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a  b  s  t  r  a  c  t

FLICA-OVAP  is a new platform  dedicated  to core  thermal–hydraulic  studies,  funded  by  the
Thermal–hydraulics  Simulation  project  of  CEA.  It  includes  both  subchannel  scale  and  CFD  scale  capa-
bilities.

To provide  a  relevant  response  to different  core  concepts  and  multiple  industrial  applications,  several
models  coexist  in  FLICA-OVAP  platform:  the  homogeneous  equilibrium  model,  the  drift-flux  model  which
is directly  derived  from  the  previous  CEA  core  code  FLICA-4  (Royer,  Aniel,  Bergeron,  Fillion,  Gallo,  Gaudier,
Grégoire,  Martin,  Richebois,  Salvadore,  Zimmer,  Chataing,  Clément,  Franç ois,  2005.  FLICA4:  status  of
numerical  and  physical  models  and  overview  of  applications.  In:  Proceedings  of  NURETH-11,  Avignon,
France),  the  two-fluid  model,  and  finally,  a  general  multifield  model,  with  a  variable  number  of  fields
for  both  vapor  and  liquid  phases.  For  each  model,  an  adapted  set  of  closure  laws  is  proposed  concerning
mass  and  heat  transfer,  interfacial  and  wall  forces,  and  turbulence.

The solving  of  equations  is based  on  finite  volume  methods  for  multidimensional  unstructured  meshes.
For  instance,  Riemann-type  solvers,  adapted  to low  Mach  number,  can  be used  for  the  numerical
discretization  of  the  convective  part of the  problem,  while  the  diffusion  part  is  discretized  using a
diamond-type  solver,  adequate  for non-conforming  meshes.

An object-oriented  architecture  allows  a flexible  and  efficient  coexistence  of  several  systems  of equa-

tions,  numerical  solvers,  and  the  manifold  closure  laws,  which  makes  FLICA-OVAP  a efficient  tool  for
research  purpose.  The  architecture  also  enables  distributed  parallel  calculations,  multidisciplinary  cou-
plings  (with  the  neutronics  codes  CRONOS/APOLLO  and  with  an  integrated  thermal  solver  for  fuels  rods
and plates)  or multiscale  couplings  (between  different  models  in our platform  or  with  the  system  code
CATHARE).

Some preliminary  computations  related  to  industrial  needs  will be  presented  in this  paper.
. Introduction

FLICA-OVAP project aims to develop numerical solvers and
hysical models in a single software platform, to give answers to
argeted needs of the thermal–hydraulic simulation of cores and
essels, using component- and CFD-scales.

The presence of those two scales within the same software is
n answer to several requirements. First of all, from an industrial
oint of vue, there exists an increased demand for finer computa-
ions in zones of interest in the core, such as the mixing grids in
Please cite this article in press as: Fillion, P., et al., FLICA-OVAP: A new p
doi:10.1016/j.nucengdes.2011.04.048

 boiling channel: a multiscale coupling approach allows this kind
f computations while keeping a reasonable computational time.
n a more R&D perspective, a CFD-scale approach in FLICA-OVAP
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intends to help us to better understand the physical phenom-
ena occurring in flows within the subchannels and to improve
the physical modeling at the component scale (see Section 4.1).
On the other hand, FLICA-OVAP project gives the possibility to
share numerical solvers, models, and data structures in a single
tool, thus strongly reducing development costs. Developing fea-
tures for coupling is facilitated, and compatibility problems for data
exchanges between two  applications disappear. Moreover, using a
single interface reduces significantly the time for getting started
and learning for the FLICA-OVAP code’s users.

The code incorporates the physical and numerical features of the
previous generation core code FLICA-4 (Toumi et al., 2000; Royer
et al., 2005): it integrates the drift-flux model and finite volume
Riemann-type solvers. In order to better fit the needs of multi-
ple studies, FLICA-OVAP also contains a range of other models:
latform for core thermal–hydraulic studies. Nucl. Eng. Des. (2011),

HEM, two-fluid and multifield models, and offers several additional
numerical solvers.

We have chosen an object-oriented design providing modular-
ity and re-usability solutions at the software infrastructure level
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n order to optimize the implementation and evaluation of the
hysical and numerical models. Emphasis was also placed on the
ser interface: the description of the core is based on a prepro-
essor called FLICA-GUI. This preprocessor generates geometrical
ata, boundary and power conditions, via a graphical and textual

nterface.
The FLICA-OVAP project started in 2005. The project uses the

oftware framework of the R&D platform OVAP, developed since
000. It integrates needs of CEA in term of improvement of the
hermal–hydraulic simulation for the core and a part of needs speci-
ed in the scope of the NEPTUNE project (Guelfi et al., 2007). During
he first phase of the project (2005–mid 2009) a first version of
he code was produced, such as described in this paper. The sec-
nd phase has just been initiated. It consists of the consolidation
nd improvement of the code, as well as of its validation based
n situations of industrial interest. In addition, an intense phase of
&D dedicated to the coupling between the scales and the mod-
ls in the code, based on a theoretical background which has been
onstructed for several years, will go on.

This paper presents the main features of the current version
f FLICA-OVAP, and some representative applications and future
ork.

. Models

.1. Several systems for several applications

A characteristic specificity of two-phase flow modeling is that
here does not exist a unique model well suited for all kinds of
ow configurations or applications. For this reason we  have imple-
ented in our platform different types of models, going from the

omogeneous equilibrium model to a general multifield model, in
rder to obtain optimal results for each kind of applications.

.1.1. Mixture models

.1.1.1. Homogeneous equilibrium model. The basic homogeneous
quilibrium model (HEM) was the first mixture model developed
n the code. In single phase conditions, it reduces to the well-known
avier–Stokes model, therefore it is also used for the calculation of

ingle phase flows.
As regards turbulence modeling for the CFD scale, Reynolds

veraged Navier–Stokes (RANS) models are now widespread in
FD codes and one can benefit from a large experience feed-
ack of these models. Therefore, several RANS models have been

mplemented and validated on single phase test cases, with a step-
y-step approach:

The mixing-length model of Buleev (1963),  giving an algebraic
expression for turbulent viscosity. This model is adapted to the
simulation of fluid flows in pipes with arbitrary cross-section.
A k–l model, consisting in writing a transport equation for the
turbulent kinetic energy k, and calculating turbulent viscosity as
follows:

�t = C�

√
kl,

where C� is a constant and l a turbulent length scale, given by
an algebraic expression. This model is more general than mixing-
length models, but is not applicable to general flows since the
expression of l depends on the flow configuration.
A k–� model, which is the most widely used complete turbulence
Please cite this article in press as: Fillion, P., et al., FLICA-OVAP: A new p
doi:10.1016/j.nucengdes.2011.04.048

model. The standard k–� model has been implemented, with the
low-Reynolds correction of Chien (1982) for the treatment of the
near-wall regions. The overall turbulence model has been vali-
dated, among others, in different heated channel geometries: a
 PRESS
nd Design xxx (2011) xxx– xxx

plane channel between two  infinite walls, and pipes with circular
and concentric annular sections.

2.1.1.2. Four-equation drift-flux model. The FLICA-4 drift-flux
model (also called homogeneous relaxation model – HRM) has
been implemented on the basis of the HEM. This model, only used
for component-scale applications, shares a part of the component-
scale set of wall heat transfer and wall friction correlations with the
homogeneous equilibrium model.

For the sake of simplicity the model is presented without taking
into account porosity. The three balance equations for the mixture
read:

• mixture mass conservation

∂

∂t

⎛
⎝∑

k=g,l

˛k�k

⎞
⎠ + ∇ ·

⎛
⎝∑

k=g,l

˛k�kuk

⎞
⎠ = 0, (1)

• mixture energy balance

∂

∂t

⎛
⎝∑

k=g,l

˛k�kuk

⎞
⎠ + ∇ ·

⎛
⎝∑

k=g,l

˛k�kuk ⊗ uk

⎞
⎠

+ ∇p − ∇ ·

⎛
⎝∑

k=g,l

˛k�k

⎞
⎠ = �fext + Fw (2)

• mixture energy balance

∂

∂t

⎛
⎝∑

k=g,l

˛k�kEk

⎞
⎠ + ∇ ·

⎛
⎝∑

k=g,l

˛k�kHkuk

⎞
⎠

− ∇ ·

⎛
⎝∑

k=g,l

˛kqk

⎞
⎠ = Qtot + �fext · u (3)

In these equations, ˛k, �k, uk, Ek, Hk are respectively the volume
fraction, density, velocity, total energy and total enthalpy for the
phase k. p is the pressure, � =

∑
k=g,l˛k�k the mixture density, fext

the external forces (such as the gravity) and Fw the friction forces.
�k represents the viscous and Reynolds stress terms for the phase k,

qk the fluid heat conduction and energy turbulence diffusion, and
Qtot the volumetric source term of thermal power. Thermal dise-
quilibrium is taken into account by an additional balance equation:

∂

∂t
(˛g�g) + ∇ · (˛g�gug) − ∇ · (Kc∇c) = �g (4)

where c = ˛g�g/� is the vapor concentration, Kc represents a dif-
fusion term for the concentration, and �g is the interfacial mass
exchange. This term is the sum of the vapor generation on the wall
�wg and the evaporation or condensation within the bulk flow �gl.
Relative velocity between vapor and liquid ur = ug − ul is given by
a drift-flux correlation. The model is closed by a general equation
of state for each phase:

�k = �k(p, hk), for k = g, 	 (5)
latform for core thermal–hydraulic studies. Nucl. Eng. Des. (2011),

and by the assumption that the vapor is saturated in presence of
liquid: hg = hsat

g (P). Closure laws (wall transfer, mass exchange,
diffusion,. . .) for this model come also from FLICA-4 code and have
been described in (Royer et al., 2005).

dx.doi.org/10.1016/j.nucengdes.2011.04.048
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.1.2. Two-fluid models

.1.2.1. Two-fluid two-phase flow model. For CFD- and component-
cale applications, a standard two-fluid two-phase flow model
orms the basis of our physical model. In 3D, the mass, momen-
um and energy balance equations read for the component-scale
pproach:

∂

∂t
˛k�k + ∇ · (˛k�kuk) = �k, with

∑
k=g,	

�k = 0, (6)

∂

∂t
(˛k�kuk) + ∇ · (˛k�kuk ⊗ uk) + ˛k∇p − ∇ · (˛k�k)

= ˛k�kfext + Fw
k + Fi

k + �kuint (7)

ith
∑

k=g,	Fi
k = 0,

∂

∂t
(˛k�kEk) + p

∂

∂t
˛k + ∇ · (˛k�kHkuk) − ∇(˛kqk)

= ˛k�kfextuk + Q w
k + Q i

k + Fi
k · uint + �kHint (8)

ith
∑

k=g,	Q i
k

= 0,
The superscript int refers to the interfacial variables. The inter-

ace interactions consist of the interfacial mass transfer terms, �k,
hich are the volumetric production or destruction rates of phase k
ue to phase changes, the interfacial momentum transfer terms, Fi

k,
hich are due to drag forces, virtual mass effects, interfacial pres-

ure forces, or lift forces, and the interfacial heat transfer terms,
i
k
.
Wall friction Fw

k and wall thermal power Q w
k

are modeled as
ource terms in the case of the component-scale approach. In the
ase of the CFD-scale approach these terms are replaced by bound-
ry conditions: Dirichlet conditions (attachment) and temperature
r thermal flux conditions.

The model is closed by Eq. (5).  It can also be supplemented with
dditional transport equations for interfacial area concentration:

∂ai

∂t
+ ∇ · (aiu

int) = Scoal + Sbreakup + Scompress,dilat (9)

here S are the source terms controlling the creation and/or
estruction of the interfacial area concentration. Coalescence,
reakup, compressibility, and dilatability of bubbles are the pre-
ominant physical mechanisms controlling the destruction and
reation of the interfacial area. For example, we can cite modelings
roposed in Hibiki and Ishii (2000).

As regards turbulence at CFD scale, a k–� model will be applied
o the continuous phase or to each phase, depending on the flow
onfiguration. Concerning the component scale, an adaptation of
he four-equation mixing-length model to the bi-fluid model will
e carried out.

.1.2.2. Multifield models. To refine the two-phase flow modeling,
 multifield model can be used. Our model can use any number of
apor or liquid fields, each one associated with a particular topology
f the corresponding phase (for example different classes of bub-
les or droplets size or vapor or liquid film close to the walls). It is
ormulated around the macroscopic balance equations written for
ach field separately, which are based on ensemble averaging of the
ocal instantaneous phasic flow equations. The conservation equa-
ions for the ith-field can be written as (Kumbaro and Podowski,
006):
Please cite this article in press as: Fillion, P., et al., FLICA-OVAP: A new p
doi:10.1016/j.nucengdes.2011.04.048

Mass conservation

∂t(˛i�i) + ∇ · (˛i�iui) =
∑

j

�ij +
∑

l

m
′′′
il (10)
 PRESS
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• Momentum conservation

∂t(˛i�iui) + ∇ · (˛g�gui ⊗ ui) + ˛i∇pi +
∑

j

(pi − pint
ij )∇˛i

= ∇ · (˛i�i
) + ˛i�ifext +

∑
j

Fint
ij + Fw

i +
∑

j

�iju
int
ij +

∑
l

m
′′′
il uil

(11)

• Energy conservation

∂t(˛i�iei) + ∇ · (˛i�iuiei) + pi(∇ · (˛iui) + ∂t˛i) − ∇ · ˛iqi

= Q w
i +

∑
j

Q int
ij +

∑
j

�ijh
int
i +

∑
l

m
′′′
il hi (12)

where ˛i is the volumetric fraction of the ith-field, �ij is the volu-
metric mass transfer due to phase change (boiling or condensation)
between fields i and j, j denotes the fields which are not related
to the same phase as i-field, m

′′′
il

is the volumetric mass transfer
term between fields i and l representing the same phase (e.g., bub-
ble breakup or coalescence), Fint

ij are the interfacial forces between

fields i and j, Fw
i are the wall forces, uint

ij
is the interfacial velocity

between fields i and j, Q int
ij

is the heat flux between field i and the
interface of field j. The remaining notation is conventional.

3. Numerical methods

The compressible Navier–Stokes system is solved with a colo-
cated finite volume type scheme. This colocated scheme allows to
solve the system on any type of structured or unstructured mesh
that can be either conforming or non-conforming. The hyperbolic
part of the system is approximated with a Godunov type scheme
modified to be accurate at low Mach number. The diffusion part of
the system is approximated with a diamond technique.

3.1. Convective schemes

Different types of Riemann solvers have been implemented in
FLICA-OVAP code such as generalized Roe’s approximate Riemann
solver, VFRoe solver and a lower-complexity alternative algo-
rithm, Simplified Eigenstructure DEcomposition Solver (SEDES)
(Kumbaro, 2007), which does not use full eigenstructure informa-
tion and presents a good complexity - tractability trade-off relevant
in a large number of situations in the scope of two-phase flow
simulations.

The keystone of the FLICA-OVAP algorithm pertains to an exten-
sion of the Roe’s approximate Riemann solver, first introduced in
Roe (1981) for single-phase flow equations, to the frame of hyper-
bolic systems arising when computing two-phase flow models.
This method was  first used successfully at CEA to calculate three
dimensional two-phase flows within the FLICA-4 computer code
for both steady state and transient thermal hydraulic analysis of
nuclear reactor cores (Toumi and Caruge, 1998). The extension
of this scheme to the non-conservative two-phase flow model is
not straightforward. However, a Roe-type scheme can still be con-
structed and the reader is referred to Toumi and Kumbaro (1996)
for details.

The method uses the following finite volume approximation:

Vn+1 = Vn − 
tn
∑

�n+1(Vn+1, Vn+1)|K ∩ Lj| + 
tnS(Vn+1) (13)
latform for core thermal–hydraulic studies. Nucl. Eng. Des. (2011),

K K |K |
K∩Lj

K,Lj K Lj K

where the numerical flux at interface K ∩ L is obtained using
equivalently, due to Roe-matrix properties, one of the following

dx.doi.org/10.1016/j.nucengdes.2011.04.048
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Table  1
Available convective schemes and their applicability.

Scheme Model

HEM HRM 6-eq. Multi-field

Conservative Roe Yes Yes No No
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Non-conservative Roe Yes Yes Yes Yes
SEDES Yes Yes Yes Yes
VFRoe Yes Yes No No

xpressions:

n+1
K,L (Vn+1

K , Vn+1
L ; K, L) =

�F(Vn+1
K ) + �F(Vn+1

L )
2

· nK,L

− |ARoe
n |
2

(Vn+1
L − Vn+1

K ) (14)

n+1
K,L (Vn+1

K , Vn+1
L ; K, L) = �F(Vn+1

K ) · nK,L + ARoe−
n (Vn+1

L − Vn+1
K ) (15)

r

n+1
K,L (Vn+1

K , Vn+1
L ; K, L) = �F(Vn+1

L ) · nK,L − ARoe+
n (Vn+1

L − Vn+1
K ) (16)

In these expressions, ARoe represents the Roe linearized matrix
ssociated with the normal direction to the interface K ∩ L and ARoe±

n
ts positive and negative parts which can either be computed by
sing an eigen decomposition of Roe’s matrix or be defined by

Roe±
n = 1

2
(|ARoe

n | ± ARoe
n ) (17)

�(Vn+1
i ) is the physical flux depending on the state Vn+1

i and, in the
ase of the non-conservative system, on the averaged variables ˆ̨ g

nd p̂ due to the linearization of the non-conservative terms, and
K,L is the unitary vector normal to the interface K ∩ L. When deal-

ng with the conservative systems, HEM and HRM, the first so called
onservative form (14) is used, whereas for the non-conservative
ystems corresponding to the two-fluid or the multifield models,
xpressions (15) and (16) are used. In this way, the total contribu-
ion of the normal fluxes at all the interfaces of the control volume
,
∑

K∩Lj
�n+1

K,Lj
, is expressed only in terms of the upwinding part

f the numerical fluxes: ARoe±
n (Vn+1

L − Vn+1
K ) since

∑
K∩Lj

nK∩Lj
= 0.

his produces the non-conservative form for the Roe scheme.
The Roe-type discrete approximation of the left side of a non-

onservative two-phase flow system depends strongly on the
pwinding Roe matrix and an accurate computation of these matri-
es is mandatory. An analytical eigen decomposition is available
n our code for the HEM, HRM, and for a particular two-fluid

odel (when no virtual mass term is taken into account). But the
omputations are quite complex, and become impossible for a gen-
ral two-fluid model or the multifield model. Moreover, it is well
nown that the system matrix can present multiple eigenvalues
nd Jordan blocks. Computation of the eigenvectors is in this case
ll conditioned and numerical diagonalization techniques can not
e employed. To surmount this kind of problems we  have imple-
ented a fast and robust algorithm for the computation of the

bsolute value of the system matrix |A | avoiding the diagonaliza-
ion process (Ndjinga et al., 2008).

Moreover, this algorithm is able to handle situations when the
igenvalues of the multiphase flow model become zero, coincident
r complex. Table (1) summarizes the available convective schemes
nd their use by the models.

Fig. 1(a) shows the vapor volume fraction profiles in a verti-
Please cite this article in press as: Fillion, P., et al., FLICA-OVAP: A new p
doi:10.1016/j.nucengdes.2011.04.048

al boiling column (Kumbaro and Podowski, 2006) obtained when
sing a 5-field model, while Fig. 1(b) shows the interfacial area
oncentration profile in a vertical bubble column obtained using a
0-field model with Roe and SEDES solver, respectively. Both cases
Fig. 1. Examples of calculations with multifield models.

involve inter-field coalescence and breakup effects (Kumbaro and
Podowski, 2006). They demonstrate the capabilities of our solver
to treat high complexity models in terms of size of systems and
closures.

3.2. Low Mach convective schemes

It is well known that Godunov type schemes are not accurate
when the Mach number goes to zero (see Guillard and Viozat,
1999, for example) and a numerous literature is available about
this issue. A R&D work on the numerical schemes is engaged in
order to enhance low Mach capabilities of our solvers. For the sake
of simplicity, we  only consider in this subsection the compress-
ible Navier–Stokes model discretized on a 2D cartesian mesh. By
forgetting the diffusion operators, the compressible Navier–Stokes
model is reduced to the compressible Euler model. When the mesh
is a 2D cartesian mesh whose space step in each direction is given
by 
xk (k ∈ {1, 2}), system (6)–(8) is discretized with the following
colocated finite volume type scheme{

d
dt

Vi,j + �1,i+1/2,j − �1,i−1/2,j


x1
+ �2,i,j+1/2 − �2,i,j−1/2


x2
= 0,

0
(18)
latform for core thermal–hydraulic studies. Nucl. Eng. Des. (2011),

Vi,j(t = 0) = V
i,j

.

In Scheme (18), V := (�, �u, �E) with u = (u1, u2) and (i, j) is the
subscript of each cell. Moreover, �1,i+1/2,j and �2,i,j+1/2 are the
numerical fluxes respectively on the interfaces (i + 1/2, j) and (i,

dx.doi.org/10.1016/j.nucengdes.2011.04.048
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 + 1/2) of the cell (i, j) given by a Godunov type scheme. Scheme (18)
s well adapted to capture shock waves. In Dellacherie (2010) and
ellacherie et al. (2010),  we have justified with theoretical argu-
ents the fact that the key point to recover a good accuracy at

ow Mach number is to discretize the pressure gradient in Scheme
18) with a simple centered difference. For example, when the
odunov scheme is the VFRoe scheme (Buffard et al., 2000), the
uxes �1,i+1/2,j and �2,i,j+1/2 are given by

1,i+1/2,j =

⎛
⎜⎝

�∗u∗
1

�∗u∗
1

2 + p∗

�∗u∗
1u∗

2
(�∗E∗ + p∗)u∗

1

⎞
⎟⎠

i+1/2,j

(19)

nd

2,i,j+1/2 =

⎛
⎜⎝

�∗u∗
2

�∗u∗
1u∗

2
�∗u∗

2
2 + p∗

(�∗E∗ + p∗)u∗
2

⎞
⎟⎠

i,j+1/2

(20)

here (�∗, u∗, E∗, p∗)i+1/2,j and (�∗, u∗, E∗, p∗)i,j+1/2 are respec-
ively solution of a linearized Riemann problem on the interfaces
i + 1/2, j) and (i, j + 1/2). Thus, the low Mach VFRoe scheme is defined
y replacing (19) and (20) with

1,i+1/2,j =

⎛
⎜⎝

�∗u∗
1

�∗u∗
1

2 + p∗∗

�∗u∗
1u∗

2
(�∗E∗ + p∗)u∗

1

⎞
⎟⎠

i+1/2,j

(21)

nd

2,i,j+1/2 =

⎛
⎜⎝

�∗u∗
2

�∗u∗
1u∗

2
�∗u∗

2
2 + p∗∗

(�∗E∗ + p∗)u∗
2

⎞
⎟⎠

i,j+1/2

(22)

here

p∗∗
i+1/2,j

= pi,j + pi+1,j

2
,

p∗∗
i,j+1/2 = pi,j + pi,j+1

2
.

(23)

n the case of the Roe scheme, we can center the pressure gradient
y adding a pressure correction to the momentum flux. This gives a

ow Mach Roe scheme defined by Scheme (18) with

1,i+1/2,j = �Roe
1,i+1/2,j + 1

2

⎛
⎜⎝

0
�a
u1

0
0

⎞
⎟⎠

i+1/2,j

(24)

nd

2,i,j+1/2 = �Roe
2,i,j+1/2 + 1

2

⎛
⎜⎝

0
0

�a
u2
0

⎞
⎟⎠

i,j+1/2

(25)

here �Roe
1,i+1/2,j

and �Roe
2,i,j+1/2 are the classical Roe fluxes, and

here (
u1)i+1/2,j:=u1,i+1,j − u1,i,j and (
u2)i,j+1/2:=u2,i,j+1 −
2,i,j . The quantities 1

2 (0,  �a
u1, 0, 0)T
i+1/2,j and

1
2 (0,  0, �a
u2, 0)T

i,j+1/2 are pressure corrections,  (�a)i+1/2,j and
�a)i,j+1/2 being given by the Roe average (a is the sound veloc-
ty deduced from E − | u | 2/2 and p). This low Mach Roe scheme

as firstly proposed in Paillère et al. (2000) and was  studied in
Please cite this article in press as: Fillion, P., et al., FLICA-OVAP: A new p
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ellacherie (2010) in the linear case (it is proved in Dellacherie
2010) that due to the pressure correction terms, the pressure
radient deduced from the linear version of (24) and (25) is cen-
ered). Low Mach VFRoe scheme (18), (21)–(23) as well as low Mach
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Roe scheme (18), (24) and (25) are simpler than preconditioned
Godunov-type schemes (e.g. Roe–Turkel scheme (Guillard and
Viozat, 1999)) that also allow to recover a good accuracy at low
Mach number. Let us also emphasize that low Mach VFRoe scheme
(18), (21)–(23) and low Mach Roe scheme (18), (24) and (25) are
similar to other low Mach colocated schemes – see for example
Li et al. (2009) – since these schemes actually use also a centered
difference to discretize the pressure gradient at low Mach number.
In Fig. 2(a) and (b), we show the iso-Mach lines obtained with
VFRoe scheme (18)–(20) and with low Mach VFRoe scheme (18),
(21)–(23) in the case of a low Mach flow around a bump. In
this classical incompressible test-case, the flow is uniform and
horizontal at the left. Here, the fluid is a perfect gas and the Mach
number is equal to 10−2. Fig. 2(a) and (b) shows that only the
numerical solution obtained with low Mach VFRoe scheme (18),
(21)–(23) is close to an incompressible solution (compare with Fig.
11 in (Vidović et al., 2006)).

Nevertheless, these low Mach schemes are only designed for low
Mach flows. It should be possible to obtain good results when the
Mach number is not everywhere or is not at all times close to zero
by replacing, in the case of low Mach VFRoe scheme (18), (21)–(23),
centered pressure (23) with⎧⎨
⎩

p∗∗
i+1/2,j

= f (M∗
i+1/2,j

)p∗
i+1/2,j

+
[

1 − f (M∗
i+1/2,j

)
] pi,j + pi+1,j

2
,

p∗∗
i,j+1/2 = f (M∗

i,j+1/2)p∗
i,j+1/2 +

[
1 − f (M∗

i,j+1/2)
] pi,j + pi,j+1

2

(26)

(M := | u |/a is the local Mach number) by choosing f(M) such that
f(M) ∈ [0, 1], f′(M) ≥ 0, f (M)  = OM when M 
 1 and f(M) = 1 when
M ≥  ̨ where  ̨ ∈ [0, 1] is a tuning parameter (  ̨ = 10−1 for example).
Let us note that the simplest choice is to choose f(M) = min(0, 1). In
the case of low Mach Roe scheme (18), (24) and (25), we  just have
to replace low Mach fluxes (24) and (25) by

�1,i+1/2,j = �Roe
1,i+1/2,j + 1

2

[
1 − f (Mi+1/2,j)

]
⎛
⎜⎝

0
�a
u1

0
0

⎞
⎟⎠

i+1/2,j

(27)

and

�2,i,j+1/2 = �Roe
2,i,j+1/2 + 1

2

[
1 − f (Mi,j+1/2)

]
⎛
⎜⎝

0
0

�a
u2
0

⎞
⎟⎠

i,j+1/2

. (28)

Let us note that the linear version of low Mach schemes (18), (21),
(22), (26) and (18), (27), (28) applied to the linear wave equation
are equivalent.

3.3. Diffusion scheme

Some of the different applications of FLICA-OVAP require
numerical schemes that are robust on distorted meshes. For
instance, at CFD scale, the complexity of solid structures such
as mixing grids may  imply to run calculations on either non-
conforming or strongly distorted meshes. As regards component
scale, the simulation of a reactor core with one or more assemblies
refined at the subchannel scale, while the rest of the domain is dis-
cretized with only one cell per assembly, also requires the ability
to deal with a non-conforming mesh. Besides, in FLICA4, the so-
called VF9 method used to calculate diffusion terms is well adapted
to 3D semi-unstructured grids (that is: non-structured in 2D and
extruded in the 3rd direction) but shows important limitations on
latform for core thermal–hydraulic studies. Nucl. Eng. Des. (2011),

other meshes. Therefore, a linearly-exact version of Noh’s diamond
method (Noh, 1964) was  chosen to approximate the diffusion terms
in FLICA-OVAP. Indeed, this method has proven both precise and
robust on very distorted meshes.

dx.doi.org/10.1016/j.nucengdes.2011.04.048
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enized temperature equation have been derived. Then, FLICA-OVAP
computed results of flows in plane channels, circular or annular
pipes, have been used as a reference to validate the macroscale
models. The latter give very satisfactory results.
Fig. 2. Iso-Mach lin

Let us now briefly describe the algorithm. In the finite vol-
me  cell-centered approach of FLICA-OVAP, gradients of several
uantities at each face of the computational domain have to be
valuated. Those quantities can be either velocities, temperatures
r enthalpies, depending on the chosen model.

Let us say that we want to evaluate the gradient of a quantity
 at face f. We  introduce the diamond cell of face f, which has the

ollowing vertices: the centers of the cells adjacent to face f, and
ertices of face f. Then, the diamond method consists in:

. reconstructing the value of � at each vertex of the grid, using
values at the cell centers;

. evaluating the gradient of � at each face f by using the values of
� at each vertex of the diamond cell of face f.

In FLICA-OVAP, the approach proposed by Dubois (1997) is the
ollowing: a linearly exact formula is constructed using a Least
quare Method to compute both the values of � at the vertices and
he gradients of � at each face.

The implementation of the algorithm has been tested and vali-
ated with the test case of a heat conduction problem in a 2D square
omain. A mesh convergence study has been carried out, based on
he mesh shown in Fig. 3(a). The solution that is sought is bilinear,
nd the mesh convergence analysis was conducted with two differ-
nt classical types of boundary conditions, that are: Dirichlet and
on Neumann boundary conditions.

Fig. 3(b) shows the relative error in L2-norm on the temperature
eld, for both sub-cases. A second order convergence is found in
oth sub-cases. Besides, the diamond method proves to be very
obust, since the coarsest mesh is very distorted.

The robustness of the optimized diamond scheme is also tested
n a non-conforming mesh, such as the one shown in Fig. 4. The
iamond method, combined with a LSM, shows a great robustness
n such meshes.

. Model and multidisciplinary approaches and couplings

.1. Multiscale approach

One of the goals of developing a CFD-scale module in FLICA-
Please cite this article in press as: Fillion, P., et al., FLICA-OVAP: A new p
doi:10.1016/j.nucengdes.2011.04.048

VAP is to increase our knowledge of the physical phenomena
ccurring in reactor core subchannels, and to “feed” the component
cale by giving results used as a reference to validate macroscopic
losure laws and models. Such an approach has been adopted by
the bump test-case.

Drouin et al. (2010):  after showing that thermal dispersion predom-
inates in forced convection turbulent internal flows, some practical
macroscopic models to account for the phenomenon in the homog-
latform for core thermal–hydraulic studies. Nucl. Eng. Des. (2011),

Fig. 3. Mesh convergence analysis of the diffusion scheme.

dx.doi.org/10.1016/j.nucengdes.2011.04.048
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Fig. 4. FLICA-GUI preprocessor. Example of as

A similar approach can be adopted to derive turbulence models
t macroscale, or two-phase flow interfacial closures.

.2. Model and multidisciplinary couplings

When simulating a large part of a nuclear plant circuit compris-
ng several components, it may  be mandatory to couple different
odes, each of them being dedicated to a particular component. Of
ourse, these codes rely on different models which are well-fitted
or every individual component of the circuit. Therefore a lot of
heoretical and numerical studies have been performed on the so-
alled interfacial coupling conditions and we may  mention in this
espect the results we have achieved through collaboration with
aboratoire Jacques-Louis Lions of University Pierre-et-Marie Curie,
aris. For a synthesis on this question and several results we  refer to
alié (2009).  Indeed it is of paramount importance to derive mathe-
atically well-based interface conditions in order to avoid as much

s possible several flaws which could be generated by inappropriate
oupling methodology: non-conservation, artificial discontinuities,
purious waves, etc. Finally all the coupling techniques we have
eveloped come down to Riemann problems expressed on the

nterface. Different coupling are to be treated: the coupling of the
RM and HEM models (Ambroso et al., 2009) and the coupling of

he HRM model with the standard two-fluid model. This approach
ill be very useful for coupled FLICA-OVAP/CATHARE simulations.

ndeed, for MSLB calculations (see Section 6.1) the HRM model of
LICA-OVAP will be used in the core, and the rest of the system will
e simulated by the two-fluid CATHARE model. In practice the HRM
odel/two-fluid model coupling has been achieved in 1D geometry

nd the extension to higher dimensions is work in progress.
For multidisciplinary or multiscale couplings on such appli-

ations, the ICOCO API (Application Programming Interface) first
eveloped by the NEPTUNE project and now supported by the
ALOME platform (http://www.salome-platform.org), will be used
y FLICA-OVAP for data exchange between neutronics codes
CRONOS-2, APOLLO-3) and system codes (CATHARE-2, CATHARE-
Please cite this article in press as: Fillion, P., et al., FLICA-OVAP: A new p
doi:10.1016/j.nucengdes.2011.04.048

). This work will be achieved from previous developments with
LICA-4 for HEMERA or NURISP projects. The thermal behavior of
he fuel rods and plates is computed up to now by an embedded
hermal solver, developed in the frame of the FLICA-OVAP project.
y refinements applied to the TMI-1 NPP core.

5. Software features

5.1. Architecture

FLICA-OVAP design is based on an object-oriented conception.
Due to the coexistence of various models and numerical solvers, a
flexible and modern architecture using C++ concepts such as tem-
plates has been developed. With this conception, one can easily
focus on the physical or numerical part in order to implement a
new correlation or solver.

Thanks to the Trio U Kernel library (Calvin et al., 2002),
FLICA-OVAP allows to perform parallel calculations on distributed
processors, using the SPMD (Single Program Multiple Data)
paradigm. The MPI  library is used for message exchanges while
parallel scientific libraries (Hypre, PETSC) provide widely used alge-
braic solvers.

5.2. Pre- and post-processing

FLICA-GUI (GUI: Graphical User Interface. FLICA-GUI is also
called FLICA pre-processor) is a SALOME module capable of gen-
erating meshes on reactor core geometries defined by a set of
component scale technological objects. A prototype of this prepro-
cessor has previously been supported by the NEPTUNE project. The
current preprocessor is an extended and improved version of this
prototype, and dedicated to the core geometries.

FLICA pre-processor also permits to describe power and bound-
ary conditions of the core for steady-state or transient calculations,
either via a graphical interface, or with Python instructions. Power
can be set on assemblies and/or fuel plates or fuel rods. Moreover,
the user can select one or several fuel rods or fuel plates, and gen-
erate a mesh in order to solve the heat equation within the heating
element.

This preprocessor generates 3D meshes by extrusion along the
reactor core height of 2D meshes based on the assembly shapes.
Optionally, the user applies one or more refinement operations to
latform for core thermal–hydraulic studies. Nucl. Eng. Des. (2011),

chosen assemblies (see Fig. 4). This procedure can lead to generate
non-conforming meshes.

Geometrical fields (porosity, hydraulic diameter, heat section,
. . .), power and thermal–hydraulic boundary conditions are dis-

dx.doi.org/10.1016/j.nucengdes.2011.04.048
http://www.salome-platform.org
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retized on the generated meshes. Finally FLICA-GUI allows to
xport these results to output files in a format suitable for solvers
FLICA-OVAP and FLICA-4).

The Kernel library of FLICA-OVAP is also able to read various
eshing formats and to generate simple 2D or 3D meshes with an

mbedded grid generator.
Concerning postprocessing, SALOME Post-Pro module can be

sed, reading result files created by FLICA-OVAP.

. Preliminary results

In this section we show some preliminary results concerning
pplications for PWR  and BWR-type cores, obtained with the com-
onent scale. In the past, verification of numerical schemes and
wo-phase models were presented (flow separation, fast depres-
urization in Kumbaro, 2007, etc). Meanwhile, a validation program
or each scale is underway.

.1. PWR  core simulations

Improved PWR  simulations are one of the goals of FLICA-OVAP
ode. We  have planned to perform calculations related to the Main
team Line Break (MSLB) benchmark (Ivanov et al., 2000). This acci-
ent is characterized by significant three-dimensional effects in the
ore and by the safety aggravating hypothesis of the benchmark:
Please cite this article in press as: Fillion, P., et al., FLICA-OVAP: A new p
doi:10.1016/j.nucengdes.2011.04.048

he most effective control rod remains stuck-out of the core. In
rder to take into account the local effect within the fuel assem-
ly where the control is not inserted, a natural way  is to refined
his assembly. This idea has been applied during previous tran-
id fraction at level z = 3.5 m.

sient FLICA-4 simulations (Royer et al., 2005), where a two-level
method was  used: the calculations of the refined assembly and
the non-refined assemblies were separated and coupled through
boundary conditions. In order to improve these results, another
way is to refine the grid around the hot assembly and to per-
form a one-pass calculation. In Section 5.2,  we explained how
the FLICA-GUI preprocessor can be used to provide refined non-
conforming meshes on such interest zones of the core, and in
Section 3 suitable numerical schemes have been depicted. How-
ever, as it was explained (Royer et al., 2005), the refinement for
the thermal–hydraulics implies an appropriate neutronic response.
Thus, a two-scale approach for the neutronics must be achieved:
on the refined assemblies, a pin-by-pin calculation is required,
whereas a homogeneous discretization is sufficient for the rest of
the core.

Waiting for the coupling features between FLICA-OVAP with
a neutronics code (CRONOS-2 or APOLLO-3) and a system
code (CATHARE-2 or CATHARE-3), preliminary simulations with
imposed power and boundary conditions have been performed in
order to evaluate our method. During these stand-alone tests, the
four-equation drift-flux model is used. The results on two  meshes
are compared, with or without assembly refinement. The standard
mesh is composed of 4956 hexahedral cells (177 cells fitted to
assembly shapes in horizontal cross section × 28 axial meshes).
The fine mesh is generated by the refinement at the subchannel
latform for core thermal–hydraulic studies. Nucl. Eng. Des. (2011),

scale of assemblies around the hot channel (see Fig. 4) and is com-
posed of 40 656 hexahedrons and polyhedrons. Fig. 5 shows the 2D
maps of the initial void fraction at level z = 3.5 m of the core, for the
non-refined and refined meshes.

dx.doi.org/10.1016/j.nucengdes.2011.04.048
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void fraction profile on 1D discretization. The results given by
ig. 6. CISE experiment, section 153. Predicted and experimental pressure gradients
gainst quality for different mass flux values G and pressure P.

.2. Wall friction assessment on CISE experiments

This section presents an example of the validation program.
hese tests are based on experiments carried out on the Piacenza
acility (CAN-2 program) by CISE (Serre and Guiot, 1999). During
hese experiments, the total pressure drop 
P  were measured in

 vertical circular tube of internal diameter D = 1.520 cm for an
pward flow in adiabatic conditions. We  intend here to assess our
all friction modeling. This is an important issue and considerable

fforts were put into the FLICA-4 code to obtain satisfying mod-
ls: in this case the two-phase wall friction multiplier is given by
hisholm correlation (Chisholm, 1972) and the drift correlation by

shii (1977).  We  face now a new challenge: to obtain two-phase
riction wall multiplier and the 1D interfacial friction correlations
or the porous six-equation model such that the numerical pres-
ure drops be a close match to the experimental data over a wide
ange of quality values. We  first begin by using CATHARE code cor-
elations of wall friction multiplier and the 1D interfacial friction
Bestion, 1990).

Fig. 6(a) and (b) shows a comparison between the calculated and
easured pressure drop on some runs. The results match very well
Please cite this article in press as: Fillion, P., et al., FLICA-OVAP: A new p
doi:10.1016/j.nucengdes.2011.04.048

he CATHARE numerical results (Fig. 7). We  remark that for low
nd medium qualities, the pressure drop is well predicted for all
he range of mass flux values. However, the error of the prediction
Fig. 7. CISE experiment. Comparison of FLICA-OVAP and CATHARE errors.

of the pressure drop becomes important for high quality values,
what an improvement of the modeling will solve.

6.3. OECD/NRC BFBT benchmark

The OECD/NRC BFBT benchmark activities and results have been
widely presented during the previous NURETH Meeting. The bench-
mark consists of several exercises based on the BFBT (Full Size
Fine Mesh Bundle Test) database provided by the Nuclear Power
Engineering Corporation (NUPEC) in Japan (Neykov et al., 2006),
dedicated to the validation of models for BWR-type rod bundles.

In order to perform the void fraction distribution exercises with
FLICA-OVAP, previous results obtained with FLICA-4 have been
used such as the friction coefficients fitted to single phase pres-
sure drop experiments. The same model of the two-phase friction
multiplier as for CISE experiments has been used, and the drag
force correlation comes from the CATHARE formulation (Bazin et al.,
2003).

For the four-equation and the six-equation models, single phase
heat transfer is given by the well known Dittus-Boelter correlation
and the superheat is modeled a correlation adapted for these high
pressure calculations (Jens and Lottes, 1951), in order to compute
the fraction of flux for vaporization in the subcooled region. For
the four-equation model, the subcooled model is completed by the
condensation term �gl (see Eq. (4)):

�gl = Kv0
G2f (P, �, �l, u, ur)

log(1 + Re/Re0)
�c(xeq − c)

1 − c

1
hv − hl

(29)

where G is the mass flux, xeq the equilibrium quality, f a function
depending on local conditions, and Kv0 the condensation parame-
ter, set to 10−4 in these calculations. For the six-equation model, the
interfacial heat transfers are modeled here following (Bazin et al.,
2003).

Our results are obtained on an averaged cross section of the
BFBT bundle. The heated length is discretized by an irregular mesh
of 73 axial cells. On Fig. 8, the experimental void fraction profile and
calculated void fraction profiles by FLICA-4 and FLICA-OVAP codes
are compared.

These first results show that both codes predict quite well the
latform for core thermal–hydraulic studies. Nucl. Eng. Des. (2011),

FLICA-OVAP have the same behavior than results presented by
Valette (2007) on the 1071-61 experiment: peaks of void fraction
are located at spacer grid levels. However, void fraction profiles

dx.doi.org/10.1016/j.nucengdes.2011.04.048
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FBT 0011-55 experiment. Comparison of experimental void fraction profile and
alculated void fraction profile by FLICA-4 and FLICA-OVAP codes.

btained by Glück (2008) do not show such peaks. Some investiga-
ions are in progress to analyze these results.

This initial step will be followed by 3D calculations, where the
urbulence modeling will be one of the key parameters to well
redict the cross flows between the subchannels and the temper-
ture maps in the bundle. A mixing length approach, successfully
ssessed for rod bundle calculations (Bergeron and Toumi, 1998),
ill be used. The tensor �k in Eq. (2) for viscous and turbulent effects

s defined for each phase by:

ij
k

= �k(1 + Mij
t,k

)

⎛
⎝∂ui

k

∂xj
+ ∂uj

k

∂xi
− 2

3

∑
l=x,y,z

∂ul
k

∂xl
ıij

⎞
⎠ (30)

here �kMij
t,k

is a turbulent viscosity (i and j account for the x, y,
nd z directions). For practical applications, turbulent viscosity is
imited to the liquid phase. The anisotropic formulation used for
urbulent conditions is:

ij
t,l

= Mij
t0(Re − Ret)

bM fM(Y0) (31)

here Re is the Reynolds number, Mij
t0, bM and Ret are parame-

ers and fM(Y0) a function of the two-phase frictional multiplier Y0.
olecular and turbulent heat fluxes (Eq. (3)) are written as:
Please cite this article in press as: Fillion, P., et al., FLICA-OVAP: A new p
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∑
=v,l

˛k�qk = l

Cpl

(1 + Kt,l)∇hx (32)
 PRESS
nd Design xxx (2011) xxx– xxx

where l is the liquid conductivity, Cpl
the liquid specific heat and

hx = xhv + (1 − x)hl the flow enthalpy based on the quality x. Tur-
bulent conductivity coefficients Kij

t,l
are:

Kij
t,l

= Kij
t0(Re − Ret)

bK fK (Y0) (33)

where Kij
t0, bK and Ret are parameters and fK(Y0) a function of the

two-phase frictional multiplier Y0.
The assessment of a new correlation of drag force taking into

account the effect of the friction pressure loss on the buoyancy
force (Grégoire and Martin, 2005) will be also achieved.

7. Conclusions and future work

In this paper, we presented the state-of-development of the
FLICA-OVAP code, dedicated to core thermal–hydraulics studies.
Compared to the previous generation code FLICA-4, it includes var-
ious models from HEM to the multifield model and is capable to
perform calculations using a CFD or a component-scale approach.
FLICA-OVAP provides several numerical solvers adapted to low-
Mach flows and to non-conforming discretization of the core.

Preliminary results on MSLB and BFBT benchmarks, as well as
on a validation experiment, show the capabilities of this first ver-
sion. The second phase of the FLICA-OVAP project will focus on
validation and consolidation of this version and on multiscale and
multiphysics couplings, for which preliminary results have been
already obtained.

Acknowledgements

This work is supported by the CEA DEN/DSIN Simulation Pro-
gram. We  would like to thank Matthieu Martin for his contribution
to the BFBT benchmark.

References

Ambroso, A., Hérard, J.-M., Hurisse, O., 2009. A method to couple HEM and HRM
two-phase flow models. Comput. Fluids 38, 738–756.

Bazin, P., Geffraye, G., Serre, G., 2003. Physical laws of Cathare revision 6.1. Pipe
Module. Tech. Rep. SMTH/LMDS/EM/2002–096, CEA.

Bergeron, A., Toumi, I., 1998. Assessment of the FLICA-IV code on rod bundle exper-
iments. In: Proceedings of ICONE-6 , San Diego, California, USA.

Bestion, D., 1990. The physical closure laws in the CATHARE code. Nucl. Eng. Design
124, 229–245.

Buffard, T., Gallouët, T., Hérard, J.-M., 2000. A sequel to a rough Godunov scheme:
application to real gases. Comput. Fluids 29, 813–847.

Buleev, N., 1963. Theoretical model of the mechanism of turbulent exchange in fluid
flows. AERE Trans. 957.

Calvin, C., Cueto, O., Emonot, P., 2002. An object-oriented approach to the design of
fluid mechanics sofware. Math. Model. Num. Anal. 36 (5), 907–921.

Chien, K., 1982. Predictions of channel and boundary layers flow with a low-Reynolds
number model. AIAA J. 20 (1), 33–38.

Chisholm, D., 1972. Friction during the flow of two-phase mixtures in smooth tubes
and  channels. Tech. rep., National Engineering Laboratory.

Dellacherie, S., 2010. Analysis of Godunov type schemes applied to the compressible
Euler system at low Mach number. J. Comput. Phys. 229, 978–1016.

Dellacherie, S., Omnes, P., Rieper, F., 2010. The influence of cell geometry on the
Godunov scheme applied to the linear wave equation. J. Comput. Phys. 229,
5315–5338.

Drouin, M.,  Grégoire, O., Simonin, O., Chanoine, A., 2010. Macroscopic Modeling of
Thermal Dispersion for Turbulent Flows in Channels. Int. J. Heat Mass Transfer
53,  2206–2217.

Dubois, F., 1997. Quels Schémas Numériques pour les Volumes Finis? In: Neuvième
séminaire sur les fluides compressibles. CEA Saclay.

Galié, T., March 2009. Couplage interfacial de modèles en dynamique des fluids.
Application aux écoulements diphasiques. Ph.D. Thesis, Paris.

Glück, M.,  2008. Validation of the sub-channel code F-COBRA-TF. Part II. Recalcula-
tion of void measurements. Nucl. Eng. Design 238, 2317–2327.

Grégoire, O., Martin, M.,  2005. Derivation of a well-posed and multidimensional
drift-flux model for boiling flows. C. R. Mécanique 33, 459–466.
latform for core thermal–hydraulic studies. Nucl. Eng. Des. (2011),

Guelfi, A., Bestion, D., Boucker, M.,  Boudier, P., Fillion, P., Grandotto, M.,  Hérard, J.-M.,
Hervieu, E., Péturaud, P., 2007. NEPTUNE: a new software platform for advanced
nuclear thermal hydraulics. Nucl. Sci. Eng. 156, 281–324.

Guillard, H., Viozat, C., 1999. On the behavior of upwind schemes in the low Mach
number limit. Comput. Fluids 28, 63–86.

dx.doi.org/10.1016/j.nucengdes.2011.04.048


 ING Model

N

ering a

H

I

I

J

K

K

L

N

N

ARTICLEED-6287; No. of Pages 11

P. Fillion et al. / Nuclear Engine

ibiki, T., Ishii, M.,  2000. Two-group interfacial area transport equation at bubbly-
to-slug flow transition. Nucl. Eng. Design 202, 39–76.

shii, M.,  1977. One dimensional drift-flux model and constitutive equations for rel-
ative motion between phases in various two-phase flow. Tech. Re ANL-4627,
ANL.

vanov, K., Beam, T., Baratta, A., Irani, A., Trikounos, N., 2000. Pressurised Water Reac-
tor  Main Steam Line Break (MSLB) benchmark. Tech. Rep. NEA/NSC/DOC(99)8,
OECD Nuclear Energy Agency.

ens, W.,  Lottes, P., 1951. Analysis of heat transfer burnout, pressure drop and density
data for high pressure water. Tech. Re ANL-4627, ANL.

umbaro, A., 2007. Riemann solvers for the simulation of complex two-phase flow
systems. In: Proceedings of NURETH-12 , Pittsburgh, Pennsylvania, U.S.A.

umbaro, A., Podowski, M.Z., 2006. The effect of bubble/bubble interactions on local
void distribution in two-phase flows. In: Proceedings of the 11th International
Heat Transfer Conference , Sydney, Australia.

i, X.-S., Gu, C.-W., Xu, J.-Z., 2009. Development of Roe-type scheme for
all-speed flows based on preconditioning method. Comput. Fluids 38,
810–817.

djinga, M.,  Kumbaro, A., Vuyst, F.D., Laurent-Gengoux, P., 2008. Numerical simu-
lation of hyperbolic two-phase flow models using a Roe-type solver. Nucl. Eng.
Please cite this article in press as: Fillion, P., et al., FLICA-OVAP: A new p
doi:10.1016/j.nucengdes.2011.04.048

Design 238, 2075–2083.
eykov, B., Aydoyan, F., Hochreiter, L., Ivanov, K., Utsuno, H., Kasahara, F.,

Sartori, E., Martin, M.,  2006. OEDC-NEA/US-NRC/NUPEC BWR  Full-size Fine-
mesh Bundle Test (BFBT) Benchmark. Volume I: Specifications. Tech. Rep.
NEA/NSC/DOC(2005)5, OECD Nuclear Energy Agency.
 PRESS
nd Design xxx (2011) xxx– xxx 11

Noh, W.F., 1964. CEL: a time dependent two space dimensional coupled Euler
Lagrange code. Method for Computational Physics, vol. 3. Acad. Press. Edition.

Paillère, H., Viozat, C., Kumbaro, A., Toumi, I., 2000. Comparison of low Mach number
models for natural convection problem. Heat Mass Transfer 36, 567–573.

Roe, P.L., 1981. Approximate Riemann solvers, parameter vectors and difference
schemes. J. Comput. Phys. 43, 357–372.

Royer, E., Aniel, S., Bergeron, A., Fillion, P., Gallo, D., Gaudier, F., Grégoire, O., Martin,
M.,  Richebois, E., Salvadore, P., Zimmer, S., Chataing, T., Clément, P., Franç ois, F.,
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