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Abstract

In this Note, we derive a multidimensional drift-flux model for boiling flows. Within this framework, the distribution para-
meter is no longer a scalar but a tensor that might account for the medium anisotropy and the flow regime. A new model for
the drift-velocity vector is also derived. It intrinsically takes into account the effect of the friction pressure loss on the buoyancy
force. On the other hand, we show that most drift-flux models might exhibit a singularity for large void fraction. In order to avoid
this singularity, a remedy based on a simplified three field approach is profdasetk this article: O. Grégoire, M. Martin,

C. R. Mecanique 333 (2005).
0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Dérivation d'un modele d’écart de vitesse bien posé et multidimensionnel pour les écoulements bouillariBans cette
Note, nous établissons un modéle d’'écart de vitesse multidimensionnel pour les écoulements bouillants. Dans ce contexte, le
paramétre de distribution n’est plus un scalaire mais un tenseur pouvant rendre compte du caractére anisotrope du milieu et de I
nature de I'écoulement. Un nouveau modele pour le vecteur de vitesse de dérive est également établi. Il prend intrinséquement
en compte I'impact des pertes de charge par frottement sur la force de flottabilité. Par ailleurs, nous montrons que, pour de
forts taux de vide, la plupart des modeles d’écart de vitesse peuvent présenter une singularité. Une méthode, basée sur un
analyse multi-champ simplifiée, est proposée qui permet de s’affranchir de cette singedaritéter cet article: O. Grégoire,
M. Martin, C. R. Mecanique 333 (2005).
0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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Version francaise abrégée

Nous nous intéressons au calcul des écoulements bouillants & haute pression rencontrés dans les sytémes h
drauligues de grande taille comme les échangeurs de chaleur ou encore les coeurs des réacteurs nucléaires. De
leur grande taille, ces écoulements complexes ne sont pas accessibles dans leur ensemble au calcul détaillé. Il fat
donc les représenter au travers d’une approche homogénéisée, moyennée en espace. Nous adoptons ici la moyen
volumique développée pour les milieux poreux [8].

Le caractére diphasique des écoulements étudiés pose le probléme de la modélisation des déséquilibres ciném:s
tiques et thermiques entre les phases. Dans cet article, hous nous intéressons a la modélisation aux échelles m
croscopiques de I'écart de vitesse entre les phases vapeur (indickquide (indice), défini parlU, = U, — Uy,
dans les écoulements bouillants. Les modeéles d'écart de vitesse (ou modeéles de «dérive ») les plus employés dé
rivent généralement du modéle présenté la premiére fois par Zuber et Findlay [2] et rigoureusement dérivé par la
suite par Ishii et al. [4,3]. lls sont en principe établis dans un contexte unidimensionnel et reposent sur deux idées
de base : la vitesse vapeur résulte de la superposition d'une vitesse d’entrainement et d'une vitesse supplémentaire
appelée vitesse de dérivEd) ; la vitesse de dérive traduit I'équilibre entre la force de flottabilité et le frottement
interfacial. La vitesse d’entrainement rend compte des déformations des profils de vitesse et de taux de vide au
travers du parametre de distributiong:= («j)f /(AJ), oU (-)s désigne la moyenne spatiale (voir Eq. (1))est
la vitesse du centre de volume du mélangesa moyenne volumique; est le taux de vide e sa moyenne
volumigue. La vitesse vapeur moyenne est alors définie pgr= coJ + V. Nous proposons dans cette note
d’étendre la formulation de ce modéle au contexte multidimensionnel selon I'Eq. (4). Le paramétre de distribution
n’est alors plus un scalaire mais un tenseur, fitéqui peut rendre compte de I'anisotropie du milieu et du régime
d’écoulement. Dans cette Note, on supposeraiest diagonalisable.

On souhaite par ailleurs mieux rendre compte de I'adhérence des bulles en parois pour les écoulements en ébulli
tion nucléée. Pour ce faire, nous proposons une adaptation de la correction d’adhérence originale [4] en distinguant
la vapeur produite en paroi (a faible vitesse) de celle produite au sein de I'’écoulement principal (approximativement
a la vitesse du liquide). On propose également de prendre en compte I'impact des pertes de charge par frottemen
sur la force de flottabilité et donc sur la vitesse de dérive. Pour ce faire, nous substituons la force de flottabilité
généralisée aux pertes de charge par frottement a la flottablité induite par le seul gradient de pression hydrostatique
La encore la dérivation se place dans le cadre multidimensionnel.

Malgré ces améliorations, le modeéle résultant (comme la plupart des modeéles de la littérature) présente une
singularité aux forts taux de vide. Nous mettons en évidence cette singularité et introduisons un taux de vide seuil
(As) au dela duquel cette singularité est susceptible d’apparaitre. Une approche basée sur une analyse simplifiée
trois champs (un champ pour le cceur de vapeur et deux pour le film liquide pariétal et les goutelettes disséminées
dans la vapeur) est proposée pour- A;. Finalement, nous fermons ce modéle en imposant la continuité du
module de la vitesse relative au voisinageAde

Selon que I'on utilise un modéle simple de mélange avec trois ou quatre équations de bilan ou encore un modéle
plus complet a six équations pour caractériser I'écoulement diphasique, ce modele d’'écart de vitesse pourra étre
utilisé pour calculer directement les vitesses vapeur et liquide ou encore pour recaler dynamiquement le coefficient
de frottement interfacial [1].

1. Introduction

We are interested in calculating large scale hydraulic systems like heat exchangers or nuclear reactor cores.
Such systems frequently exhibit two-phase flow regimes. The size of systems under study does not allow detailed
calculations. Therefore a space-homogenized approach is needed and media we deal with might be seen as
strongly anisotropic, ordered and periodic macro-porous media. For the case of light water nuclear reactors, the
medium is mainly built with fuel rod bundles. The two-phase aspect of such flows leads to non-equilibrium between
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phases: thermal non-equilibrium during the phase change and kinematic non-equilibrium. Drift-flux models address
the issue of predicting the relative velocity between phases. They are mostly used within the so-called three and
four-equation models for which balance equations for the overall two-phase mixture are derived. However, even
more complex models such as the six-equation model (in a spatially averaged formulation), might require a drift-

flux model to dynamically recalculate the macroscopic interfacial drag coefficient [1].

Drift-flux models are generally derived within a one-dimensional framework [2,3]. They are assumed accurate
when the motions of both phases are strongly coupled and when the pressure gradient is dominated by gravity.
Various improvements of the original model have been proposed. Among these, one can cite the important work of
Ishii and colleagues [4,3,5,6] who propose a rigorous derivation method and various correlations for a broad range
of flow conditions. In this Note, we focus on the multidimensional modeling of the kinematic non-equilibrium be-
tween phases for large scale vessels with high pressure drops. We introduce a drift-flux model for multidimensional
flows that accounts for the supplementary buoyancy force induced by the frictional pressure gradient. We thus pro-
pose a complementary approach that notably extends to multidimensional purposes the recent work of Hibiki and
Ishii [6]. However, whatever the model for the distribution parameter is, provided that it exhibits values greater
than one, we also show that drift-flux models may exhibit a singularity for large void fractions. In order to avoids
this singularity, we also introduce a model dedicated to large void fraction cases.

The guideline of the paper is the following. In Section 2, we present the drift-flux model for multidimensional
applications. A new model for the distribution parameter is presented in Section 3. The derivation of the drift
velocity is addressed in Section 4. Finally, itis shown in Section 5 that for large void fractions, this drift-flux model
features a singularity. An original method is then proposed to overcome this difficulty.

2. Multidimensional formulation for the drift-flux model

We introduce the spatial average over a representative elementary volume (REV) in order to derive a macro-
scopic model of the flow enclosed within the solid matrix. This approach is analogous to that used to deal with
porous media. We assume that the REV is appropriate to the geometrical characteristics of the media under study
following [8] recommendations. Let us callV the volume of the REV and Vs the volume of fluid embedded
within AV. We define the spatial average

1
(&) (X, t)zm f ¢y, n)dvy 1)
AVr (X)

Any quantity¢ splits into:¢ = (¢)+ + 8¢ whereé¢ is called the deviation of from its spatial averagg )s . The

porosity of the medium is given byt = AV; /AV. If variation length scales of the macroscopic quantities are

large with respect to the filter size (i.e. REV length scale) then the spatial average can be assumed idempotent [8].
The quantities of interest in this Note a:p, ), c = apy/p, typ@), pu = apytty + (L — ) puy, j = oy +

(1 — o)u; that denote respectively the void fraction, the vapor (resp. liquid) density, the vapor mass fraction, the

vapor (resp. liquid) velocity, the mass flux and the volumetric flux. Since flows under study feature two-phases, it is

relevant to introduce the void fraction weighted space average and its symmetrical, say the liquid fraction weighted

space average. Flows under study are weakly compressible and we assume that the density for each component |

nearly constant at the REV scalgi, )i >~ py, (01)f =~ o and{p); = (a); py + (1 — {a)f ) po;. However, due to the

mixing between vapor and liquid, large density variations of the mixture are encountered. Hence, we also introduce

the density-weighted spatial average. For the sake of simplicity, we shall use the following notations for averaged

quantities:

A=(a), C={a)ipu/{p), Uy={auy)/A, UzE((l—Oé)ul)f/(l—A) 2
U,=U,—U;, U=ApUy+(1—A)pU, and J=AU,+ (1— AU,
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Let us note that/ = (j)i and{p);i U = (pu); . On the contrarylU, is not the spatial average of the local relative
velocity, i.e.U, # (u, — u;)i . From the above definitions, we deduce the following relations

Uy,=J+1-AU,, U =J]-AU, (3)
v,=0+Q-O0)U,, U=U-CU, and J=U+A-0O)U,

The basic idea of the drift-flux model is that the dispersed phase velocity results from the addition of the mixture
mean motion and the buoyancy induced velocity, hereafter called the drift velBegitySince the pioneering work

of Zuber and Findlay [2], it is customary to write the mean vapor velocity with respect to the volumetrig flux

and the distribution paramet€y. The distribution parameter stands for the spatial correlatign: («j)s /(AJ)

and consequently accounts at the macroscopic scale for the spatial heterogeneities of the flow embedded in the
REV. In particular, it accounts for the boundary layers contributions. Hence, the overall contri@yfianight be
perceived as the entrainment of vapor by the mean motion of the mixture. Drift-flux models are generally derived
within a one-dimensional framework where the relative velocity simply réads coJ + V. For multidimen-

sional cases, we introduce the tensor of the distribution param@gergvithin this framework, vapor velocity

might be written:

U,=CoJ +Vg 4)

For the sake of simplicity, we shall assume tigtis diagonalizable and that its eigen vectors constitute an orthog-
onal basis. Nevertheless, this assumption is fully achievéq i§ real and symmetric. Furthermore, flows we deal
with, more or less follow the direction of the solid matrix. Hence, as a first approximation, we assume that frame
defined by the eigen basis @b matches the solid matrix frame. Within this framework, Eq. (4) written along the
ith direction simply reads/,, = co, J; + Vg, .

3. Model for the distribution parameter Cg

In the original work of Ishii [4], the one-dimensional distribution parameter is expressed

Co=[Coo + (1= Coo)Vpu/p1] x [1—exp—zA)] ()
N———

bubbles adherence at walls

whereCo and¢ (> 1) are phenomenological constants. The tendency for bubbles to stick to walls in sub-cooled
nucleate boiling flows is taken into account by the exponential contribution. In such flows, void fraction is low
and the exponential contribution reduagg. Indeed, vapor velocity tends t8s when the void fraction tends
towards 0. For high void fraction values, the adherence contribution simply vanishes. In this paper, we propose
to clearly discriminate the motion of vapor produced by nucleation processes from the motion of vapor generated
at interfaces that already exist. Within the sub-cooled boiling regime, the bulk flow temperature is significantly
smaller than saturation temperature and nucleation mass exchange dominates. Bubbles appear at nucleation site
at wall. They may slide along the wall, grow or even detach. Detached bubbles might condensate into bulk flow
or reattach downstream. Since within this regime, bubbles stay within wall vicinity, their velocity remain small
compared with the bulk velocity. This phenomenology is modeled by the so-called ‘adherence’ contribution. In
contrast, within the developed nucleate boiling and the saturated boiling regimes, extensive vapor generation occurs
that is both due to nucleatioanN)f and vaporization(FvG)f . Bubbles rapidly detach from active nucleation sites

and progressively migrate inside the entire flow. During this, they undergo condensation, dilatation, fragmentation
or coalescence. Consequently, vapor inclusions are no more restricted to walls vicinity, they achieve much higher
velocities. Following these remarks, we propose

Co=[Coo+ 1= Co)V/pu/pr ] x [1— exp—c ) x (1Y) /(1)1 ] ©)
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where (I'))f = <FUN)f + <FUG)f is the total rate of vapor generation. For sub-cooled nucleate boiling flows:
(I'Nye /(Iy)t — 1 while for fully developed boiling flows, we havérN); /(I',)s — 0. The diagonal tensor

C for the coefficients involved in the distribution parameter correlation is a property of the medium and of the
flow regime. Hence, it might vary according to space and to the flow conditions.

4. Derivation of the drift velocity V¢

The drift velocity is defined as the velocity of the dispersed phase with respect to the volume center of the
mixture. It is tightly linked to buoyancy. In order to derive a vectorial model for the drift velocity, we enhance the
1D method developed by Ishii and Zuber [3]. In what follows, the flow under study is called the ‘original flow’.
We also consider two stereotype flows:

(i) the steady and homogeneous flow without shear that exhibits the same flow conditions (temperature, pressure
gradient, void fraction) as the original flow at the location of interest; this situation shall be referred to as the
‘homogeneous’ flow;

(ii) the motionless infinite flow that shows only one single bubble with the same Sauter and drag radii and the
same pressure gradient as the original flow; all quantities related to this second flow will be denatedi
this flow shall be referred to as the ‘single particule’ flow.

Furthermore, we assume: a pressure equilibrium between liquid and BperP; = P, that the liquid phase is
continuous and vapor phase is dispersed. The basic balance equations are given by the so-called ‘6 Egs. model
[3,1]. Under steadiness and homogeneity assumptions, spatially averaged balance equations for the continuity of
vapor and liquid simply readT’,)s = 0. Since the space average of the rate of vapor generdiion is zero, we

also neglect momentum exchange due to phase change. Hence, the spatially averaged equations of vapor and liqui
momentum can be expressed

(M)t + AtY — AVP + p,Ag =0 7

—(M) +1-A)T, —1-AVP+p(l-A)g=0 (8)
where g is gravity, (M")¢ is the momentum exchange am¢}’ stands respectively for wall friction for vapor
and liquid. Major contributions to momentum exchanges are: the drag force, the added mass force, the lift force
and the turbulent dispersion force. Under the steadiness and homogeneity assumptions, the last three contribution:

vanish. Only drag remaindf, = M . Adding Egs. (7) and (8), we get the expression of the pressure gradient that
accounts for the hydrostatic equilibrium

VP =pg+ At +(1— At (9)
Introducing Eq. (9) in (7) and taking into account the definitipr= Ap, + (1 — A)p;, we get:
(Mp)t = A(L—A)[(pr — po)g + 7, — 7] (10)

Eqg. (10) simply expresses the equilibrium between drag and buoyancy forces. From a macroscopic point of view,
the friction pressure loss can be seen as a supplementary volumetric force. In that way, it adds to the hydrostatic
(gravity induced) pressure gradient to yield the overall pressure gradient. The volumetric buoyancy force involved
in (10) is expressed:

Mp=1- D[ —p)g+7), - 7] (11)
Following [5,1], we postulate the macroscopic form of the drag force:

1
R
“’”—D“"uvrnvr (12)

M =-C
(M p)t DA —gp
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whereCp denotes the drag coefficient, is the volumetric density of interfacial area between phakgs stands
for the mean Sauter radius aRg is the mean drag radius. By definition, we have for dispersed two-phase flows:
al = 3a/rg,. We approximatéa’ ) ~ 3A/Ry,,, whereRy,, = (ry,)¢ and we get

3CppiA
(Mp) =AM =~ —=22 U, U, (13)
Rp
Hence, Eq. (13) yields the expression toy:

8Rp 2 8Rp
Mp and |U,|°=
30:Cp ' 30:1Cp

We now consider the second stereotype flow with a single inclusion. This inclusion has the same characteristics as
the population of bubbles of the homogeneous flow, e.g. the same Sauter and drag radii. Furthermore, since, this
second stereotype flow is infinite, void fraction is zero. Hence, we pave= p;, Rp,. = Rp, Rgm,, = Rsm and

V P, = V P. Within this framework, Eq. (14) becomes

8Rp
301Cp,,

UrllUrll=— IM B (14)

8R
My, and U, |?=———||Ms,| (15)
30p1Cpy

UrUr ol ==

In order to derive an expression faf g, we introduceg,, the volumetric force field that induces the same
pressure gradient for both stereotype flows. For the second stereotype flow, Eq. (9) is greatly simplified into

0=-VP+pgy <= p8x=VP=pg+Ar)+(1-A)7T, (16)

Therefore, we get from definition (11 5, =lims_ —o0v, —~0.g—g.. MB = (01 — Pv) 0o AS it appears in [3,6],

many correlations for the interfacial drag coeffici€np exist. Each correlation is tightly connected to a specific

flow regime. We focus in this Note on high pressure two-phase flows such as those encountered during accidental
events in nuclear reactor cores. For such flows, it is inferred [7] that the drag coefficient for distorted-bubbly-flows
is valid. This remark even applies to high void fraction situations where two-phase flows may look like foam rather
than annular flows [7]. For a single particule submitted to the generalized buoyancyMgygce the interfacial

drag coefficient can be expressed

Cba = 4Rp/3% /M5 l/o (17)

Let us recall thab is the surface tension and thgb /(| M g || is the Laplace length scale for the overall pressure
gradient of the original flow. From Egs. (15) and (17), we derive the modulus of the maximal ascending velocity
for one single particule submitted to the pressure gradient of the original flow

_n1/4
U, | =v2(c 1Mz 0 ?)" (18)

From Egs. (14) and (15), we also derive the average ascending velocity for the population of bubbles of the homo-
geneous flow submitted to the same pressure gradient

Ur=—UrlIVCpDy/Cp x Mp//IMB|l x | M| (19)

Since for the homogeneous flow under study, the distribution parameter value is 1, w&havef + V. This

yields: Vs = (1— A)U,. For the multi-particulate configuration, Ishii and Zuber [3] prop@&e= Cp_ (1—A)~?

with § =1/2,1 or 3/2 according to the ratio of the dynamical viscositigsy; < 1,~ 1 or > 1 respectively.
Taking into account this latter correlation in Egs. (19) and (18), we finally get the vectorial expression for the drift
velocity

Ve =—v2(cIMgs o 2" Q- A2 5 My /Mg x [Mp_] 20
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5. lll-posedness of the distribution parameter for large void fraction and remedy

Since,Cy is diagonal, we deduce from Egs. (2), (3) and (5), that alongtthdirection

Uy, = [(Co, — D J; + Vg, ]/ (1= A) (21)
=[(Co, = DU; + V5, ]/[1 = C + Co,(C — A)] (22)

Obviously o, « p; and sinceC = A/[(A + (1 — A)p;/p»], Wwe haveC < A. Hence, for theth component ofCg
greater than one, we can show that the denominator (hereafter demptdé@22) cancels for

A=1/[Co,(L—py/p)] or A=1 (23)

For Co,; > 1, we have from definition (5, < Co,. Hence, it is easy to show from (23) th&t will be positive

if A <1/c,;. For multidimensional cases we define the threshold void fraction valye= min;—1,23(1/C;)-

A direct way to avoid the cancellation @f; is to define a well-posed expression for the distribution parameter as

in [6]. However, this method leads to rather complicated formulations for the distribution parameter and may not be
adapted for multidimensional configurations. In this approach, a specific correlation is devoted to each flow regime
(e.g. bubbly, churn and annular flows) [3] and the lack of continuity at transitions between various flow regimes
for the relative velocity still remains an issue. On the other hand, we have empirically noticed that correlations (5)
and (20) provide satisfactory results for high pressure flaivs-(80 bars for water-steam flows) even for high

void fractions (typicallyA = 0.8). This result corroborates experimental observations performed by Francois [7]
that indicate a strong coupling between phases even for high void fractions. For very high void fractions (typically
A > 0.9), we infer that such flows achieve the annular regime. Hence, the method presented in Section 4 to derive
the drift-velocity may not apply anymore. In the sequel to this Note, we propose a simple method to avoid the
singularity. We assume that within the annular regime, the liquid phase splits into a continuous film stuck to walls
and a field of burst droplets that move at the vapor velocity. Let ugdhié fraction of liquid constituting the film,

Us its velocity andU , the droplet field velocity. The overall flow-rate then becomes

G =pU=Ap,Uy+ (1~ A)p[Us + (1 - p)U4] (24)

We now consider the very simple approximatid@fy,. =0 andU,; = U,. We then deduce the expression for the
relative velocity within this annular flow

U/ =pU, orinanotherway U¢=BU/[1-B(1-C)] (25)

The model relies on the following basic ideas:

e introduce a threshold void fractiofi;, such asA; < Ayy;
o for A < Ay, the drift-flux model presented i 2 fits over ; this relative velocity isenotedi’M;
o for A> A, uselU, =U¢.

In order to ensure an approximate continuity of the relative velocity at the void fraction threshold, we impose
||U£”|| = |U¢| for A = A,. We also assume that, at the same location, departure from colinearity deWeen
andU¢ is small. SinceA, is supposed to be large, properties of both phases shall be taken at the saturation point
for boiling flows: p, = p5& p; = p;™ Hence, we also havey, = A;p5+ (1 — Ay) o/, Us = U(Ay) = G/ps,

Cs = ApS?Y py, co, = co(Ay, p5% 07 and Vg, = VG (As, p52% p72. Finally, we assume that is constant for

v v

the whole domainA; < A < 1. According to that latter assumption we have in particydat: 8(Ay). Thus, we
deduce from (25)

BlU. o] = Ut Ao = U4y (26)
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Table 1
Summary of the drift-flux model and its remedy for the singularity occurring for large void fractions
Void fraction Assumptions Modeling
A < Ag The drift-flux model presented in Section 2 (Eq. (4)), Sec- U, =UM
tion 3 (Eqg. (6)) and Section 4 (Eq. (20)) fits over.
A= Ag Parametep is constant ford > Ay. In particularg = B(Ay).
Continuity of |U, | and quasi-colinearity o, and U b= BAy) = UM (Al
nearbyA;. T T s+ a-co oM
A > Ay The flow is assumed to be annular and at the satura- Three velocities are calculated!,, Us and U,. The

tion point. Three fields are considered: a continuous va- distribution parameter) among the continuous and dis-
por core, a continuous liquid film at walls and a field of persed liquid phase is introduced.
droplets dispersed within the vapor core.
We assume: We have:

U, = U,: dispersed droplets carried out like a passive
scalar by the vapor flow;

Us = 0: liquid film stuck to walls.

U, =U%=BU,

According thatU¥ and U¢ are assumed quasi-colinear and have the same direction, we deduce from Egs. (3)
and (26) the expression f@r

_ 1T (A0
U+ (L= CHIUM (A)]
The model developed to calculate the relative velocity for large void fraction is summarized in Table 1.

B

(27)

6. Conclusions

This Note proposes a drift-flux model usable for multidimensional simulations. It is based on a tensorial exten-
sion of the original model of Ishii [4]. The so-called distribution parameter is now a tensor. Each space direction
has its own distribution parameter that is a property of the medium and of the flow regime. We also propose an
improvement of the adherence correction that better accounts for nucleate boiling flows: vapor generated at walls
is now treated separately from vapor generated in the bulk flow. The derivation of the drift-flux velocity is also pre-
sented. This velocity takes into account the overall pressure gradient and not only the hydrostatic pressure gradient.
It thus accounts for friction losses of pressure in the buoyancy force expression. However, it is shown that, when
the distribution parameter is greater than one (which is the most general case) and for large void fraction, drift-flux
models generally exhibit a singularity. A remedy to this singularity is proposed that is based on a simplified three-
field analysis. The calibration of phenomenological coefficients and the validation of the model will be presented
in a forthcoming paper.
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