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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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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

C,: Drag coefficient

d,, . Bubble diameter

D,, : Hydraulic equivalent diameter
D, Inner diameter of annular tube
D, . : Outer diameter of annular tube
d, : Bubble diameter

¢g : Gravity acceleration

k : Turbulence energy
K,, K, Constants

l.» : Mixing length of two-phase flow
ls» - Mixing length of single-phase flow
L : Heated length

N, : Grid number in the ¢ direction
N, : Grid number inthe 7 direction
P : Rod to rod pitch

p: Pressure

w : Velocity in the z -coordinate
u, - Average friction velocity

U : Contra-variant velocity on the¢ -n plane

U, : Terminal velocity of single bubble in infinite media
v: Velocity in they -coordinate

V': Contra-variant velocity on the £ -n plane

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

«: Void fraction

B,, 5,7, Constants

p: Density

o : Surface tension

v . Kinematic viscosity
(Subscripts)

G : Gas

L: Liquid
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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 < 6 < 45degrees) 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 /2, P /2). As shown in Fig.1(b), the computational domain for the
subchannel is bounded by a wall surface (» = D /2) and three symmetrical axes, and the
symmetrical boundaries are represented by {r,6 |6 =0°}, {r,0 |0 =45°} and

{r,0 | rcos® = P /2}. As shown in Fig.2, the coordinate systems z-y and &-7 are applied

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

J=uzy, —,y., 1)
U=&u, +&u, @)
V = /)7:I;UL + nva ) (3)

(a) Annular tube (b) Subchannel

Fig.1 Computational domain in sub-channel.
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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

2(J(l —a)p,Uu,) + %(J(l —a)p,Vu,)

/3
0 ou ou, 0 ou ou
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and M, and M, are the interfacial forces.

The momentum equation for axial velocity is

0 0
8_§<J 1-a) pLUwL> + (9_77(J (1- O‘)vawL>
0 ow, dwy
= 6_§{J (1 - a) (VL + ﬁl\/ElTP>pL [911 8_5 + 4, 8_77”
, ©
0 ow, dwy
+3_7]|J (1 - O‘)(”L + 61\/EZTP)IOL [921 8_5 + Gy 3_77”
. 410Lu72 _ N _
+J 1—DH g{p p}}
where
p=ap;+(1—a)p,, (10)
p=ap; +(1—a)p,. (11)

The variable kL., isa multiplication of turbulent velocity and mixing length, and it represents
the effective turbulence viscosity.

The diffusion equation of bubble[7] [8] is

0
8—£(Jp0Uoz) + B (JpsVa)
0 da oo 0 oo oo
= 8_§{pGDB‘] [QH 8_5 + @ 8_77]’ + 8_77{106‘1)3‘] [921 (9_5 + Gy 8_77]} ' (12)
Japgwg /L
where
1 2

‘DB = gdsz = dB ElﬂL . (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, w, in the third term of Eq.(12) is approximated by

w, + 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

U, =~2{og(p, — pe)/ 2} (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][11].

The equation for turbulence energy of liquid phase is written as follows.
0 0
8_5(‘](1 —a)p,Uk; )+ 8_77(‘] (1—a)p,Vk,)

0 Yy Ok, Ok,
:8_€|J(1_0‘):0L[7+ﬁ2\/mw][%1 ¢ + ¢ an ]]

. (15)
8 VL / akL akL
+8_77{J(1_a>pL[2 + 05, leP][QQl ¢ + Gy an ]}

— 9 dw, | 9 ow, |
w w w w
+J/81 kLlTP (1 - a) {[é—z agL + ?7_L‘ a/]’]L] + [éy aéL + 771/ 877L ] } - JpLEL

where
€, = {71 (I—a)/lp + KQO‘/dB}kS/2 + SKIQCDUTs /(4d3)- (16)

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

bpp = lgp + gdBa ’ 17)
where [, = 0.4R; R isthe distance from the rod wall. The constants are K, = 2.0,
K,=20, g, =04, §,=0.15, 7, = 0.06. Here, the constants K, and K, in Eq.(16)
both relate to the bubble induced turbulence term, which were derived from the interfacial
energy transfer terms [12]. The term 3K,aC,U,’ /(4d,) 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 K,a / d k*"°
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]:

M™ = —Cpypka, Ga + Crpyp. (1 — ) oy, Ok (k=12) ' (18)
or ’ ar
M™ = —C,ppko, ‘;—i‘ (k= 3,4) : (19)

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

ou
M =—-C,pou, , —L,
LP G ar
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where ¢, =0.03(k=1,2), C, =—0.001(k =3), C, =—0.2(k =4). The bubble size
group are represented by k£ = 1,2,3,4 for the bubble diameter of 0 < d, < 4.8mm,
4.8mm < d, <58mm, 58mm <d, <Tmm, Tmm <d,, respectively [4].

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

M: = _CTDp(:kak [ga; a_€

Oa 6_04

. ok ok
YA an

+ CTD,k:pc (1 - Q{) ak [6’1; a_é. + 77.% 877

ou ou
_Cchakuref [fx 351 + 771 87;
; 1oJe! o ok ok
My = —Cppp iy, [fy 8_5 +n, 8_77 + CTD,k:Oc (I-a) Q, [fy 6_5 +n, 8_77]

ou ou .
_CLlocakuraf [€m — + 77:; —

o€ © On

3.5 Finite Volume Procedure

As shown in Fig.2, the collocated grid system on the generalized coordinate & -7 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 =D, /2,D,,/2} arerepresented by ¢ =0,N, and, and the symmetrical
boundary {r,0 |6 =0,7/4} isrepresented by n =0, N, . In Fig.2(b), which shows
subchannel, the wall boundary {r,0 | = D /2} isrepresented by & = 0. The symmetrical
boundaries {r,6 |6 =45"},{r,0 |0 =0} and {r,6|rcosd = P/2} arethen represented by
n=0,N, and §= N, respectively. The grid spacing for both ¢-n directions is set at the
unity to simplify the discrete equations.

To maintain the mass conservation for «, and wv,, a pressure correction based on the SIMPLE

(Semi-Implicit method for Pressure-Linked Equations[13]) is performed. Using the finite volume
method, the equation for the pressure corrector and Egs. (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 computationis N, x N, =16 x 16 for annular tube and 32x 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,6 | rcos® = P /2} and {r,0 |60 = 45"} inFig.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/m?s and the Reynolds number, based on mean velocity
and hydraulic equivalent diameter, is 38000 . Thermal property at 25 degrees Celsiusand 1

kgflcm® are used: p, = 959.02 kg/m®, p, = 0.57966 kg/m®, o =71.972x107* N/m,
v =0.92812x10"° m’fs, h, =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~*, 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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(c) Small bubble (d, = 0.2mm)

Fig.3 Cross sectional flow (left), axial liquid velocity (middle) and void fraction
(right) in annular tube
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(a) Large bubble (d, = 10mm )

(b) Medium bubble (d, = 6mm)

(b) Small bubble (d, = 0.2mm)

Fig.4 Cross sectional flow (left), axial liquid velocity (middle) and void fraction
(right) in subchannel

(10/12)



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

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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