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Abstract

A new and rigorous modeling of basic transport équnaand constitutive equations of
turbulent transport terms of interfacial area comedion was carried out.  Based on these local
instant formulation, basic transport equation ofeifacial area concentration was rigorously
formulated in term of spatial correlation functiosischaracteristic function (local instant volume
fraction) and its directional derivative of eactapl.  In the basic transport equations, inteffacia
area concentration is transported by averagedfacial velocity In the previous models,
interfacial velocity is roughly approximated by eeity of each phase. In the present model,
interfacial velocity is rigorously formulated inrbe of spatial correlation functions of charactegist
function and velocity of each phase and their dioeal derivatives. In this new formulation, the
averaged interfacial velocity was shown to be dati@n functions of fluctuation of velocity and
local instant void fraction and their derivativesiieh reflect the transport of interfacial area
concentration due to interaction between interfagiaa and turbulence of each phase. Basic
conservation equations of spatial correlation fiomst of characteristic function and velocity of
each phase were also derived based on the coneareguations momentum and its fluctuation of
each phase. For practical purpose, further mogl@frthis turbulent transport terms of interfacial
area concentration was carried out. As a resaiftstitutive equations of turbulent diffusion and
lateral migration of interfacial area concentratiware obtained which can be applied to various
flow regime of two-phase flow.

I. Introduction

The two-phase flow phenomenon is playing an impdrtale about safety issues of a
nuclear reactor. In order to analyze two-phase flplaenomena, various models such as
homogeneous model, slip model, drift flux model am-fluid model have been proposed.
Among these models, the two-fluid model (Ishii (887Delhaye (1968)) is considered the most
accurate model because this model treats each pbpagately considering the phase interactions at
gas-liquid interfaces.

More realistic evaluation is attainable especibljytaking a multi-dimensional effect into
consideration appropriately. That is, it is dedeatnat many nuclear reactor safety problems are
solved by using the two-phase CFD tools, which &iteuthe complex two-phase flows with a finer
space and time resolution than that used in theeptetwo-fluid model codes such as RELAP,
TRAC, CATHARE, and ATHLET. There are, however, thbowing two difficulties to be resolved.

(1) The CPU time drastically increases as the lggicbmes fine.
(2) There is no reliable and accurate modelingnefibterfacial area for a finer mesh.
The JNES have started the plan shown in Tableptejpare the two-phase CFD tool.



Table 1 Plan of preparing the two-phase CFD tool

2004 | 2005 | 2006 | 2007 2008 2009 2010 2011]
. . Comparison calculation Isteady
Selection of a basis from ) ]
existing CFD codé¥ ‘—ICOmparis‘on calculatio? Ztransienk |
Selection of the fully-implicit code (CHAMPAGNE) as a basis @
Numerics to rela A | | | ) S
the drastic ‘ ’ ‘ ’

Coupled solver to solve velocity, volume fraction

increase of CPU pressure and/or temperature equations simultaneousl|

The two [time
phase
CFD tool

Accurate
modeling of the New and rigorous modeling of interfac

interfacial area area concentration transport equz

Verification and validation
of the two phase CFD tool

(1) ACE-3D, VESUVIUS, CAPE and CHAMPAGNE availalileJNES
(2) T. Morii , F. Kasahara,"Preparation of the ridithensional two-phase flow analysis code for nackeactor safety regulation in
Japan nuclear energy safety organization (JNES)RETH-11, Avignon, France, October 2-6, 2005.

In two-fluid model, averaged conservation equatiohmass, momentum and energy are
formulated for each phase. The conservation equattbeach phase are not independent each other
and they are strongly coupled through interfagiahsfer terms of mass, momentum and energy
through gas-liquid interface.  Interfacial tramdrms are characteristic terms in two-fluid model
and are given in terms of interfacial area conediain (interfacial area per unit volume of
two-phase flow) and driving force (Ishii (1975)hiisand Mishima (1980), Ishii et al. (1982)) as

(Interfacial transfer termy~ (Interfacial area concentratiod)Driving force) (1)

Therefore, the accurate knowledge of interfaciaharoncentration is quite essential to the
accuracy of the prediction based on two-fluid maed a lot of experimental and analytical studies
have been made on interfacial area concentratiom conventional codes based on two-fluid
model, interfacial area concentration is givenangtitutive equations in terms of Weber number of
bubbles or droplets depending upon flow regimenaf-phase flow (Ransom et al. (1985), Liles et
al. (1984)). However, recently, more accurate andtidimensional predictions of two-phase
flows are needed for advanced design of nucleatoea To meet such needs for improved
prediction, it becomes necessary to give interfaiea concentration itself by solving the transpor
equation.  In view of above, recently, intensiggaarches have been carried out on the models,
analysis and experiments of interfacial area trarigproughout the world. The extensive review
on such researches was recently carried out byiHibd Ishii (2009) and Kataoka (2010).

Formulation and modeling of basic transport equatibinterfacial area concentration and
constitutive equations of the transport equationmehbeen carried out by various researchers.
These basic transport equation and constitutivatemns were applied to CFD codes of two-phase
flow and predictions of detailed behavior of twoaph flow were carried out.  In these models,
source terms of interfacial area transport dud¢obreak up and coalescence of bubbles were well
modeled in flow regimes of bubbly and bubbly-togsttansition. However, constitutive equations
of turbulent transport of interfacial area concation in various flow regimes have not been
modeled nor developed yet.



In the present paper, a new and rigorous modelindpagic transport equation and
constitutive equations of turbulent transport teohiterfacial area concentration was carried out.
In this new formulation, the averaged interfacialoeity was shown to be correlation functions of
fluctuation of velocity and local instant void ften and their derivatives which reflect the
transport of interfacial area concentration dugteraction between interfacial area and turbulence
of each phase. Basic conservation equations atiaspcorrelation functions of characteristic
function and velocity of each phase were also deribased on the conservation equations
momentum and its fluctuation of each phase. Factmal purpose, further modeling of this
turbulent transport terms of interfacial area comigdion was carried out.

Il. Local Instant Formulation of Interfacial Area Concentration and Its Transport Equation

Interfacial area concentration is defined as iatmdl area per unit volume of two-phase flow.
Therefore, the term “interfacial area concentrdtisnusually used in the meaning of averaged

value and denoted byTi. For example, one considers the interfacial aeacentration in
bubbly flow as shown in Fig.1 The interfacial area concentration is given by
— A
a =—- 2
Iy (2)

For simplicity, bubbles are spherical of which deder is ¢, interfacial area concentration is given
by

== ®3)

Here, N is number of bubbles in volume V, and void fraction (volumetric fraction of bubbles in
volume V).

Total Surface Area
of Buhbles, Ai

IS

Total Volume of
Two-Phase Flow, V
Fig.1 Interfacial area in bubbly flow

The transport equation of interfacial area conegioi is given in averaged form in terms



of averaged interfacial area concentrati@ap,.  However, for the rigorous derivation of the
transport equation, it is desirable to formulatéenfacial area concentration and its transport
equation in local instant form. Kataoka et 4B§6), Kataoka (1986) and Morel (2007) derived
the local instant formulation of interfacial areancentration as follows.

As Shown in Fig.2, interface of gas and liquid sthematically given by

f(x,y,z,t)=0 4)
f(x,y,z,t)>0 (gas phase) (5)
f(x,y,z,t)<0 (liquid phase) (6)
Liquid Phase
f(x,y,z,1)<0

Gas Phase

f(x,y,z,1)>0

N\

Interface f(x,y,z,t)=0

Fig.2 Mathematical representation of interface
Using this function, local instant interfacial aiancentration (denoted by & formulated by

a=|grad f(x,y,z,t}(f(x,y,z,t)) (7)

whered(w) is the delta function which is defined by

[ gw)a(w —wo)dw = g(w,) (8)

where g(w) is an arbitrary continuous function..
In relation to local instant interfacial area comication, characteristic function of each

phase (denoted k) is defined by

@ =h(f(x,y,z,t)) (gas phase) 9)
@ =1-h(f(x,y,z,t)) (liquid phase) (10)

where suffixes G and L denote gas and liquid phaspectively. @ is the local instant void
fraction of each phase and takes the value of writyn phase k exists and takes the value of zero
when phase k doesn't exist. Here, h(w) is Hédeifunction which is defined by

h(w)=1  (w>0)
=0 (w<0) (11)



Heaviside function and the delta function are ezldiy
dh(w
5(w) = 40W) (12)
dw

Using above equations, the derivatives of charstierfunction are related to interfacial area
concentration as follows.

gradg, =-nya (k=G,L) (13)
aaitk:vi-nkiai (k=G,L) (14)

Here, ny is unit normal outward vector of phase k as shawirig.3 andv; is the velocity of
interface.

Using above-mentioned relations, it is shown thatal instant interfacial area
concentration is given in term of correlation fuantof characteristic function as (Kataoka (2008))

a =—+ 2"]"{1 (x) = 20, (x +1)-L . (x)} sin6ded 15
ol LG e oy ) N (15)

Here, 6_ is directional differentiation of characteristimictiong(x) in r direction.
r

Ny

Phase k

Interface
Fig.3 Unit normal outward vector of phase k

Using the local instant formulation of interfaciatea concentration described above, Morel
(2007) derived the transport equation of averagtstfacial area concentration as given by

(i}tai"'D'aiVi =a(V;*ng)Ueng (16)
Here, — denotes averaging ang; is the averaged velocity of interface which isegiby
Vizai (Vi*ng)ng /gi 17)



Equation (16) is derived by local instant consitleraof interfacial area concentration. Therefore,
it can be applied to all flow regimes in two-phdkev although constitutive equations of source
term (right hand side of Eq.(16)) are needed teestilis equation.

The research group directed by Prof. Ishii in Parduoiversity derived the transport equation of
interfacial area concentration of averaged intéafaarea concentration based of the transport
equation of number density function of bubbles (#woastafaogullari and Ishii (1995), Hibiki and
Ishii (2000)). Itis given by

0a,  _ —
a_' +[]e aiVi :Z(pj +(pph (18)
t =

Here, the terms in right hand side of Eq.(18) re@nt the source and sink terms due to bubble
coalescence and break up and phase change. Tsétutire equations are given by Hibiki and
Ishii (2000a, 2000b) and Ishii and Kim (2004) basedletailed mechanistic modeling.  Equation
(18) is practical transport equation of interfacé@ka concentration although its applicability is
limited to dispersed flow (bubbly flow and dropfkw).

It should be noted that the two equations (16) @@} are different in nature because
these equations are derived based on different Imaileinterfacial area concentration. The
averaged interfacial area concentration in Eq.{d8pt exactly same as that in Eq.(18) (Lhuillier e
al. (2000)). However, for dispersed two-phas&fishere non-homogeneities are not large, the
averaged interfacial area concentrations in Eqs4t@ (18) are approximately equal.

In strict meaning, Eqgs. (16) and (18) are “cong@wmaequations of interfacial area
concentration”. They are not “transport equatiaofs interfacial area concentration” by
themselves. In order to express the transporhteffacial area concentration, it is necessary to
formulate the momentum equation of interface carsig) the various forces acting on the
gas-liquid interface. However, at present, mestearchers used equations (16) or (10) as
“transport equation of interfacial area” assuminigifacial velocity is identical to average velgcit
of gas phase.

Therefore, in this paper, a new and rigorous dadimiof velocity of gas-liquid interface is
introduced  Based on this definition, the govegnéguation of velocity of gas-liquid interface is
strictly derived

I11. Basic Equation of Interfacial Velocity and Transport Equation of I nterfacial Area

Interfacial velocity (velocity of gas-liquid intiace) is related to the velocity of each phase
at interface denoted hy;, using following relation.

— m,
Vi =V TN — 19§
k

Here, mk is the mass generation rate of phase k per umtfatial area due to evaporation or

condensation.  If there are no phase change erofaphase change at interface is sufficiently
small, the interfacial velocity is equal to theaaty of each phase at interface by

Vi =V = Vg (20)



In what follows, the most simple case is considevledre Eq.(20) is valid.

One considers two spatial locations denotec bydx+r, which are close to each other.
There are two cases where gas liquid interfaceseletweernx andx+r.  They are shown in Figs
4 and 5.  Since two locations are very close twheasher, it is assumed that only one interface

can exist.

C(x+r)=0

[ ]

G(X)=1 o X+

X
Phase

Interface
Fig.4 The case where interface exists betweandx+r. (x is in phase k)

@.(x+r)=1

X+r
Phase k

Interface

Fig.5 The case where interface exists betweandx+r. (x+r is in phase k)
In each case, interfacial velocity is approximdtgdhe velocity of phase k at the point where phase
k exists.  In Fig.4, interfacial velocity is apghmated byv,(x) and In Fig.5, by(x+r).  The
probabilities where the cases of Fig. 4 and Figd&uoare given by

O N{1-a(x+nN} . {I-a(X)}a(x+r)

respectively.  Then, the probability where gasitignterface exist betweenandx+r is given by

Q. (){1-@ (x+)} +{1- @ (X)}@ (x+r)

Using above mentioned assumption and probabili&esraged interfacial velocity is approximated
by



@ 1@ (X+ 1)}V, (X) +{1- @ ()} (X + 1)V, (X +T)
O N1 @ (x+1)} +{1- @ (X} (x+T1)

When the displacememnt,is sufficiently small, averaged interfacial velyci \7I is given by

V7 =i GO 0.0}V, 09 + L= @003 0TV, O 1)
QM- G+ I 0,09k ()

(21)

On the other hand, interfacial area concentrat®omelated to the probability where gas liquid

interface exist betweer and x+r by following equation (Kataoka et al. (2007), Kalta and
Serizawa (1990)).

‘COS@‘ _ ‘lr“;no O (L= (x+r)} ‘:" {1-@, (X)}@ (x+r) 22

Here,8 is the angle between outward normal vector atfinte and displacement vectar, Using
Eq.(22), Eq.(21) can be written by following eqoati

@ L= @ (X +N}v, (X) +{1- @ (X))@ (X +T)V, (X +T)

V,a|cosd =i
.a;|cosg im i (23)
Integrating Eq.(23) for all direction of and averaging, one obtains.
Vi = L[ [Fim AOAZ LIV + -0, 0NOLHD) G i
2mdo Jojr-o I
(24)
Similarly, integrating Eq.(22) for all direction of one obtains.
1@ O{1-@ (x+1)} +{1-@ (X} (X +T) .
L= lim =% K X K sinéded
ok kM ] ¢ (29)

Using, Egs.(24) and (25), the difference betweegraged interfacial velocity,vi and average

velocity of phase k, V| is given by

ALY Vi 09} +1- 0, 0ORA X+ UV X1 =V ) i

[



(26)
Rearranging the term in integration in the rightdhaide of Eq.(26) one obtains

im P ONL= @ X+ DRV () =V, (9} + {1~ 9 ()} X+ TV, (X+1) ~V, (¥}
LB I

i @ (0B DV, (X41) 40, (09, (<+T)V, ()
LB I

(27)

I !

Here, @, and Vv, are fluctuating terms of local instant volume fraec and velocity of phase k
which are given by

V, =V, -V, (28)

O, =Q, — @ (29)

Equations (26) and (27) indicate that the diffeechetween averaged interfacial velocit§(7i and

average velocity of phase kv, is given in terms of correlations between fludngtterms of

local instant volume fraction and velocity of ph&sehich are related to turbulence terms of phase
K.

Then, it is important to derive the governing ddquaof the correlation term given by
Eq.(27). In what follows, one derives the govegnequation base on the local instant basic
equations of mass conservation and momentum catsmrvof phase k which are given below
(Kataoka (1986)). In these conservation equatidassor representation is used. Einstein
abbreviation rule is also applied. @ When the samumiix appear, summation for that suffix is
carried out except for the suffix k denoting gad aquid phases.

(Mass conservation)

ov
P = (30)
0Xg
(Momentum conservation)
ov, 0 1 0R, 1 Oy
o 4 — (v, Vv - — i + R + F 31
0% ot Q. aXB( kaVig) = ~ @ o, OX, K D, 0X, O Fea (31)



Averaging Egs.(30) and (31) one obtains averagederwation equation of mass and momentum
conservation of phase k.

(Averaged mass conservation)

0V,g 1 —
= m=Vai N & (32)
0Xg X
(Averaged momentum conservat|on)
aVkOl + 0 (V==) _ 1 OP 1 0 ( ~p VIRV F= Via m
. Wka Vkp/ — ka|3 k Vka VKB — Vi kpi i
ot 0x, Py 6x pk 0Xg X (33)

1 l1—— 1 1 1 =—
Pklnkalal t—= TkaBinkBiai +=Vkavk[3nk|3iai
(Pk Py @ P« O

Subtracting Eqs(32) and (33) from Egs.(30) and,(81¢ conservation equations of fluctuating
terms are obtained.

(Conservation equation of mass fluctuation)

==VigiNiei @ (34)

(Conservation equation of momentum fluctuation)

0) N +Q 0 (V' Vi +V', v_+v v=) -, — 1 R, B g L9 —(Thg + Py Vi Vig)
K ot K ox ka V' kB kB kB Y ka k D aX kK D ox kaB k Vika Vkp
B k k B
(pk (pk 1 4 (pk 1 ' (pk U U

+(Pk i@ T=—Via Vk|3|nk|3|a| = Pkinkaiai _=_Tka[3ink[3iai _=Vkavk[3nk[3iai

k @ Px @, Px k

(35)
Using Eqgs(34) and (35), one can derive conservatiquiation of the correlation term between
fluctuating terms of local instant volume fractiand velocity of phase k. In the derivation,
following simplified representation of quantitietstiae locatiorx+r.

(Fk (X+r) = (Fkr (36)
Ak(X+r):Akr (37)

Here, Arepresents the physical quantity of phase k, sscprassure, velocity etc. Multiplying
Eq.(35) byg, (X +r) =¢,, , and averaging, following conservation equatiorcarfrelation term of

10



fluctuations of local instant volume fraction arelocity of phase k.

i(cp @ V' )+i(<p BV ia Vi)
at k ¥kr ¥ ka aX k¥kr ¥ ka Y kB

B
1(P(P at 1(P(P a(T +P VigVig) T 00 F
pk k ¥kr aXu p k Fkr a B kaf k Y ka Y kB k Fkr kcx
(pk(pkr 1 5——F (pk(pkr 1l 57— (pk(pkr
t———PFiNa ——— Ty N & ~ VaV Nygi &
@ P« . @ P« e 0% e
—i(cpcp ViaVig) = @@V, a\/_‘3+v (Vig +Vig)® 9 of (38)
GXB k Pir Via Vi kP Vie "5 X, ka Vip kB kGXB ke
ka(pk a ((pkrVkBr +(pkrvk|3)
[3

Similarly, considering Eq.(35) attr and multiplying by ¢, (X) = ¢, , and averaging, following
conservation equation of correlation term of fliattons of local instant volume fraction and
velocity of phase k.

0 ———, 0 ————=—
a((pk(pkrv kar) +ﬁ((pk(pkrv kar Vk[})
1, O0R,
_p_(pk(pkry 0 (pk(pkra (TkaBr+kakarVkBr)+(pk(pkr kar
k a k I3
+%ipllinkaiair - (pk_(pkr i-l'-;«;rl_’)inkﬁi ir (pk_(pkr VkarVkBr nkﬁlalr
(pkr pk (pkr pk (pkr
(B P Viar Vigr ) ~ G Py V4 Nge .y, (Vigr + Vigr )@ icp' (39)
GXB k¥kr ¥ kar ¥ kpr k ¥kr ¥ kBr aXB kar kBr kBr kr aXB k
- V;«xr O ﬁ((pr VLB + (pLVkBr )

From EQgs.(38) and (39), one obtains the conservatgpation of the correlation term given by
Eq.(27).
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0 R I
a{ Ir|~ 0‘ ‘((pk(pkrv kar T OV )} + ox, ( \Irl\rpom((pk(pkrv kar TOPV ¢ )Vig)
0P . 0P
pk ‘ ‘ 0‘ ‘((pk(pkr Xa (pk(pkr aXu)
a a ! ] ]
pk ‘ o‘ ‘{(pk(pkr X (TkaBr tp VkurVkBr)"'(pk(pkr ox, (Thap TP Vi Vi) }

= lim — ((pk (pkr km O, (p'kr F ka )

o fr|

Cjim L (AP L Ol 15—

“°H O Py @ Py
(pk(pkr ilJkinkcxiair +w£1”kinkaiai)
H OM @ Px @ Px
(pk(pkr Vkmvkprm <Pk(Pkr
r k

+ lim — VkquBnkalal)

i~ O\r\

—_——— 0 ——— ————0 ———— 0V
{7 ((pk(pkrvkarvk[}r ) + ((pk(pkrvkrvkp)} + “m ((pk(pkrVkBr — 4 GO Vig 7”3)
olr| X, X,

HOH Xg

a 12 12 I a J
aTB(Pk H{Via (Vig + Vig) @, g‘Pkr}

- \Iri\rpom{vlkar (VkBr + V'kBr )(pkr

i 1., 0 Do Y 0 vl v
‘rl‘rpom{vkar(pkrﬂ((prvkﬂ O Vigr ) Vkawkﬂ((pkrvkﬂr P Vip)}

(40)

Using Eqg.(40) one finally obtains the governing &gpn of the difference between averaged

interfacial velocity, V, and average velocity of phase K/, , given by Egs.(26) and (27). It
is given by
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%{(W_TK)E} +§(( k));VkB)

oP . .
p 21-[.[ .[0 |- 0||((pk(pkr_ O P XZ)SIHGdeq)

0 — 0, —
p 211'[ .[o Ir|- o| |{(pk(pkr (TkaBr pkvkarvkﬁr)-'-(pk(pkra(-[kag +kakaVkB)}SlnGd9d¢

B ZTIO .[0 ‘lrl‘rpoﬂ ((p,k(pkr F' kar + (pk (p'kr F’ ka ) SInGdeq)

_ 1 pmez lim = 1 ((pk(pkr im (pk(pkr 1 —P,n,,a)sin6ded
- ki ' 'kai ki® kai

ri-olr|
Owr Pk B Pi

LI i L (O iTmnka.a\ O Lo ) sinododg

rl~ 0|| @, P« ¢, Pk
L (pk(pkf (pk(pkr
b b \!'\’I‘o|r|( L A cka ViaVig Nyerd ) SINOCIOCID

Lo 1 a “am v v NN .

ZTJ‘O _[0 ‘l‘ 0| | a ((pk(pkrvkarVkBr ) + [3 ((pk(pkrvkrvkﬁ)} Slneded¢
1 T 2P

o b

1 emp2e .1, , ' J , , o . . .
_ETL J‘O lim H{Vkur (Vigr * Vigr )@ P H{Vig (Vig +ka)(pka(pkr}sm9d9d¢

[r]-0
B

6x + Q@ Vk,; el )sm 0dodd

1, ———0Vy
llm | |((pk(pkrvk|3r
B

L 0 . o L .
+E[J‘o J‘o Ir ‘ 0| |{Vkur(pkr ox [3 ((prVkB +(Pk Vk|3r) +Vka(pk XB ((pkrVkBr +(PkrVkB)}S|n9d9d¢
(41)

As shown above, the rigorous formulation of govegnequation of interfacial velocity is derived.
Then, the most strict formulation of transport gdpres of interfacial area concentration is given by
conservation equation of interfacial area concdéioma(Eq.(16) or Eq(18)) and conservation
equation of interfacial velocity (Eq.(41)). As sho in Eq.(41), the conservation equation of
interfacial velocity consists of various correlatiterms of fluctuating terms of velocity and local
instant volume fractions.  These correlation teraesent the turbulent transport of interfacial
area, which reflects the interactions between gpgd interface and turbulence of gas and liquid
phases.  Equation (41) rigorously represents suitjulence transport terms of interfacial area
concentration.  Accurate predictions of interfh@eea transport can be possible by solving the
transport equations derived here.
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I'V. Constitutive Equations of Turbulent Transport of Interfacial Area

As shown in the previous section, the rigorousnidation of transport equation of
interfacial area concentration was derived basetherbasic conservation equation of fluctuating
terms of local instant volume fraction and veloafyeach phase in gas-liquid two-phase flow. |
They are given by conservation equation of intéalaarea concentration (Eq.(16) or Eq(18)) and

conservation equation of interfacial velocity (Ed.)). However, Eq.(41) consists of
complicated correlation terms of fluctuating terms local instant volume fraction, velocity,
pressure and shear stress. The detailed knogvlefithese correlation terms is not available.

Therefore, solving Eq.(41) together with basic ¢igms of two-fluid model is difficult at present.
More detailed analytical and experimental workstamulence transport terms of interfacial area
concentration are necessary for solving practidatiy(41).

Therefore, here, constitutive correlation of inderél velocity will be derived based on the
conservation equation of interfacial velocity givenEq.(41). Using such constitutive correlation
of interfacial velocity, conservation equation ofdrfacial area concentration (Eqg.(16) or Eq(18))
will represent interfacial area transport more aataly.

From Egs.(26) and (27), Interfacial velocity isated to averaged velocity of phase k (gas
phase ore liquid phase)by following equation.

Va —v=§—ij2”j" lim = (0. v' +.q.v'.)sin6dodd (42)
i“ = Yk 2_,_[ o Jo M*0|r| (pk(pkr kr (pk(pkr k
When one considers bubbly flow and phase k is asdi¢p gas phase, Eq.(42) can be rewritten by

S _ = _ 1 pemem 1 / T y T :
Via, =Vga E‘[L IO ‘Irl‘rpoﬂ((pccperv o TP V') sSinBdedd (43)

Here, the term,(p'G /|r| is related to the fluctuating term of interfaciaka concentration at the
location,x and the term,@;, V', is the fluctuating term of gas phase velocityhet lbcationx+r.
Also, the term, @, /|r| is related to the fluctuating term of interfaciaka concentration at the

location,x+r and the term,@. V' is the fluctuating term of gas phase velocityhet bcation x.
Then, the correlation term of these fluctuatiomgigiven by

I

1 ! ! I
_H((pecperv Gr +(pG(pGrV G)

is considered to correspond to turbulent transpgern due to the turbulent velocity fluctuation.

In analogous to the turbulent transport of momentwmergy (temperature) and mass, the
correlation term described above is assumed tortygoptional to the gradient of interfacial area
concentration which is transported by turbulenc#fugion model).  Then, one can assume
following relation.

14



1 2" n H 1 ! I U I H e -
b ‘p‘moﬂ(cpecperver+chchrvG)smeded¢— D, grach, (44)

Here, the coefficient, Pis considered to correspond to turbulent diffusioefficient of interfacial
area concentration. In analogy to the turbuleamidport of momentum, energy (temperature) and
mass, this coefficient is assumed to be given by

D, O|vg|L (45)

Here, L is the length scale of turbulent mixinggafs liquid interface andh/g| is the turbulent

velocity of gas phase. In bubbly flow, it is saered that length scale of turbulent mixing of
gas liquid interface is proportional to bubble dies dz and length scale of the turbulent velocity
of gas phase is proportional to the turbulent vigloof liquid phase. These assumptions were
confirmed by experiment and analysis of turbuleffusion of bubbles in bubbly flow (Kataoka
and Serizawa (1991a)). Therefore, turbulent diffn coefficient of interfacial area
concentration is assumed by following equation.

D, =KV, |d, =6K=|v,| (46)
;

Here, a is the averaged void fraction add'L| is the turbulent velocity of liquid phase. K is

empirical coefficient. For the case of turbulerffusion of bubble, experimental data were well
predicted assuming K=1/3 (Kataoka and Serizawaldp9 For the case of turbulent diffusion
of interfacial area concentration, there are nedirexperimental data of turbulent diffusion.
However, the diffusion of bubble is closely relatedhe diffusion of interfacial area (surface area
of bubble).  Therefore, as first approximatiore thalue of k for bubble diffusion can be applied
to diffusion of interfacial area concentration inbibly flow. Equations (45) and (46) can be
approximately applied to slug flow and churn floheve gas phase is dispersed in liquid phase.
However, the length scale of turbulent mixing o$ ¢jguid interface should be appropriately given.
For slug flow and churn flow, the length scale ofbulent mixing of gas liquid interfaces is
considered to be sufficiently large and order @naitter of flow passage.  Therefore, the length
scale of turbulent mixing of gas liquid interfaces be approximated by diameter of flow passage
and empirical coefficient must be given by experitse

Equations (44) is based on the model of turbuleiftusion of interfacial area
concentration. In this model, it is assumed thabulence is isotropic. However, in the
practical two-phase flow in the flow passages tlehce is not isotropic and averaged velocities
and turbulent velocity have distribution in the iedddirection of flow passage. In such
non-isotropic turbulence, the correlation termswbulent fluctuation of velocity and interfacial
area concentration given by Eq.(27) is largely deleat on anisotropy of turbulence field.

Such non-isotropic turbulence is related to théowsrterms consisting of turbulent stress
which appear in the right hand side of Eq.(41). Assuming that turbulent stress of gas phase is
proportional to that of liquid phase and turbulemsedel in single phase flow, turbulent stress
idsgiven by

’LV'L :£LTP|:|VL (47)

<
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Here,g1p is the turbulent diffusivity of momentum in gagtlid two-phase flow. For bubbly flow,
this turbulent diffusivity is given by various resehers (Sato et al. (1981), Kataoka and Serizawa
(1993)). Kataoka and Serizawa (1993) proposedoit@ving correlation.

1 :
Eirp :éadBVL (48)

Based on the model of turbulent stress in gasdiqub-phase flow and Eq.(41), it is assumed that
turbulent diffusion of interfacial area concentratidue to non-isotropic turbulence is proportional
to the velocity gradient of liquid phase. For tdd#fusion of bubble due to non-isotropic
turbulence in bubbly flow in pipe, Kataoka and 3awa (1991b) proposed the following
correlation based on the analysis of radial digtidms of void fraction and bubble number density.

J, = Kadgn, a(;/L

(49)

Here, 4 is the bubble flux in radial direction amgis the number density of bubble. vy is radial
distance from wall of flow passage. K is empiricatrelation and experimental data were well
predicted assuming K=10. In analogous to Eq.(#9)% assumed that turbulent diffusion of
interfacial area concentration due to non-isotropidulence is given by following equation.

J., = Kadga, vy (50)
oy

Here, J is the flux of interfacial area concentration adial direction. Equation (49) can be
interpreted as equation of bubble flux due to ifiefdrce due to liquid velocity gradient.  Zun
(1988) proposed another form of equation given bufibx which is given by

J, = 08exp(2a)anguy’ a(;/yL g (51)

Here,y; is the relative velocity between gas phase (bQkbid liquid phase in flow direction which

IS given by |E -v,_|. Based on Eq.(51), the flux of interfacial amEacentration in radial
direction,J,; is assumed to be given by

J.. = 08exp(2a)aa,u? oV,
oy

/g (52)

As shown above, turbulent diffusion of interfaciatea concentration due to non-isotropic
turbulence is related to the gradient of averagedoity of liquid phase and using analogy to the
lift force of bubble, Eq.(44) can be written inekrdimensional form by
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1 2mem 1 / [ G [ H - _ - =_= =
>k |, ‘y‘rp(ﬂ(cpecp@v@+ch<pGrvG)smeded¢— D gradh, +Caa, (Vg ~V,)xrot(v, )

(53)

Empirical coefficient C in the right hand side 0§.653) should be determined based on the
experimental data of spatial distribution of ingmifill area concentration and averaged velocity of
each phase. However, at present, there are natisnf experimental data. Therefore, as first
approximation, the value of coefficient C can beegiby Eq.(50) or (52).

C=Kd; /ug (based on Eq.(50)) (54)
C=08exp(2a)u, /g (based on Eq.(52)) (55)

Using Eqs(43) and (53), transport equation of fatgal area concentration Eq.(18) can be given by
following equation for gas-liquid two-phase flow ®&re gas phase is dispersed in liquid phase
(bubbly flow, slug flow and churn flow).

oa, ——
—L+divl@a v.)=
Ot ( i G)

div(D, grach,) - div{Caa, (v = v, ) xrot(v, )} +> 2 (FG ~a2le

j + (pCO + (pBK
(56)

G

Here, D/Dt denotes material derivative followinge tgas phase motion and turbulent diffusion
coefficient of interfacial area concentration, I3 given by Eq.(45) or (46). Coefficient of turbot
diffusion of interfacial area concentration duentm-isotropic turbulence, C is given by Eq.(54) and
(55). The third term in the right hand side of.[B§) is source term of interfacial area
concentration due to phase change and density etdrgas phase due to pressure changEg is

the mass generation rate of gas phase per unitmeohf two-phase flow due to evaporationpo
and@gy are sink and source term due to bubble coalescemtér@ak up These source and sink
terms are given by Hibiki and Ishii (2000) and Yawd Morel (2004) based on detailed analysis
and experiment of interfacial area concentration. More detailed experimental data of interfacial
area concentration are needed in order to deterthimecoefficients in Eq.(56) and to validate
source and sink term particularly for slug and aHiow regimes.

For droplet flow where liquid phase is dispersedgas phase, basic equation of
conservation of interfacial area concentration (). or (18)) and basic equation of interfacial
velocity (41) are also valid. Since gas phaseoistinuous phase in droplet flow, Eq.(43) is
rewritten by following equation.

" mde o ol T T b TR T L

Via =v,

For droplet flow, droplets are dispersed phaseteartsported by the turbulent diffusion due to gas

17



phase turbulence. The second term in right hashel af Eq.(57) can be formulated similar to the
flow regime where gas phase is dispersed in lighigse (Eq.(56)). It is given by

l 2meT L l 1 T G T H - _ - _ — :_7 =
b fim,  GL0w V'L + 0,60, v',)sinBdBdp = -D ,grack, + C-)ay (v, Vo) XT0l(Ve)

(58)

Here, turbulent diffusion coefficient of interfat@rea concentration is approximated by turbulent
diffusion coefficient of droplet (Cousins and Hewitl968)) as first approximation. The

coefficient C for turbulent diffusion of interfatiarea concentration due to non-isotropic turbutenc
(or lift force term) can be approximated by liftrée coefficient of solid sphere as first

approximation.  Then, transport equation of irsteidl area concentration for droplet flow is

given by

03, —=
—' +div(a =
p v v,)

i B) - diviCl-a)a (v v )xrotv ) +2— 3 [r —q-q)PPu
div(D gardy, ) —div{Cdl-a)a, (v, —Vg) rot(vG)}+3(1_0()pL (I‘L l-a) Dt

j *+ Qco + Pei
(59)

Here D/Dt denotes material derivative following the gdmase motion angkoand@sy are sink and
source terms due to droplet coalescence and breakdl | is the mass generation rate of liquid
phase per unit volume of two-phase flow due to emisdtion.

V. Conclusions

A rigorous formulation of basic transport equatiaisinterfacial area concentration is
derived. The basic transport equations condistomservation equation of interfacial area
concentration (Eq.(16) or (18)) and conservationatign of turbulent transport term of interfacial
area (Eq.(41)). In the previous model, interfagedocity is approximated by averaged velocity
of gas phase or liquid phase. In the present maderfacial velocity is formulated by spatial
correlation of characteristic function and veloditfyeach phase (Eq.(21)).  Then, the difference
between interfacial velocity and averaged velootyeach phase is related to the correlations of
fluctuation of velocity and characteristic functievhich reflect turbulent transport of interfacial
area concentration (Eq.(27)). Based on thesd lastant formulation of gas-liquid two-phase
flow, conservation equation of turbulent transgerm of interfacial area concentration is derived
(Eq.(41)). The basic equation of interfacial areacentration (Eq.(16) or (18)) and conservation
equation of turbulent transport term of interfacata (Eqg.(41)) are the most rigorous formulation
of the transport equations of interfacial area eotr@tion.

For practical purpose, simplified modeling of tudnt transport terms of interfacial area
concentration was carried out.  The constitutiggiations of turbulent diffusion and lateral
migration of interfacial area concentration werdagied which can be applied to various flow
regime of two-phase flow. Using these constimitiequations a simplified basic transport
equation of interfacial area concentration wasweericonsidering turbulent transport of interfacial
area concentration (Eq.(56) and (59)).
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More detailed experimental data are needed in ordevalidate basic equations and
constitutive equations of interfacial area concidn transport derived here.
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