the modglihthe heat transfer between the droplet
and the heated wall [24]. This model is based omlgoed dynamical and thermal
considerations. The droplet dynamics is considehedugh a spring’s analogy in order to
evaluate the dynamics of the spreading diametertb@dduration of the droplet/wall thermal
interaction, called resident time. The thicknessthe vapour cushion beneath the droplet is
determined by balancing both momentum and heataass transfer within it. These results are
validated against experimental data.

The energy®d [J] removed by the droplet from the heated wadl baen expressed by F. Lelong
[24] and depends on droplet features, Weber anaidtéy numbers and wall temperature. From
this expression, the average heat flux betweeneiopnd the heated wall is derived:

o, =a, (16)
9 m3
It is implemented into the Neptune_CFD code asdatitianal heat transfer This heat transfer is
considered in the mass or energy balance equamding to the mechanistic model [24]. It
actually corresponds to the sum of convective traasfer due to strong vapour flow, heating up
of a tiny part of the droplet and of its subsequerdporation. Thus source terms to the phasic

mass and enthalpy balance equations have beeredeancording to this decomposition. We
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therefore introduce the ratio r, defined ash,, /|n, +C,, (T, -T,)|, to evaluate the evaporation
part. Thus, the heat transfer due to droplet impadtleading to additional droplet evaporation is

modeled as a volumetric source termyTi® the cells of volumé&/a having wall as boundary
over a surfac&q. It reads:

TS :GDGxﬂxr (17)
C
TS, =@ x h“ x(L-r) (18)

L

with h. the liquid convective exchange coefficient deriviean eq. (7) or (10).

In the determination of this direct contact heahsfer, the radiative heat transfer between the
wall and the droplet is negligible [24]. Howeveonsidering the dispersed droplet flow topology
encountered in LOCA conditions, the medium is nbermally homogeneous, absorbing,
anisotropically scattering, emitting and non gr@ye radiative heat transfer could not be
neglected [15] and a choice of an enough accuratéoty time consuming method to compute
the radiative heat transfer equation is underwd &N [30].

3. Interfacial Area Equation

Due to the importance of surfacic transfers at dneplet interface, the prediction of the
volumetric interfacial areaa( [m]) is essential. This implies to model its tempaat spatial
evolution (due to droplet condensation/evaporatmn dynamical phenomena). As, some
inaccuracies remain in the correlations givinghbat exchanges (eq. (7), (10), (12)) and no data
of spatial droplet diameter distribution are aval#ain case of LOCA, the development of a
monodispersion model, i.e. single droplet size etputhe Sauter diameter in the whole domain,
has been preferred to a polydispersion model duthdgolack of an accurate knowledge on
boundary conditions. The transport equation ofitherfacial area is given by equation (18]
s [25]:

%-l-[l(alvl) zz(alj|:rl _al aI()|j|-'--|_saj co +TSai br (19)

ot 3\l a,p ot ’ ’
In this equation, the first term on the RHS repnéséhe change in volume of the droplets (due to
evaporation/condensation, compressibility); the kg terms are break-up and coalescence
source terms.

3.1 PhaseChange

The interfacial mass transfer tefdm is related to the interfacial heat transfers opowa and
liquid sides. An additional term is considered fitve near wall evaporation of droplets
impinging. It reads:
-q. +q
rl :( q||: ql|) +TSI_ (20)

Lv

3.2 Coalescence

The coalescence decreases the number of dropletsinareases the mean Sauter droplet
diameter @s.uer=60a’a; in case of monodispersion). It has been evaluayed’'Rourke [26]:
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TSaj,co :12/{2,'} (n fcol’]co) (21)

with n the droplet density numbeffs, the droplet collision frequency amg, the coalescence
efficiency. Under the assumption of monodispersiba,density number can be written:
- (22)
36a’
The collision frequency could be derived from thepeur turbulence which causes eddying
motions, enabling droplets to collide. Thus thetnme@an-square velocity between two particles

(vrer,q) can be written as a function of droplet diameted turbulent dissipatior); the constant
being evaluated by Aly [27]:

fC0| = nmzvrd d = m(6£plj a12/3 (23)
, )
The collision efficiency is given by:
(. 312 -~
=min| ,——
T (l We )
Therefore:
1/3 — U3
TSai,co = 12"{%} ?Ti ai5/3all3f7co (25)
g
3.3 Break-up

The break-up of a droplet depends on the balanwesba the external shear stresses that attempt
to break up the droplet and the surface tensioh rgists to this deformation. Among the
different possible mechanisms leading to dropleak+up, only the turbulent induced break-up is
considered in the following because it is predomina LOCA conditions. The break-up source
term in the equation (19) is a function of the debplensity number, the break-up frequengy f
and of the break-up efficiencyy,[28].

TS, i :12’7[ﬂ] (N fo ) :12’7[ﬂ] (n l[ij - :lfbr (26)
’ a'i ai dcr

whered,; is the critical droplet diameter beyond which bre@ takes place. It readsg. [29]:

d, = we.o P £?r (27)
820, P,

where the criticaJ] Weber number Weaepends on the droplet Reynolds number:
24 2018 16
We,, = 55( - 2,3J 200<R&<200(
Re, Re; Re;
We, = 5468 Res> 2000

(28)

The droplet break-up frequency is estimated bytithe scale of the turbulence:
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,0 1/3 d2/3
/f =2 —— 29
. (p] NCTRE @9
Therefore:
1/3 —_— 3
TSaj br zlz[plj %a.sma |:£dj —1j| (30)
’ pg 6 dcr
4. Simulation Results

As no local experimental data is available untivha the literature, simulation results obtained
with the Neptune_CFD code are presented in thisiosecThe geometry of the calculation

domain is first described and the main results @esented focussing on the dynamics of
droplets and on the evaluation of heat transfers.

41 Geometriesand flow features

The geometry consists of a part of the core subwlar{figure 2). A subchannel is defined as the
fluid domain between eight adjacent fuel rods. €hadjacent core subchannels are considered in
the present geometry: the first and second subretarare constricted due to the ballooning of
four adjacent fuel rods, while the third sub-chdrvas a constant section along its whole length.
The ratio of ballooning is defined as (1paSnba) With So the fluid cross section in the
ballooned region and &, the fluid section in the non-ballooned region. f&iént ratio of
ballooning are studied (28%, 61% and 90 %). Folobalng ratio more than 61 %, the contact
between adjacent rods avoid cross flows betweerckabnels over the balloon length. The
length of the present geometry is about the typiistance between two horizontal grids (350
mm) and the length of the balloons is 196 mm.

0.04845 m

a.

6.11 mm

Outlet

0346 m

Ballooned rods

8.08 mm 0156

+ 44

Section of
ballooned part

Inlet

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

Liquid and vapour velocities (\and ), temperatures (Tand Ty), and volumetric fractions,
representative of a LOCA4(=1-5 m/s,v4=1-10 m/s,a=10*-10?, T, around saturationl, from
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saturation to 800 °C), are imposed as boundaryittond at the bottom inlet of the domain.
Symmetry boundary conditions are considered ondpen vertical surfaces between sub-
channels. Adiabatic, imposed heat flux or tempeeatan be used as wall boundary conditions.
There is no wall conduction simulated up to nowtl@wboundary condition is an imposed level
of pressure. The convergence of the different satiars is checked.

4.2 Dynamics

The thermal heat transfer is greatly influencedhsy dynamical two-phase flow behaviour and
especially the droplet spatial distribution withiee geometry. That underlines the need of an
accurate prediction of the two-phase flow dynamidse effect of each force has been analysed
independently; the drag, the turbulent and thddifteady discussed) influence the flow.

The flow of each phase is deviated towards the sg/mhannel (third subchannel) due to the
variation of horizontal flow sections in the firahd second subchannels. Downstream the
ballooned region, vapour turns back in the firdichannel whereas, due to their inertia, droplets
do not follow the same path. Some droplets bountethe wall. To interpret the inertial
behaviour of droplets, a Stokes number can be eléfas the ratio of the relaxation time of the
droplets to the characteristic time of the flowward the obstacle (which is the change of section
due to the balloonD, being the obstacle dimension :

gz A _4d (31)

if S>1, which is the most frequent cases in LOCA condgjothe droplet trajectories do not
follow the vapour flow deviation: they are in airag of inertia. But ifS<1, droplets follow the
vapour streamlines closely. In Figure 3, the ligaitl vapour trajectories in case of 61 % of
ballooning andx=205.5 are shown.

_Jr':l

375
1.00

WV vap (mfs) : W lig (m/s)

20.00
15.25
10.50 H

Figure 3 : Vapour and liquid velocity fields atndjectories (61% of ballooning ratio, inlet
conditions:d=5 10*m, vi=1m/s,v;=10 m/s=205.5, Tj=372.15 K, T4=573.15 K).
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Figure 4 illustrates results obtained with diffarBaw featuresd=5 10°m (St=20.55) or d=1m
(St=410.56). The liquid is deviated towards thehtigy the ballooned region. As St number
increases, the deviation downstream is more impbrighich modifies the droplet spatial
distribution as it can be seen on the volumetaction liquid field at the outlet top boundary of
the domain.

Liquid Vol fraction

1003 g
T 504 7
5 Qe
2 5004 |
1 Ce-20) B

Figure 4

Liquid trajectories and volumetric fraction fdifferent flow features (on the left : d=5"16n,

St=20.55, on the right = d=Tf, St=410.56; 61% of ballooning ratio, inlet cofatis:vi=1m/s,
vg=10 m/s T}=372.15 K,T,=573.15 K,0,=0.01).

4.3Thermics

Sensitivity studies have been carried out on iateal heat transfer models. The liquid
temperature reaches the saturation temperaturesti@am the inlet (at a location depending on
the chosen modai;). From thex and Hendou models, relaxations time could be deramed
compared; they are relatively similar. As themodel is derived from a more mechanistical
approach, it is preferred. The vapour temperatwerehses (from 573K at the inlet) non
uniformly in the various subchannels but does pathTg;. Lee’s model leads to lower vapour
cooling down than Ranz’s model. The former is memtapted to droplet flow because it handles
the diffusion limitation owing to the vapour massxfleaving the interface. A part of the liquid
is evaporated and consequently the flow acceleeatéshe liquid diameter slightly decreases (1-
2 % when break-up and coalescence are not cond)dere

Figure 5 gives the droplet diameter evolution witthe domain. In this case, the initial droplet
diameter is 5@um. It first uniformly decreases due to evaporatiesulting from interfacial heat
transfers. Upstream the section restriction (90%aifooning) droplets get accumulate or are
deviated towards the bypass. Coalescence is immi@tadhe center of the subchannels and where
droplets accumulate. The droplet diameter increapde 370um upstream the restriction, in the
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bypass and downstream the balloon where flow neleition occurs. On the contrary, break-up
effect is mainly dominated by coalescence, and aigsificantly only near the wall where
turbulent intensity is larger.

1.50¢-04 pur 3-71€-04

4.63e-05

Figure 5: droplet diameter field (90% of ballaganratio: no cross-flows, inlet conditions :
vi=bm/s,vg=10m/s T\=353.15 K,T,=573.15 K,0=0.001).

Figure 6 : Wall temperature field (61% of ballawg inlet conditions vi=1m/s,vg=5 m/s
Ti=353.15K,T,=473.15 K,0,=0.01,®,,=6000Wn¥?). Blue cells are not in contact with walls.
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Finally, some simulations with imposed wall heatxflor temperature have been performed.
Figure 6 illustrated the wall temperature obtaiméth a constant wall heat flux of 6000Wm

At the lower part of the ballooned region in them®l and third subchannels the heat flux
removed by droplet impact reaches a maximum andothest wall temperatures are observed
(450K). The rate of evaporation is high at thisaben. Then, in the balloon region, the wall
temperature increases again and reaches (500K)lyfidownstream the balloon in the left hand
side subchannel, the liquid volumetric fractionow near the wall (mainly due to deviation and
concentration in the centre of the subchannel) thedflow is thus not able to extract a lot of
energy from the wall which heats up to 620 K.

5. Conclusion and Per spective

This paper summarizes the work achieved within tremework of the Research and
Development Program on LOCA at IRSN. The goal isatwurately estimate the cooling
capability of ballooned part of a damaged PWR clagending on the blockage ratio, the length
of the balloons and on the thermal-hydraulic charéstics of the dispersed droplet two-phase
flow entering the subchannels. The program consisisvestigating the main thermal transfer
modes and in adapting the Neptune_CFD code tartindation of droplet dispersed flow.

The dynamical and thermal closure laws adequatsnf@il spherical liquid droplets within over-
heated vapour have been implemented into the éodeechanistical model for heat transfer due
to direct droplet impact on hot ballooned claddiraps also been developed and validated on
separated effect tests before being implementedllij in order to have a good prediction of the
heat exchanged through the droplets interfaceamspiort equation of the interfacial area has
been considered and its source terms related teeptiaange, coalescence and break-up have
been derived and implemented.

Finally, several sensitivity studies involving \aus flow features, ballooning ratios, wall heating
have been performed. The liquid droplets tend taldeated towards the bypass depending on
their diameters and relative velocity with the marphase. Some of them impact at the beginning
of the ballooned region and some other penetraidant. The droplets are evaporated (in over-
heated vapour) that contributes to the flow acedéilen. The droplets could also experience
coalescence, where they accumulate, and break-aptine walls. Downstream the balloon, a
flow recirculation is expected. These flow featurdiience the wall heat transfer. Better cooling
is expected upstream the balloon thanks to higheplet impact rate, but the thermal heat
transfer could be less efficient downstream thébal

However some tasks are still underway to improwe Nieptune_CFD code applied to droplet
dispersed flow. Works are in progress on thurstldinfibrces, as well as on turbulence modeling
(Rj-& 02-th2 models [7]) and on radiative heat flux. Indeeaynirour first evaluations, the
radiative heat flux in such a grey diffusing absoegbmedium (either optically thin or thick
depending on the droplet features) is of the oodenagnitude of the convective heat flux and
has to be taken into account in Neptune_CFD, whigbs not handle any radiative heat flux
models [30]. A conductive heat transfer inside thed could also be envisaged. Moreover,
following a R&D program devoted to LOCA, called C¥ADES, each phenomenon is, as much
as possible, validated independently on separdtect®tests such as droplet impact on hot wall,
radiative heat transfer through a ramp spray. Bindde code results will be validated against a
integral experiment with local two-phase flow maasoents which it foreseen to be performed
at IRSN within the framework of the CYCLADES progra
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