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Abstract

This work proposes an original approach for modeling theagminent of droplets in a hori-
zontal stratified two-phase wavy flows. This mechanistic ehagl based on the ripple-waves
breakout and entrainment phenomenon by estimating thielligass pulled off the wave crests
during their fragmentation. The paper presents the mogleliacedure for estimating the wave-
length of these ripples and the related entrained liquidwa. In regards to these parameters,
it is shown that a relatively simple methodology can be ol#dito ease the implementation in
a system code. This work aims at substituting the currestiegi empirical correlations in the
system code CATHARE 3 by using a flowfield for a liquid disperskdge.

Introduction

Nuclear safety studies are conducted by analyzing the itgiaeveral hypothetical accidents
on the behavior of the nuclear reactor. For reactors of PWR, type major accident to consider
is the so-called Loss Of Coolant Accident (LOCA). Part of theenéeaves the reactor coolant
system through a rupture in one pipe. The blowdown at thekbwelaich results of the rupture,
involves an emptying of the circuit and hence a depletioroire €ooling. The discharge of the
circuit leads to the emergence of many local transient pimema that give rise to a depressur-
ization of the core. The loss of pressure causes primaryrwaiéng in the core, such that a
vapour-liquid flow appears in the downcomer, the hot legsthrdsteam generators. Security
systems come into action and the core reflooding begins. stégsis strongly affected by the
evolution of the pressure in the primary circuit which afethe water level balance in the core.
One of the phenomena that affects these variations is tharizagion of entrained droplets in
the steam generator. Therefore, the knowledge of the dquatd the characteristics of en-
trained droplets is crucial in the core reflooding procesdyesns.

Among the flows that takes place during the core refloodinggs®, a wavy stratified flow may
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occur in the hot leg. Interfacial shear forces involve thesgance, development and fragmen-
tation of waves resulting in the apparition of dispersediticdroplets in the gas phase. Those
droplets are transported by the steam towards the steamag@nand may eventually deposit
along their path. As a consequence, the dynamics of entesihand deposition of droplets
from this wavy stratified flow triggers the amount of liquid it could reach the steam gen-
erator. Therefore determining the characteristics andtijies of droplets which are entrained
from the liquid phase in a wavy stratified flow is of interest éalculating the necessary re-
flooding time.

The current nuclear safety system code of the CEA, called CAXBAuses a two field ap-
proach to model the flow in a nuclear reactor. Thus it is no¢ &bldirectly model a dispersed
phase in a stratified flow. However the new version in develgrallows the use of a three field
model which is the most appropriate approach to tackle sneh@mena. This study presents a
preliminary approach to add a source term which mimics thesreachange between the con-
tinuous liquid and the droplet fields for a one-dimensionpép

The mass balance equations for the continuous liquid (Id)tae dispersed liquid (Id) phases
are the following:

0 0
ar (A Qe < Ple >) + _Z (A Qe < PleUye >) - +A (Fd - Fe) + Arlc,v

ot 0 1)
0 0
It (Aoug < pua>) + 9 (Aaig < prawg >) = —A (Tg—Te) + AL,

wherel'; is the deposition rate (the amount of liquid deposed on thedifilm by units of time
and surface)l’. the entrainment rate arid, , the amount of the liquid phagevaporized by
unit of time and surface.

Thus the study presented here describes a method for thendleéion of this mass exchange
termI'. which represents the mass of liquid pulled off the contirsulbgquid phase as droplets
into the vapor phase by unit of time and surface.

1 A brief review of entrainment models

The modeling of the droplet entrainment phenomenon in baté pipe for stratified flows has
not been as developed as its counterpart for vertical/antfilolws. However few correlations
are proposed in the open literature, like the pioneeringkvebrHutchinson and Whalley [1],
and more recent works of Hewitt and Govan [2] or Williams arahkatty [3]. Those models are
all strongly dependent on dimensionless groups, basedeinktased experimental conditions
and have little or no dependence on the physical processeb Vaad to waves fragmentation
and droplet entrainment.

Moreover, most of those models are introduced for fullyedepped flows in horizontal pipe.
They are based on an equilibrium assumption [4, 3] whichypatgs that entrainment rate is
equal to the deposition rate. Therefore, they are quedilerfar non-fully-developed flows
occuring in the hot leg of a PWR; this assumption is indeed niteécdor transient two-phase
flows in mechanical non-equilibrium.

As those models are essentially semi-empirical, theiriptiets are questionable far from their
based experimental conditions. Regrettably those expatahapparatus have dimensions (i.e.
diameter) much smaller than real pipe dimensions of a NPP.

Furthermore, the term for droplet entrainment rate in i$iedtflows in the current version of
CATHARE 3 is based on the correlation of Hewitt and Govan [2]akhihas been originally
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developed for vertical flows.

The questionability of the current models in the open lig®upon their abilities to predict the
droplet entrainment in transient two-phase stratified flowsorizontal pipes of large diameters
led to this new model. The early idea was to develop a modaddas far as possible on a
mechanistic approach.

2 The entrainement model

2.1 Mechanics of droplet entrainment

In 1969, Woodmansee and Hanratty [5] realized importaneerpents showing that interfacial
instabilities development have a clear impact on entrairipgenomena. They observed that
droplets came by the acceleration, lifting and subsequeaitesing of ripples waves present
on primary waves having a much larger wavelength calleddigall-up structures. As the
wavelength of those ripples waves is strongly smaller than of primary waves, the droplet
entrainment is caused by many ripples which are swept-offach roll-wave. Also, the ob-
served lifetime of those ripples was much shorter than thiasoprimary structures. Therefore,
the entrainment of droplets could be attributed to the adgrekent of this secondary instability
which is essentially a Kelvin-Helmholtz instability [5]. hE model described below aims at
taking into account this physical process to predict theltoentrainment rate. The general
approach is based on the work of Holowach and al. [6] for galtannular flows but it was
largely modified to suit the horizontal stratified flow configtion.

2.2 Model overview

An analysis on a control volume in a wavy stratified horizbfitav is made in order to find
out an expression for the droplet entrainment rate. BasedeoWWbodmansee and Hanratty [5]
description for waves breakup, the amount of liquid entrdias droplets in the dispersed liquid
phase is equal to the amount of liquid pulled up at the cresippfe waves multiplied by the
number of those waves. Obviously this number is calculatesgth on the assumption that all
the ripple waves in the control volume have the same criti@alelength. This assumption im-
plies that from all possible wavelengths the only wave tleaetbps will be that corresponding
to the rate of the largest amplification. In order to get theatision of an entrainment rate
[kgm~2s~1], the model must take into account the characteristic timte@phenomenon and
the interfacial gas-liquid area (Equ. 2):

Pl ‘/en 7w Nrw,
= Vot @

wherep; V..., -0 IS the amount of liquid pulled up at the crest of a ripple wawve) (N, ; the
number of ripple waves ripped offl., the interfacial area of the control volume and the
characteristic time of the entrainment phenomenon.

2.3 Parameters Description

The entrained volume at a fragmented wave crest is funcfitimearipple waves geometry and
so, as the ripple waves are assumed to lhvee-dimensional sine geometrythe volume

depends on the ripples wavelength. In reality, the wave gégndiffers from sine and has a
more truncated geometry on one end. Nevertheless the siresisva reasonable approximation
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for the modeling of the waves development and fragmentation
The control volume dimension is assumed to be the crossoseatea of the pipe multiplied
by the wavelength of the roll-up structures. Moreover, titerfacial area is equal to the chord
of the wavy pattern in the transverse direction multipligdie roll waves wavelength. As the
interfacial area is wavy, a geometric parameigris added to take into account the curvature
of the interfacial surface:

Acv = lz X )\g X ﬁcv (3)

where/; is the width (chord) of the interface in the cross-sectioanpl )\, the wavelength
roll waves in the axial directionj., the geometrical parameter. The number of ripple waves
(Equ. 4) which is fragmented is proportional to the total tvemof ripple waves in the control

volumes:
Ny, Y l;

rw o rw 4
Nrw,tot ot f /\Tw )\vw ( )

whereN,., 1o IS the total number of ripple waves in the control volumg, the wavelength of
ripples andf,., the proportion of fragmented ripples waves.
A simple expression (Equ. 5) is finally obtained for the entreent rate in horizontal pipes:

‘/entr rw frw

Fe 60’!} )\ 7_C e (5)
This model requires the knowledge of the critical wavelangftthe ripples\,.,, the entrained
volumeV,,, ., and the characteristic time,.
This formulation is independent of the control volume; imts of implementation in CATHARE,
the control volume is dictated by the choice of the one-dsimmal mesh. It is assumed that
CATHARE will be able to capture and transport large wavelesgtich as the roll-waves com-
ing from upstream perturbations. Therefore, if the wavgllerof the ripple waves is known,
the total number of ripples in a control volume could be gaddtermined. The coefficierft.,,
could be then evaluated providing a criteria for the fragtagon of these ripples, based on a
force balance and eventually on their relative locationhi ¢rest of a primary structure. In
a first approach we could assume that all the ripples are #atgd and hencg., = 1. The
coefficients,, is a correction coefficient taking into account the averageature of the in-
terface and the presence of a wavy pattern in the transveesgidn; this coefficient could be
evaluated analytically knowing the height of liquid and wevy pattern.
The following sections are devoted to find expressions\for(Equ. 24) and’.,; ... Discus-
sions about the choice of the entrainment characteristie caler, . is not the scope of this
paper; even though a simple expression such as the ratiebéetthe ripples wavelength and
the relative gas velocity over the liquid could be found if fihers formulations are possibles.

Nyw,p =

3 Critical wavelength

The sub-model concerning the evaluation of the criticalelength of ripples waves is achieved
by formulating a two-dimension linear stability analysfdtwe flow depicted Fig. 1. This work
relies on earlier works about linear stability analysisdweted by de Gacy [7] or Barnea and
Taitel [8]. Kelvin-Helmholtz linear stability has been adeequently in the past for determining
whether a stratified flow is stable or unstable through therd@hation of a stability criterion.
The classical inviscid Kelvin-Helmholtz instability agals has been extended by Lin and Han-
ratty [9, 10], Barnea [11], and Barnea and Taitel [8] to viscBiows using one-dimensional
averaged two-fluid models.
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This analysis performed here is in the frame of Wsous two-fluid model The stability of
the interface between the gas and the liquid is studied ohahis of a small perturbation anal-
ysis assuming that the interface slope is small. This assamallows the linearization of the
fluid motion equations. The effect of viscosity is taken iatwount through closure laws for
walls and interfacial friction factors. The originality tife study presented here comes from the
choice of closure laws and the modeling of the pressureildision in the pipe. As shown by
Barnea and Taitel [11], the use of a constant pressure in tss section is not acceptable for
this case. Therefore the pressure repartition is assumueligdrostatic according:

<pp >= P+ pr gy (hi = heg ) (6)

whereh,, ;. is the height of the center of phakgh; the height of the interface, ;, the pressure
at the interface along the side of phasand < p, > the space average pressure of phlase
The pressure jump through the interface is then evaluatedtiag Laplace’s law:
g (SQ}LZ

Pi’g_Pi’l:E:U(SzQ
whereo is the surface tension and R = K is the surface curvature.
The purpose of the stability analysis is to find out the mospldiad wavelength for a set of
flow conditions (superficial velocities, pipe diameter,dlaharacteristics,...). It is assumed that
while this set remains constant the wavelength does novewhiring the wave development.
Thereby, since the entrainment and deposition phenomenaugposed not influencing the
growing wave shapejo mass transferbetween the two phases is considered as a basic as-
sumption of the stability analysis. Furthermore, the follog assumptions are also used during
the calculation procedure:

(7)

¢ No heat transfer between the two phases

e Both gas and liquid are incompressible

O

Figure 1: Schematic representation of horizontal two-plsisatified flow

The one-dimensional two-fluid model is based on cross@e@veraging of the governing
equations for each phase as follows. The continuity equsfior the liquid and the gas are:

0 0

_ + — =0
ot (cupr) 0 (cu pruy) ®)

0 0
B (g pg) + 9 (ag pgug) =0

The momentum equations for each phase are:

0 0 0

9t (A prwg) + 9 (Al Pl Ulz) + A 9 <p>=AFp;+ AF ©)
0 0 0

a (Ag Pg Ug> + & (Ag pg u;) + Ag & < pg >= AFfr,g + AFfr,i,g
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whereA is the cross-section area afg, the friction forces at walls and at the interface. Obvi-
ously Fy, ;g = —Frpriy.

A small perturbation is then applied to the different valesb the velocities:;, the volume
fractionsay, and thus the levels of the phases and interface in the/pip@here the symbol
denotes the steady-state value and thetands for the perturbation:

W= ug=Ug+uy hi=hi+h o=a+w (10)

After some transformations and by substituting in the corag®n equations the parameters
according Equ. 10, the linearized form of the mass conservaquations (Equ. 11) and a
combined linearized momentum equation (Equ. 12) can berwata

au;_ |:a_h;_|_ua_hgj| i%zo
0z ot 90z ay Ohy (11)
0 O] Lo
0z ot 0z Q ahl
ou, _Ou duy, _ Ouy, on, O3
mgﬂ)zul%—pgﬁ—pguggﬂm—pg)gaz — 053 w2

dhyg, dhy Oh'; S TS TS, TS
- (pl ah, P an, ) 9.t = At aata,ataa
whereF’ represents the friction terms at solid surfaces and at teefate for both phases. Dif-
ferentiating Equ. 12 with respect taand substituting Equ. 11 yields a single equation (Equ. 13)
for the perturbed variablg,. The reasons to derive an equation based on the liquid hieight
stead of the liquid volumetric fraction are practical: ieddhis is the height at the center of the
pipe which would be directly measured in an experiment annéna@veraged void fraction.

9271,/ 21,/
28] [2+2] 5] 20

|02 | lau q 0z0t Q Qg

AN dh; Ohy,  Ohy, OR) [dhs
+ __8272} |:O7luz + aTgug — (P = py) Y9~ \Paas P00, ) Y T 15 oy’

[OR; ] [OF 1 OF 1 oh,1 [OF u, OFw OF
—— |+ + =0
| Ot 0z

Oug g Ou oy Ouga, Ouyog O

(13)

The considerations on the sine shape of the perturbatidritdgthe following expression for the
perturbed liquid level: 4
h, = eexp’ @ik2) (14)

This results in a quadratic equation (Equ.15) for the waggudency, called the dispersion equa-
tion:
w?—2(@k—bi)w+ck®—dk* —eki=0 (15)
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where:

[p . }
Ptot = | — -
«

1

{ﬂ &ag]

ptot Qq
b_ _11[8F1_8F1}
Prot 2 | Oug oy Ouy oy (16)
L [pr 5 Py s dh; Ohg, Oy,
C f— 7 —_ . - .
Ptot {_ e Ozgug (o= p5) gdal P doy Pe Oy g
1 [dh;
d= ‘o
Ptot |:d041 }
__ 1 joFu, OFw  OF
B Prot | Oug oy  Ourag  Ooy
The solutions fotw are:
. 4 1 ol
= (ak —bi)+ y/B? +~2expi= arctan | —
2 B
1 (17)
wy = (ak — bi) + /B2 + 2 expié [arctan (%) + 27T:|
with the coefficients:
— (@ —-c)k*+dk* — b?

v=ek—2abk

Thus the linear stability analysis provides a relation leswthe angular frequencyand the
wave numbelk. By decoupling the angular frequency in a real and an imagiparts, the
perturbation (Equ. 14) becomes:

i ((wpt+iwr)t—kz) i(wrt—kz)

h; = eexp = €exp exp “rt (29
The first exponential in Equ. 19 corresponds to a solutionweéee equation. The second term
drives the amplification because for all conditions whichkenthis term higher than one, the
waves will growth with time. Consequently the steady-statat®n is unstable whenever the

imaginary part otv is negative.

3.1 Closure laws

The viscous approach for determining the most amplified lesegh for a given set of condi-

tions requires closure laws for wall and interfacial shéggsses. The shear stresses modeling

is a key parameter of the stability study because the outadrtiee analysis depends heavily
on its modeling. The results presented here are obtainedl lwasthe classical laws from Taitel
and Dukler [12] and slightly corrected by Barnea and Taitel]:[1

1

Twk = éfk: P Uk | U] (20)
1

T, = §fi Py (ug —w) |ug — 1y (22)
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where the friction coefficient is (with &ey, — 2:14:12);

fr = Cy Re, ™

if Rep>2000 = C;=0.046 n,=0.2
else Re, <2000 = () =16 n, =1 (22)

it f,>00142 fi=/f,
else f, <0.0142 f; =0.0142

4 Some results of the stability analysis

The initial void fraction is matched to each case accordmthé two superficial velocities, at
its steady and established flow value, obtained after camdpiBqu. 9 assumin@% = 0 and
& = 0.
. gz T + gg Ty
Qg = ————
ST+ Sg Ty
where¢; is the curvilinear length of the interfacg, and¢, the wetted perimeter and the dry
perimeter in the cross-section plane. he plots on Fig. 2 sheults of the linear stability analy-
sis in two particular cases. The evolution of the amplifmatiate for all possible wavelengths of
pipe equivalent diameters af, = 0.1 m (Fig. 2a) andD,, = 0.24 m (Fig. 2b) and the flow con-
ditions of the REGARD experiments which will be devoted to taidation of the entrainment
model. It may be important to mention that available experital results on wave formation or
entrainment phenomenon in the literature cover ratherlstizaheters up t6.095 m [3]. These
curves show a peak of amplification factor at the most amglifiavelength; this latter value is
the interesting parameter for the entrainment model asrthgification factor acts only in the
time development of the perturbatiéfof unknown initial amplitude:.

(23)

a) b)
Dh =0.1[m] - b =35 [m/s] - J =0.05 [m/s] Dh =0.24 [m] - b =35 [m/s] - J =0.05 [m/s]
; ; ; 1of ; ;
- -
w, 20 ©, 100
? ? 8,
5 15 5
g g .
c c
S 10f S
S S 4
2 5 E
< <
0 : : 0 : :
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Wavelength*?\/Dh [-1 WavelengthWDh [-]

Figure 2: Amplification rate for all wavelength for given seif fluid characteristics and com-
parison between the proposed model and the results of BandeEaéel
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The flow characteristics used for these calculationspare: 940 [£4], p, = 1[£4], 4y
7971074 [£L], p, = 1.2107° [£2], ando = 0.07 [%¢]. The critical wave number and the
range of wave numbers being most amplified depend on the flogittons as shown on the
different plots of Fig. 3. It is observed that the range of trensplified waves is broadened
when the liquid superficial velocity is decreased for a gigas superficial velocity and pipe
diameter, while the amplification factors are strongly éased. Increasing the gas superficial

velocity in the same conditions has a similar effect.

a) b)
Dh =0.1 [m] Jg =5 [m/s] Dh =0.1[m] b =35 [m/s]
500 : : 35 : =
_jI =1.5[m/s . —i =0.03 m/s
o ——j=2[m/s] || < 30r - -], =0.04 m/g
o 4007 1 =25 s 2 j, =0.05 m/3
5 :. \ ---j,=25[mss 3 25/ ---) =Y 3
g 3000 g 50!
g | g
c ’ c
S ', S 15¢
7 2000, - g
Q N 8
b ' Tl £ 10
o t ~el TTEe—l L Q.
€ 1000 el TTTTEeeea £
< l'—' ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ < 5k
'I",
0 ‘ 0 w ‘
0 0.5 1 1.5 0 0.5 1 15
Wavelength*)\/Dh [-] Wavelength*)\/Dh -]
C) d)
D, =0.5[m] Jg =5 [m/s] D, =0.24 [m] b =35 [m/s]
100 : 12 ‘ .
_jI =1.5[m/s —i, =0.03 m/!
‘T': sol - ]:l =2[m/s] | TZ 10t e - J.' =0.04 m/
- ---j,=25 [m/s ~ ! ~.. --- =0.05 m/!
7 Poe ...
S 60 5 | -
E N § 6’: T
c B c ) e
o ) o ) ~
g 40 5l
L ,' S~al }:, 4’7| _____________________________
£ : i = T
€ 20F oo TTTEemee g L/
< :”' ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ < 2 1
oO 0.5 00 0.5

1 1.5 1 1.5
Wavelength*)\/Dh [-] Wavelength*)\/Dh [-]
Figure 3: Effects ofj, on the critical wavelength for pipe diameters of 0.01 m, Gr24nd 0.50
m and gas superficial velocities ofb.s~!, 10m.s~* and 35m.s™*

The influence of the pipe diameter is not significant on thaealf the most amplified wave
number and its bandwidth, except for the largest gas sujaielocity (Figs. 3b-d) or at low
liquid velocities, where a decrease of pipe diameter ire®la more pronounced broadening
of the range of amplified wave numbers. Furthermore, inangathe pipe diameter always
strongly decreases the amplification factors. These mesluistrate the need for new experi-
ments at large diameters, closer to those of full scaletsiuscontrary to what is available in

the literature.
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4.1 A correlation for the critical wavelength

In the case of a full computation of a LOCA situation with CATHAREe mesh resolution
for the hot leg pipe could be fairly low such as a control voduoould include several ripples.
Therefore, it could be necessary to run the stability amglyseach cell and at each time-
step, which would be very time-consuming. In regards to i$ssie, a correlation based on
the previous stability analysis has been set up in orderatuate the critical wavelength as a
function of the flow and geometry (equivalent diameter) ¢ooias.

A multiple non-linear regression is performed on a largeadetsults to make a correlation
providing a maximum difference &% compared to the results obtained with the full linear
stability analysis. The range of validity of this corretatiis [0.1 < D, < 0.5] for stratified
horizontal flows with liquid and gas superficial velocitieslicated on Fig. 4. The proposed

a) b)

Proposed Regression foL B0.1 [m] Proposed Regression foE B0.5 [m]

1000 1000

500 500

o

Critical Bond Number [-]
Critical Bond Number [-]

15

j, [m/s] 2 10 iy [mis] j, [m/s] 2 iq [m/s]

Figure 4: Predictions of the proposed correlation

correlation (Equ. 24) is cast in terms of a criticaiti#os (Fo*) or Bond (Bo*) number where
the characteristics length is the critical wavelength:

v/ Bo* = 0.078 al1.7083 a;.OIOQ Rell‘041 R62.1747 FT0‘0088 D;1'1382 (24)
with
L2
Bo = Fo = e (25)
Laplace

/| O
LLap|ace: A—pg = 00028 m (26)

5 Evaluation of the entrained volume

Here a mechanistic approach based on a force balance isrpete obtain a model for the
entrained volume as it was proposed for vertical annular Bpwiolowach et al. [6]. The wave
fragmentation is assumed to occur when the resultant oé$oacting on a ripple wave crest
changes from vertical downward to upward direction, e.gsspay through the equilibrium
situation. The forces included in the model are the gratiitg, surface tension, the drag and
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the lift forces. Compared to a similar study [6] conducted émtical flow conditions, a lift
and a gravity forces are added, and the components of thosesfbave different orientations.
Consequently, the proposed model is only valid for stratifiedls in horizontal pipes. The
force balance when the conditions are fulfilled to pull-ugeain part of the wave into droplets
IS then:

Foy+Fy+Fyy+F,y =0 (27)

where the different forces are detailed below (Equ. 28, BQuEqu. 32). The lift/drag forces
(Equ. 28) are calculated by giving a lift/drag coeffici€rm/Cp, using the relative velocity of
the ripple wave crest(,), and by estimating the effective (entrained) area (Figorbvhich
the drag and the lift forces act:

Fiy=0.5p, C, Aenr (Vg — Ver ) (28)

where many correlations could be used for evaluating'p, for instance the correlation used
in [6]. As the wave is assumed to have a three-dimensionakspology, the surface integration

gives:
h A 2mwh h A ) 2m1h
Aentr(h7 b, )\) = 7 COS (T) — <7 — 2hb> S1n (T) (29)

The gravitational force is expressed as:
Foy=—pVentr g (30)

where the entrained volume on which the gravitational faces is defined by using the disc
integration method:

20N N2 e (2mb) A2
Ventr(h,b,)\)_w(%_b)h(z b) Sm(A)16

(3 - )2 o
2 16 (31)
h? — sin? (QT’Tb) (()\ b)3 <)\)3>
3G -0 \\2 :
Finally the surface tension force is expressed as:

Fo’,y = —0 Kcrest AU’ (32)

whereK ... IS the average curvature at the crest areaént the effective area on which the
surface tension acts. These two geometric parameters aressed as follows:

A,(b,A) =T (% _ b) (33)

2
472 h
)2

Kcrest (h) -

(34)

Correlating
Dimension (b)

|

Amplitude
(h)

Lift Area for
Entrained Wave
Crest (Aenw)

Figure 5. Main geometric parameters describing a ripple
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The geometric parameters of these forces are expressea@mons of three critical param-
eters: h the amplitude of the wave at the onset of fragmentatioa,geometrical parameter
corresponding to the horizontal distance between the biabe avave and the location of the
fragmentation, and the wavelength of the ripple. Therefore the sum of the variouces ex-
erted on the crest of the wave is a function of those threelsipgrameters. By knowing the
amplitudeh at the onset of fragmentation, the entrained volume is faurtdoy simple itera-
tions on the sizé until the force balance is checked. This assumes to knowblateon of the
amplification factor up to the onset of the entrainment plhegmon.

6 Conclusion

In this paper, an extension of the model proposed by Holow#aeh [6] to the case of horizon-
tal wavy stratified flows has been presented. The mechawmiggicoach requires several level
of modeling and assumptions. Even though some importaminpeters such as the entrain-
ment time scale and the criterion to determine the ampliafdbe waves at the onset of their
fragmentation require further investigations, it was shdhat a relatively simple methodol-
ogy could be established to evaluate the source term to dtie idispersed phase conservation
equation. Once the complete model achieved, the next stépevio compare the results to
new experimental data performed at a large pipe diamet@ufal24 m). This experiment,
called REGARD is under development at CEA Grenoble, Frances dimalysis will allow to
improve the model in order to obtain averaged entrainmees raatching with this experiment.
It is believed that the results will be more suited for sintiolas of droplet entrainment in a full
scale hot leg.
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