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Abstract 

Flow structure induced by bubble-liquid interfacial forces was investigated by using a two-
dimensional CMFD technique. The mass, momentum, turbulence energy and bubble diffusion 
equations were used as the fundamental equations. The basis for these equations was the two-
fluid model: the equation of liquid phase was picked up from the equation system theoretically 
derived for the gas-liquid two-fluid turbulent flow. Existing interfacial force models were newly 
introduced into the cross-sectional momentum equations. Asymmetry of non-circular channel 
like sub-channel caused cross-sectional flow patterns which varied with balance among the 
interfacial forces. The flow structure characterized void fraction distribution in sub-channel. 

1. Introduction 

Phase distribution in gas-liquid two-phase turbulent flow is important factor for designing 
nuclear fuel assemblies. The subchannel is a unit flow channel surrounded by fuel rods or 
thimble tube, and the geometrical effect in subchannel characterizes the liquid velocity and phase 
distribution in the fuel assemblies. This paper addresses the effect of subchannel geometry on 
flow structure in two-phase turbulent flow. 

Famous effect of subchannel geometry is the secondary flow, and it is a cross sectional average 
of 3-dimesional coherent structure of turbulence in subchannel [1]. In the gas-liquid two-phase 
turbulent flow, the gas phase complicatedly interacts with liquid phase [2]. Investigating the 
effect of secondary flow in two-phase turbulence was therefore useful for clarifying the effect of 
subchannel geometry [3]. The result showed that two-phase turbulence structure in subchannel 
was appeared as cross sectional flow, and then it affects the void fraction distribution [3]. 

Interfacial force is a key concept to explain the inter phase behaviors. Interfacial forces acting in 
a steady state flow were categorized into turbulent dispersion, wall and lift forces. The interfacial 
forces, in particular the lift force, has been used to explain the void fraction profile transition 
between the wall peak and core peak in circular tube geometry [4-5]. 

In this study, the effect of subchannel geometry on phase distribution is investigated focusing on 
cross sectional flow structure caused by the interfacial forces. To observe the phase distribution 
and flow structure, a computational multi fluid dynamics (CMFD) code developed for bubbly 
turbulent flow in subchannel [6] is used. The interfacial forces are introduced into the cross-
sectional momentum equations. To investigate the geometrical effect, computational results for 
annular tube and subchannels are compared. 
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forces, in particular the lift force, has been used to explain the void fraction profile transition 
between the wall peak and core peak in circular tube geometry [4-5]. 
 
In this study, the effect of subchannel geometry on phase distribution is investigated focusing on 
cross sectional flow structure caused by the interfacial forces. To observe the phase distribution 
and flow structure, a computational multi fluid dynamics (CMFD) code developed for bubbly 
turbulent flow in subchannel [6] is used. The interfacial forces are introduced into the cross-
sectional momentum equations. To investigate the geometrical effect, computational results for 
annular tube and subchannels are compared.  
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In the following sections, nomenclature, fundamental equations, computational method and 
computational results are explained. The concluding remarks are given in the final section. 

2. Nomenclature 

CD : Drag coefficient 

dB : Bubble diameter 

DH : Hydraulic equivalent diameter 
An : Inner diameter of annular tube 

D0ut : Outer diameter of annular tube 

dB : Bubble diameter 

g : Gravity acceleration 

k : Turbulence energy 
Kl , K2 : Constants 
/Tp : Mixing length of two-phase flow 
/sp : Mixing length of single-phase flow 

L : Heated length 
Are : Grid number in the e direction 

N : Grid number in the ri direction 

P : Rod to rod pitch 
p: Pressure 
u : Velocity in the x -coordinate 
uT : Average friction velocity 

U : Contra-variant velocity on the e - 77 plane 

UT : Terminal velocity of single bubble in infmite media 

v : Velocity in the y -coordinate 

V : Contra-variant velocity on the e - 77 plane 

w : Velocity in the z -coordinate 
(Greek symbols) 
a : Void fraction 

/31, 02 , -'1: Constants 

p: Density 

a : Surface tension 
v : Kinematic viscosity 
(Subscripts) 
G: Gas 
L : Liquid 
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In the following sections, nomenclature, fundamental equations, computational method and 
computational results are explained. The concluding remarks are given in the final section. 
 

2. Nomenclature 

 
DC : Drag coefficient 

B
d : Bubble diameter 

HD : Hydraulic equivalent diameter 
inD : Inner diameter of annular tube 
outD : Outer diameter of annular tube 
Bd : Bubble diameter 
g : Gravity acceleration 
k : Turbulence energy 
1K , 2K : Constants 

TPl : Mixing length of two-phase flow 
SPl : Mixing length of single-phase flow 
L : Heated length 
N ξ : Grid number in the ξ direction 
N η : Grid number in the η  direction 
P : Rod to rod pitch 
p : Pressure 
u : Velocity in thex -coordinate 
uτ : Average friction velocity 
U : Contra-variant velocity on the ξ -η  plane 
TU : Terminal velocity of single bubble in infinite media 
v : Velocity in they -coordinate 
V : Contra-variant velocity on the ξ -η  plane 
w : Velocity in thez -coordinate 
(Greek symbols) 
α : Void fraction 
1β , 2β , 1γ : Constants 

ρ : Density 
σ : Surface tension 
ν : Kinematic viscosity 
(Subscripts) 
G : Gas 
L : Liquid 

 



The 14th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NIJRETH-14) Log Number: 180 
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011. 

3. Computational Methods 

3.1 Coordinate System 

The computational domain is shown in Fig.1 . It covers an octa-symmetric area of annular tube 
and sub-channel (0 < 0 < 45 degrees) on the two-dimensional plane. The subchannel is open 
geometry unlike the annular tube, and it needs validation of the domain size for computation. 
Figure 1 shows the domain large enough for the steady Reynolds averaged Navier-Stokes 
(RANS) simulation because its equation mathematically keeps spatial symmetry. On the other 
hand, the unsteady simulation of Navier-Stokes equation like the large eddy simulation (LES), 
where the temporal derivative term can cause the symmetry to break, requires larger 
computational domain up to that covering 2 sub-channels [1]. This study employs the turbulence 
model based on the steady RANS formulation as described in Section 3.3. 

As shown in Figl (a), the computational domain for the annular tube is bounded by two wall 
surfaces (r = D 1 2, P / 2 ). As shown in Fig.1(b), the computational domain for the 

subchannel is bounded by a wall surface (r = D 12 ) and three symmetrical axes, and the 

symmetrical boundaries are represented by {r, 0 1 0 = 0°1, {r, 0 1 0 = 45° } and 

{r, 0 1 r cos 0 = P / 21. As shown in Fig.2, the coordinate systems x - y and - 77 are applied 

to the physical and calculation spaces, respectively. The Jacobian and the contra-variant 
velocities are as follows. 

J = xcy,i — xnyc , (1) 

U = exuL + eyvL , (2) 

V = rixuL ± riyvL . (3) 

Dout 

in / 

0 

(a) Annular tube 

I, 

0 D 

P 

(b) Subcharmel 

Fig.! Computational domain in sub-channel. 

(3/12) 

The 14th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-14) Log Number: 180 
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011. 
 

(3/12) 
 

3. Computational Methods 

3.1 Coordinate System 

The computational domain is shown in Fig.1. It covers an octa-symmetric area of annular tube 
and sub-channel (0 45θ≤ ≤ degrees) on the two-dimensional plane. The subchannel is open 
geometry unlike the annular tube, and it needs validation of the domain size for computation. 
Figure 1 shows the domain large enough for the steady Reynolds averaged Navier-Stokes 
(RANS) simulation because its equation mathematically keeps spatial symmetry. On the other 
hand, the unsteady simulation of Navier-Stokes equation like the large eddy simulation (LES), 
where the temporal derivative term can cause the symmetry to break, requires larger 
computational domain up to that covering 2 sub-channels [1]. This study employs the turbulence 
model based on the steady RANS formulation as described in Section 3.3.  
 
As shown in Fig1(a), the computational domain for the annular tube is bounded by two wall 
surfaces ( /2, /2r D P= ). As shown in Fig.1(b),  the computational domain for the 

subchannel is bounded by a wall surface ( /2r D= ) and three symmetrical axes, and the 
symmetrical boundaries are represented by { }, | 0r θ θ = , { }, | 45r θ θ =  and 
{ }, | cos /2r r Pθ θ = . As shown in Fig.2, the coordinate systems x -y  and ξ -η  are applied 
to the physical and calculation spaces, respectively. The Jacobian and the contra-variant 
velocities are as follows. 

J x y x yξ η η ξ= − ,        (1) 

x L y LU u vξ ξ= + ,        (2) 

x L y LV u vη η= + .        (3) 
 

 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

 
Fig.1 Computational domain in sub-channel.  
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(al Annular tube (b) Subchannel 
Fig.2 Cartesian and generalized coordinates for physical and calculation spaces 

3.2 Conservation Laws 

The interfacial forces are introduced into the momentum equation. The momentum equations for 
cross-sectional velocities are 

0 
— (1 — a) thriu, 0 — (Li (1 — a) pYit, 

a ).[ .  I 1 + ( — / I LPLelki at + 0'22 °1 = — vLP.L., qn OuL q12 OUL 
an on 

— [C 
Op 

+ 

and 

(Li (1 — a) pLUvL ) + (1 — pYvL ) 

8 ti [ OVL OVL . a 

= f 1/41 — LPL' q11 q12 + a n  — a) uLpL./ q21[  at+ q22OtH} 
an

Here, 
qn  = 

4
2 

+ty2
, 

q12 = (Mx 4 7111 = q21 

q22 = 74,2 + ny2 
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3.2 Conservation Laws 

The interfacial forces are introduced into the momentum equation. The momentum equations for 
cross-sectional velocities are 

( )( ) ( )( )

( ) ( )

( )

11 12 21 22

1 1

1 1

1

L L L L

L L L L
L L L L

i
x x x

J Uu J Vu

u u u u
J q q J q q

p p
J JM

α ρ α ρ
ξ η

α ν ρ α ν ρ
ξ ξ η η ξ η

α ξ η
ξ η

∂ ∂
− + −

∂ ∂
⎧ ⎫ ⎧ ⎫⎛ ⎞ ⎛ ⎞⎪ ⎪ ⎪ ⎪∂ ∂ ∂ ∂ ∂ ∂⎪ ⎪ ⎪ ⎪⎟ ⎟⎜ ⎜= − + ⎟ + − + ⎟⎨ ⎬ ⎨ ⎬⎜ ⎜⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎪ ⎪ ⎪ ⎪∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎩ ⎭

⎛ ⎞∂ ∂ ⎟⎜− − + ⎟−⎜ ⎟⎜ ⎟⎜ ∂ ∂⎝ ⎠

 (4) 

and 

( )( ) ( )( )

( ) ( )11 12 21 22

1 1

1 1

L L L L

L L L L
L L L L

J Uv J Vv

v v v v
J q q J q q

α ρ α ρ
ξ η

α ν ρ α ν ρ
ξ ξ η η ξ η

∂ ∂
− + −

∂ ∂
⎧ ⎫ ⎧ ⎫⎛ ⎞ ⎛ ⎞⎪ ⎪ ⎪ ⎪∂ ∂ ∂ ∂ ∂ ∂⎪ ⎪ ⎪ ⎪⎟ ⎟⎜ ⎜= − + ⎟ + − + ⎟⎨ ⎬ ⎨ ⎬⎜ ⎜⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎪ ⎪ ⎪ ⎪∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎩ ⎭

( )1 i
y y y

p p
J JMα ξ η

ξ η

⎛ ⎞∂ ∂ ⎟⎜− − + ⎟−⎜ ⎟⎜ ⎟⎜ ∂ ∂⎝ ⎠
        (5) 

Here, 
2 2

11 x yq ξ ξ= + ,        (6) 

12 21x x y yq qξ η ξ η= + = ,       (7) 
2 2

22 x yq η η= + ,        (8) 

Fig.2 Cartesian and generalized coordinates for physical and calculation spaces  
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and M: and My' are the interfacial forces. 

The momentum equation for axial velocity is 
a

— a) pLUwL ) + (J(1 
ae 

= (1— a) (vL + VDTp)PL 

+ {J (1 - a) (uL + 01-sa/Tp)PL 

+J
4pLu

7

2 

g {lo — 17)}} 
DH

where 

— a) pLVwL ) 

i awL + q12 awLgn I} 
ae 

awL 8w-L

ae 
ig21 +q22 I} 

Log Number: 180 

(9) 

= apG + (1— a) pL , (10) 

= Fel% + (1— Fe) pL • (11) 
The variable VT/Tp is a multiplication of turbulent velocity and mixing length, and it represents 

the effective turbulence viscosity. 

The diffusion equation of bubble[7] [8] is 
0 0 
—(J pGU a) + —(J pGVa) 
0 077 

= 0 { n T i 0a 0a1}_L 0 
pG 

T 0a q22 , 

ae m (in ae ,-- ae an ) 

—JapGwG / L 

where 

(12) 

DB = 3
1

 
 
d BWL1 = dB\I-

2 

27 k•
(13) 

The last term in the right-hand side of Eq.(12) represents an axial gradient of mass velocity of 
the gas phase. It is introduced to simulates a cross-sectional slice of the two-phase flow 
developing along the heated rod [6]. Here, we in the third term of Eq.(12) is approximated by 

wL + UT . Namely, the terminal velocity for a single bubble is used as a gas-liquid relative 

velocity. The terminal velocity given by Ishii [9] is 

UT V{Ig(PL PG)/PL2}1/4 • (14) 

3.3 Turbulence Model 

The turbulence energy and momentum equations are written for liquid phase. The turbulence 
energy equation is based on a one-equation mixing length model [10]. Although the mixing 
length model is hardly used in the recent single-phase turbulence simulation, its simple 
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and i
xM  and i

yM  are the interfacial forces.  
 

The momentum equation for axial velocity is 

( )( ) ( )( )

( )( )

( )( )

{ }

1 11 12

1 21 22

2

1 1

1

1

4

L L L L

L L
L TP L

L L
L TP L

L

H

J Uw J Vw

w w
J kl q q

w w
J kl q q

u
J g

D
τ

α ρ α ρ
ξ η

α ν β ρ
ξ ξ η

α ν β ρ
η ξ η

ρ
ρ ρ

∂ ∂
− + −

∂ ∂
⎧ ⎫⎛ ⎞⎪ ⎪∂ ∂ ∂⎪ ⎪⎟⎜= − + + ⎟⎨ ⎬⎜ ⎟⎜ ⎟⎜⎪ ⎪∂ ∂ ∂⎝ ⎠⎪ ⎪⎩ ⎭
⎧ ⎫⎛ ⎞⎪ ⎪∂ ∂ ∂⎪ ⎪⎟⎜+ − + + ⎟⎨ ⎬⎜ ⎟⎜ ⎟⎜⎪ ⎪∂ ∂ ∂⎝ ⎠⎪ ⎪⎩ ⎭
⎧ ⎫⎪ ⎪⎪ ⎪+ ⋅ − −⎨ ⎬⎪ ⎪⎪ ⎪⎩ ⎭

,  (9) 

where 
( )1G Lρ αρ α ρ= + − ,     (10) 
( )1G Lρ αρ α ρ= + − .     (11) 

The variable TPkl  is a multiplication of turbulent velocity and mixing length, and it represents 
the effective turbulence viscosity.  
 
The diffusion equation of bubble[7] [8] is 

( ) ( )

11 12 21 22

/

G G

G B G B

G G

J U J V

D J q q D J q q

J w L

ρ α ρ α
ξ η

α α α α
ρ ρ

ξ ξ η η ξ η

αρ

∂ ∂
+

∂ ∂
⎧ ⎫ ⎧ ⎫⎛ ⎞ ⎛ ⎞⎪ ⎪ ⎪ ⎪∂ ∂ ∂ ∂ ∂ ∂⎪ ⎪ ⎪ ⎪⎟ ⎟⎜ ⎜= + ⎟ + + ⎟⎨ ⎬ ⎨ ⎬⎜ ⎜⎟ ⎟⎜ ⎜⎟ ⎟⎜ ⎜⎪ ⎪ ⎪ ⎪∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎩ ⎭

−

,  (12) 

where 
1 2
3 27B B L B LD d w d k′= = .      (13) 

The last term in the right-hand side of Eq.(12) represents an axial gradient of mass velocity of 
the gas phase. It is introduced to simulates a cross-sectional slice of the two-phase flow 
developing along the heated rod [6]. Here, Gw  in the third term of Eq.(12) is approximated by 
L Tw U+ . Namely, the terminal velocity for a single bubble is used as a gas-liquid relative 

velocity. The terminal velocity given by Ishii [9] is 
( ){ }1/422 /T L G LU gσ ρ ρ ρ= − .   (14) 

 

3.3 Turbulence Model 

The turbulence energy and momentum equations are written for liquid phase. The turbulence 
energy equation is based on a one-equation mixing length model [10]. Although the mixing 
length model is hardly used in the recent single-phase turbulence simulation, its simple 
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formulation has been adaptable for representing two-phase modification by using experimental 
data [10][111 

The equation for turbulence energy of liquid phase is written as follows. 
0
—(J(1 — a) pLUkt ) —(J (1— a) PLVkL) Oe 

= 0  J (1— a) PL (1 + /32aTp + q12 
ae 2 0e On 

+ {J (1 — PL ( 2 + /32aTp )ig21 
0e 

+qua Onk 

where 

{ -FJA .NK/Tp (1— a) iez awL + nx aw LI + fry awL + 17 a WL
2 

. T
ae an ae 1, an - r-L—L 

, (15) 

eL = {71 (1 a)/ /Tp + K2a / dB} k3/ 2 + 3KlaCBUT3 / (4dB ) • (16) 

The mixing length of two-phase flow is given by [11] 
1 d

1TP = 1,sp 3 u,Ba , 

where /sp = OAR ; R is the distance from the rod wall. The constants are K1 = 2.0 , 
K2 = 2.0 , = 0.4 , 02 = 0.15, -y1 = 0.06. Here, the constants K1 and K2 in Eq.(16) 

both relate to the bubble induced turbulence term, which were derived from the interfacial 
energy transfer terms [12]. The term 3KlaC DU 7,3 / (4dB) represents the turbulence generation 

due to bubble motion against the drag force. This term is quite important for determining the 
turbulence structure, particularly in the flow far from the wall [11]. The term Kea / dBk3/ 2

represents the turbulence absorption, where the interfacial area concentration was assumed to be 
proportional to void fraction and liquid fluctuation [10]. 

3.4 Interfacial forces 

Turbulent diffusion and lift forces are picked up for the interfacial force in Eq.(4)(5). The 
turbulent diffusion force is represented by [4]: 

TD T. as „.„ (1
"- 

Ok 
M = —CTDpcxak — UTD,kPc 1. a) ak — 

Or Or 

MTD = —C TDPckak 
Oa

—Or 
(k = 3, 4) 

where C TD = 5C L (k = 1,2) , C TD = 0.6C L (k = 3,4) . The lift force is represented by: 

L 0 ui
M = —C Liocakuref , 

Or 

(6/12) 

(17) 

(k = 1,2) (18) 

(19) 
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2 2

L L
y y L L

w w
Jξ η ρ ε
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, (15) 

where 
( ){ } ( )3/2 3
1 2 11 / / 3 / 4L TP B D T Bl K d k K C U dε γ α α α= − + + .   (16) 

The mixing length of two-phase flow is given by [11] 
1
3TP SP Bl l d α= + ,         (17) 

where 0.4SPl R= ; R  is the distance from the rod wall. The constants are 1 2.0K = , 
2 2.0K = , 1 0.4β = , 2 0.15β = , 1 0.06γ = . Here, the constants 1K  and 2K  in Eq.(16) 

both relate to the bubble induced turbulence term, which were derived from the interfacial 
energy transfer terms [12]. The term ( )3

13 / 4D T BK C U dα  represents the turbulence generation 
due to bubble motion against the drag force. This term is quite important for determining the 
turbulence structure, particularly in the flow far from the wall [11]. The term 3/2

2 / BK d kα  
represents the turbulence absorption, where the interfacial area concentration was assumed to be 
proportional to void fraction and liquid fluctuation [10]. 
 

3.4 Interfacial forces 

Turbulent diffusion and lift forces are picked up for the interfacial force in Eq.(4)(5). The 
turbulent diffusion force is represented by [4]: 
 

( ) ( ), 1 1,2TD
TD c k TD k c k

k
M C k C k

r r
α

ρ α ρ α α
∂ ∂

= − + − =
∂ ∂

 ,  (18) 

( )3,4TD
TD c kM C k k

r
α

ρ α
∂

= − =
∂

     ,  (19) 

where ( )5 1,2TD LC C k= = , ( )0.6 3,4TD LC C k= = . The lift force is represented by: 

L l
L c k ref

u
M C u

r
ρ α

∂
= −

∂
, 
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where CL = 0.03(k = 1,2), CL = —0.001(k = 3), CL = —0.2(k = 4) . The bubble size 

group are represented by k = 1,2, 3, 4 for the bubble diameter of 0 < dB < 4.8mm , 

4.8mm < dB < 5.8mm , 5.8mm < dB < 7mm , 7mm < dB , respectively [4]. 

The derivation by r in Eqs.(14) and (15) represents the gradient, and these equations are 
rewritten as: 

11/1:  = — 
Z 

C„pckcek iez + rix z + CTD,kPc ( 1  — a) %ie. , + rk 
Ok Okj 

a 
—CLPcakuref iez uel + "Ltd 

11/1,, = —CTDPckak [el/ 
Z 

+ 'y 

'2 

+ c

TD, k Pc ( 1  

- a) ak iey 

—cLpcakuref ex 
aS 

+ 
"lx 

i au a% ) 

3.5 Finite Volume Procedure 

— 
Ok 0k) 

0e On 

As shown in Fig.2, the collocated grid system on the generalized coordinate e -77 is used. In 

each computational cell, the pressure and the Cartesian velocity is located at the center, and the 
contra-variant velocity is located on the side. In Fig.2(a), which shows annular tube, the wall 
boundaries {r, 0 r = Din / 2, Dout / 2} are represented by e = 0, Arc and, and the symmetrical 

boundary {r, 0 0 = 0, 7r / 4} is represented by n=o,Arn . In Fig.2(b), which shows 

subchannel, the wall boundary {r, 0 r = D 12} is represented by e = 0 . The symmetrical 

boundaries fr, 0 0 = 45°1 , fro9 0 = 01 and {ro9 1r cos 0 = P 1 2} are then represented by 

n=o,Arn and e= Arc , respectively. The grid spacing for both e -77 directions is set at the 

unity to simplify the discrete equations. 

To maintain the mass conservation for ttL and vL , a pressure correction based on the SIMPLE 
(Semi-Implicit method for Pressure-Linked Equations[13]) is performed. Using the fmite volume 
method, the equation for the pressure corrector and Eqs. (4), (5), (9), (12) and (15) are 
discretized into algebraic equations. An iterative under-relaxation method for tri-diagonal matrix 
is applied to each of those algebraic equations. Outer iteration through overall the equation 
system is continued until the change in the solution converges within 0.01 percent. The grid 
number used in the computation is Arc x Arn = 16 x 16 for annular tube and 32 x 32 for 

subchannel. 

The orthogonal nature of the computational mesh is important to exactly simulate the boundary 
condition. The shape of sub-channel causes a distortion of the computational mesh, and 
orthogonal nature sometimes broken. In particular, it is difficult to keep the orthogonal nature on 
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method, the equation for the pressure corrector and Eqs. (4), (5), (9), (12) and (15) are 
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is applied to each of those algebraic equations. Outer iteration through overall the equation 
system is continued until the change in the solution converges within 0.01 percent. The grid 
number used in the computation is 16 16N Nξ η× = ×  for annular tube and 32 32×  for 
subchannel. 
 
The orthogonal nature of the computational mesh is important to exactly simulate the boundary 
condition. The shape of sub-channel causes a distortion of the computational mesh, and 
orthogonal nature sometimes broken. In particular, it is difficult to keep the orthogonal nature on 
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the symmetrical boundaries {r, 0 lr cos 0 = P12} and {r, 010 = 45°1 in Fig.2(b). If the 

priority is given to the orthogonal nature, the size of adjacent cells becomes so different that it 
brings another numerical inaccuracy. To avoid this, an iterative method to keep the symmetry on 
the non-orthogonal boundary [3] is used. 

3.6 Boundary Conditions 

To simulate the flow at the high Reynolds number condition, the wall boundary for axial velocity 
and kinetic energy is represented by the log-law, which gives the value at the first grid. 
Predicting the wall void fraction using a boiling model [14] is possible, however this study 
places it as a future work. The cross-sectional flow is slow enough, and the no-slip wall 
condition is applied on the rod surface. For all the parameters, the gradient free condition to 
represent the symmetry is given at other boundaries. 

4. Computational Results 

In order to investigate the effect of geometry, computations are performed for annular tube and 
subchannel. The mass flux is 3000 kg/m2s and the Reynolds number, based on mean velocity 
and hydraulic equivalent diameter, is 38000. Thermal property at 25 degrees Celsius and 1 
kgf/cm2 are used: pL = 959.02 kg/m3, pG = 0.57966 kg/m3, a = 71.972 x 10-3 N/m, 

v = 0.92812 x 10' m2/s, 1119 = 2258.9 kJ/kg. 

4.1 Annular tube 

The computational results for annular tube are shown in Fig.3. The cross sectional vector shows 
unphysical flow structure with a scale smaller than 10-2 , which is considered numerical error. 
There are thus no effective cross sectional flow in the annular tube geometry. As a result of this, 
the distribution of liquid velocity and void fraction is independent of bubble size and keeps 
similarity with geometry. The result is consistent with that of existing experiment, where the 
void fraction distribution in a heated annular tube showed independence on the interfacial forces 
[15]. In this symmetric geometry, the interfacial forces does not cause any cross sectional flows 
and only the heat flux dominate the phase distribution. 

4.2 Subchannel 

The computational results for subchannel are shown in Fig.4. The cross sectional vectors show 
flow patterns depending on bubble sizes. The results for large and medium bubble size show 
flow structure similar to the secondary flow of the Prandtle's second kind [3]. The flow turns 
from the wall to subchannel center and then to the rod gap. This flow causes the flat void 
fraction distribution in subchannel even with heated rod. The doublet flow pattern for the 
medium size bubble is caused by the lift force weaker than that of large bubble size. The result 
for small bubble size show a flow turning in the direction opposite to that of the secondary flow 
of the Prandtle's second kind [3]. This causes a modified wall peak void fraction distribution 
characteristic of subchannel gemometry. The flow pattern is not similar with its geometry. 
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[15]. In this symmetric geometry, the interfacial forces does not cause any cross sectional flows 
and only the heat flux dominate the phase distribution. 
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The computational results for subchannel are shown in Fig.4. The cross sectional vectors show 
flow patterns depending on bubble sizes. The results for large and medium bubble size show 
flow structure similar to the secondary flow of the Prandtle's second kind [3]. The flow turns 
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fraction distribution in subchannel even with heated rod. The doublet flow pattern for the 
medium size bubble is caused by the lift force weaker than that of large bubble size. The result 
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5. Conclusion 

Flow structure induced by bubble-liquid interfacial forces was investigated by developing a two-
dimensional CMFD code. The mass, momentum, turbulence energy and bubble diffusion 
equations were used as the fundamental equations. Interfacial forces acting in a steady state flow 
were newly introduced into the momentum equation. Using the generalized coordinate on 
annular tube and subchannel and an iterative method to keep the symmetry on the non-
orthogonal boundary, cross sectional flows induced by the interfacial forces and then void 
fraction distribution were reasonably calculated. 

The void fraction distribution in annular tube and subchannel was compared. Cross sectional 
flows were not observed in annular tube but in subchannel. In symmetric channels like annular 
tube, the interfacial forces balanced each other without cross sectional flows; in asymmetric 
channels like subchannel, they needed another fluid force induced by cross sectional flows. 
Therefore, the role of the cross sectional flow arose to take the balance between interfacial and 
fluid forces, and the cross flow was a reason of non-similarity in geometry between channel wall 
and void fraction distribution. 

This study proposed a mechanism for the two-phase fluid interface to break the geometrical 
similarity of phase distribution in subchannel. Thus the geometrical effect in asymmetric channel 
is complex. Recent CMFD validation works appear to choose two-phase data taken in symmetric 
channels like circular or annular tubes. Before its application to asymmetric channels, we should 
work for explanation of physics, which needs development of multi-dimensional measurement. 
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