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1. Introduction

In recent years, the use of computational multi-fluid
dynamics (CMFD) codes has been extended to the
analysis of multi-dimensional two-phase flow for the
operation and safety analysis of nuclear power plants
(NPP). In these applications, an accurate prediction of
bubble behaviors is one of major concerns. Among
many two-phase flow parameters, bubble size is a prime
important parameter for an accurate prediction of
bubble behaviors in the two-phase flow channel. To
predict accurately the bubble size distribution in the
flowing channel, mechanistic modelling approach such
as interfacial area concentration and bubble number
density is desirable. Yao and Morel [1] and Yeoh and
Tu [2] respectively applied interfacial area
concentration transport (IACT) equation and bubble
number density transport equation into CMFD code.
Recently Lo and Zhang [3] tried to apply the
generalized Sy model to the predictions of not only
droplet size in the oil-water flow but also bubble size in
the air-water flow.

In this paper, three-dimensional numerical
simulations for the gas-liquid two-phase flow were
conducted to validate and confirm the performance of
Sy bubble size model for the further application to the
narrow rectangular boiling channel for the research
reactor core, using the commercial CFD code STAR
CCM* ver. 9.06. For this, Sy model was evaluated
against air-water data of DEDALE [1] and Hibiki et
al.’s [4] experiment. These experimental data were
obtained in a vertically arranged pipe under upwards
air-water flow condition. Detailed descriptions on the Sy
with its breakup and coalescence model are presented in
the present manuscript. Additionally, correlation for
prediction of the local bubble size was developed by
using numerical results that are calculated from
DEDALE and Hibiki et al.’s experimental condition.
Developed correlation was based on Yun model [5]
designed on the basis of DEBORA that is the subcooled
boiling data in high pressure condition.

2. Experimental Data

For evaluation of bubble size models for the CMFD
code, numerical simulations were carried out against
both DEDALE and Hibiki et al.’s [4] experimental data.
The DEDALE experimental data were obtained from
Yao and Morel [1]. Both of the data used for the present

study were obtained under the vertical upwards air-
water flowing conditions.

DEDALE experiments were carried out at EDF
(Electricity of France) in 1995 [1]. It was conducted in
an adiabatic vertical pipe with upwards air-water bubbly
flows under the atmospheric pressure condition. The
pipe is 6m long in length and has an inner diameter of
38.1mm. Air is injected at the periphery of the water
flow in 80 identical holes with an inner diameter of
0.6mm. Measurements are realized at three different
axial location: z/D = 8, 55 and 155.

Hibiki et al.’s experiments were performed vertical
pipe of which inner diameter is 50.8mm and the height
is 3.06m. Water and air in the atmospheric condition
were used as working fluids. Measurements were taken
in two axial positions: z/D = 6.0 and 53.5. Hibiki et al.
[4] reported that the initial bubble diameter was about
3mm at the pipe inlet.

In the present work, two cases of DEDALE
experiments and four cases of Hibiki et al.’s
experiments were chosen to validate Sy model for
bubbly flow. Table I and 1l show the flow condition and
measured two-phase flow parameters of the DEDALE
and Hibiki et al.’s experiments, respectively.

Table I: Inlet Condition of DEDALE Experiments

Parameter DEDALE 1101 DEDALE 1103
Jg (M/s) 0.0588 0.1851
31 (m/s) 0.877 0.877
o 0.048 0.152
ai (m?) 97 269

Table Il: Flow Conditions and Measured Void Fraction of
Hibiki et al.’s Experiments (z/D = 53.5)

Case Jg(m/s) Ji(m/s) o
1 0.321 0.986 0.231
2 0.518 5 0.106
3 0.624 2.01 0.228
4 0.471 2.01 0.183
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3. Bubble Size Models

In the present study, Sy mechanistic bubble size model
was evaluated against DEDALE and Hibiki et al.’s
experimental data. In addition to this, a new local

bubble size correlation was proposed and also evaluated.

3.1 S, Bubble Size Model

Recently, Lo and Zhang [3] and Yun et al. [6] applied
generalized Sy equations for the prediction of bubble

size in the air-water and steam-water flows, respectively.

In the present work, the Sy model was revisited for the
prediction of bubble size with more extensive air-water
databases.

Sy is defined as a generalized parameter for the size
distribution of bubble/droplet as follows,

Syanysz.:dVP(d)d(d) )

where n is the number density, M, is the »th moment,

d is the bubble size. P(d) is the bubble size distribution
which is assumed to be a log-normal distribution in the
present work.

The zeroth-moment of the distribution is the number
density of the bubble, n = So. The second-moment, Sy, is
related to the interfacial area density a; (=nS;) and the
third-moment, Ss, is related to the void fraction a
(=nS3/6). From these relations, the Sauter mean
diameter can be calculated as follows
ﬁ = 6_0{i (2)

SZ T SZ

By using the definitions, the transport equation for

the generalized Sy is expressed as follows,

dsm = d32 =

58},
at +V-(S,Ug) = Spr + 5 3)

where ugq is the dispersed phase velocity, sy and s¢ are
sources terms for breakup and coalescence respectively.

3.1.1 Breakup Model

The breakup source term sy is defined as follows:
Sor = JO Kpr (d)4S2 nP(d)d (d) (4)

where the Ky, is the breakup rate, ASﬁ’r is the change
in S, due to a single breakup event of a bubble of size

d. The binary breakup of a bubble with equal size
fragments is assumed and the breakup rate K, is equal
to the reciprocal breakup time z,, . The breakup source
term becomes:

3y

~ ©d”(2 3 —1)
=l @ PO 6

Breakup occurs only if the droplet is larger than the
critical diameter d., . Breakup source term is defined as
the sum of the sources for viscous and inertial breakup:

Sor = Sbr,v * Sor,i (6)

Viscous breakup is found in laminar flows and in
turbulent flows for bubble smaller than the Kolmogorov
length scale L, defined by,

3, \V4
L = (vc /g) @)
where v, is the continuous phase kinematic viscosity

and ¢ is the continuous phase dissipation rate of
turbulent kinetic energy. On the other hand, larger
bubbles are considered to break up by inertia breakup
mechanism. Fig. 1 shows graphically the breakup
regimes

Laminar flow:

No breakup «4————p Viscous breakup

P>
d, d
Turbulent flow:
No breakup 4—————» Inertia breakup
|
i >
L# d(r d
Turbulent flow:
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No breakup < < > >
>
d L d

or .3

Fig. 1. Breakup Regime of Sy Model
3.1.2 Coalescence Model

The source term s¢ for bubble coalescence in Eq. (3)
is given by:

Sel =I0 J.o KdAS}‘E' (d,d")n?P(d,d")d(d,d") (8)
where K is the coalescence rate of bubble sizes d, d'

and AS‘;'(d,d’) is change in S, due to single

coalescence event of bubble size d, d'. From assumption
that the volume of bubble is conserve during collision
and bubble size has a uniform distribution with an

equivalent mean diameter deq, Eqg. (8) becomes,

2
6¢ -
Sel = (2}//3 -2) (de I(collurel Rl (deq)dgq ) ©)

where k.o is the collision rate coefficient, P is the
coalescence probability of a single collision event and
Uy IS the typical velocity difference over a range of

deg
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Table I11: Summary of Modeling for Breakup Source Term.

Viscous regime

2002 wd
= C  0="C 5 :capillary number
cr ’Ucy 20
c c C c.) ¢ c
.ch= [—1(Iogﬂ)2—24log/1—l}+{2Iogﬂ+5]—zlog/l—5—1
K G %) (% %) % C3

/1=yd /yc, C, to Cg : fitting constants
y : shear rate calculated from local velocity gradient for laminar flow
7 = (&, 11, ) : Kolomogov shear rate for turbulent flow

Breakup occurs when Q> Q_

d
Tor =S 1, (), T (A)=py+ Py l0g(2)+ P, (log(2)2

pO‘ pl, Py empirical constants

Inertial regime

3/5

2002
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C,, (dispersed concentration factor) = 4.6
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(e
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Table 1V: Summary of Modeling for Coalescence Source
Term.

Viscous regime

keoll = @7/3)°°, upgl = 7d
Pop =exp(-t, /), t, =17y,

F(dg )*
t :M(ﬂj : partial mobile interface

d 2h, \4rno
3 . . . .
F = %ycydezq : interaction force during the collision

d 13
her = [AH eqj  critical film thickness
24 o

Ay = 5x107%" : Hamaker constant

Inertial regime

keoll = (27/15)°°, upgl = (¢,d)"
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max [PM] o =20 1p7
T

Py = = ,
cl D, We,zd
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We, = 0.8We, , hy =8.3h,

Each parameter used breakup and coalescence is
modeled according to the viscous and inertial regimes as
summarized in Table Il and IV ([3] & [6]).

3.2 A New Correlation for the Local Bubble Size
Correlation for the local bubble size was developed

based on the Yun model [5]. Yun model is developed by
using DEBORA that is subcooled boiling data which is

equivalent to high pressure condition of steam-water
flow. In the present study, a new correlation is obtained
by applying DEBORA, DEDALE and Hibiki et al.’s
data to the Yun’s correlation as follows,

dgm = 32592 "2 NRIp N 2% Lo (10)
where the Reynolds number Ngey, the ratio of density
N,. the Laplace length scale Lo is defined as Eq. (11),
(12), and (13) respectively.

1/3, ~4/3
&g °Lo
NReb = (11)
Uf
Np = p_f (12)
Py

L:L 13
0‘/941,0 (13)

4. Numerical Simulation

All the numerical simulations were carried out with
the commercial CFD code STAR CCM* ver 9.06. In the
present work, three-dimensional numerical simulations
were conducted. The mesh is composed of 20 and 200
cells in the radial and axial directions, respectively,
which satisfies y* of more than 30 at the first cell node
from the wall.

Constitutive models for the interfacial drag, the
turbulence models, the wall Ilift force, the wall
lubrication force, etc, are needed for the Eulerian multi-
phase flow simulation of bubbly flow. Most of these
model have been already implemented into the STAR
CCM™* and are selectable by the user. In the present
calculation, Troshko and Hassan’s [7] particle induced
turbulence force model, Antal et al’s [8] wall
lubrication force, Bozzano and Dente’s [9] interfacial
drag force and constant lift force coefficients are
applied. In addition to this, turbulence model is used
for continuous phase and dispersed phase. Among these,
Wall lubrication force which prevents bubbles from
approaching to the wall is important when the many
bubbles approach to the wall. Therefore it was applied
to only the calculation of DEDALE experimental data
which has high local void fraction near the wall as
shown Fig. 2.

5. Results and Discussion

The two-phase flow parameters such as void fraction,
bubble size and phase velocities predicted with both Sy
model and newly developed bubble size correlation
were compared with the experimental data as in the Figs.
2 - 9. The figures show that the numerical results
reasonably predict such local two-phase flow
parameters.

As shown in Fig. 2, the simulation result for
DEDALE 1101 does not capture the decrease of void
fraction at the near wall and the core voiding
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phenomena regardless of bubble models. The results of
Sy bubble size model in Fig. 3 shows a tendency to over
predict the bubble size. Because of these facts, phase
velocities have also some discrepancy between the
prediction and experimental data as shown in Fig. 4 and
5. In contrast, in the case of DEDALE 1103, the
numerical result in Fig. 2 shows that the void fraction
distribution is predicted fairly well. Moreover, the
numerical results for bubble size and phase velocity
predicted well the experimental data as shown in Fig. 3,
4 and 5. The figures show that the new bubble size
correlation improves the prediction of bubble size with
CMFD code compared to the Sy model.

For four cases of Hibiki et al.’s experiments, void
fraction concentrated in core was well predicted as
shown in Fig. 6. However, differently with the
DEDALE 1101 case, the calculated bubble size Sy
model is relatively smaller than the experimental data
even though their profiles follow well the tendency of
the bubble size as shown in the Fig. 7. These differences
in the bubble size prediction for the two data sets were
believed to come from different way of air injection at
inlet and the geometry of test section. However phase
velocities were well predicted as in Fig. 8 and 9.

In the application of new bubble size model to the
Hibiki et al.’s data, the model shows also better
prediction capability that the Sy model as in the
DEDALE cases.

Finally, we can conclude that the new bubble size-
correlation could be applicable to the local bubble size
of not only air-water experiment in low pressure
condition but also subcooled boiling experiment in high
pressure condition. Fig. 10 shows the local bubble size
predicted by correlation with the experimental data
including DEBORA subcooled data and DEDALE and
Hibiki et al.’s air-water data. It shows that present
bubble size correlation predicts the local bubble size
within 30% of deviation against experimental data.
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Fig. 2. Comparison of the Void Fraction Prediction with the
DEDALE Experimental Data
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Fig. 3. Comparison of the Bubble Diameter Prediction with
the DEDALE Experimental Data
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Fig. 4. Comparison of the Gas Velocity Prediction with the
DEDALE Experimental Data
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Fig. 5. Comparison of the Liquid Velocity Prediction with the
DEDALE Experimental Data
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Fig. 6. Comparison of the Void Fraction Prediction with the
Hibiki et al.’s Experimental Data
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Fig. 7. Comparison of the Bubble Diameter Prediction with
the Hibiki et al.”’s Experimental Data
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Fig. 8. Comparison of the Gas Velocity Prediction with the
Hibiki et al.’s Experimental Data
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Fig. 9. Comparison of the Liquid Velocity Prediction with the
Hibiki et al.”s Experimental Data
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Fig. 10. Comparison of the Local Bubble Size Prediction with
Experimental Data

6. Conclusion

In  this study, Three-dimensional numerical
simulations were carried out to evaluate the
performance of Sy model in air-water flow using the
commercial CFD code STAR CCM®* ver. 9.06. Sy
model was evaluated against DEDALE and Hibiki et
al.’s air-water experimental data obtained in the vertical
pipes. All numerical results predicted reasonably the
two-phase flow parameters such as the void fraction, the
bubble size and the phasic velocities. In the further
studies, Sy model will be applied to the prediction of
boiling phenomena in the narrow rectangular channel
for the research reactor.

Additionally, correlation for the prediction of local
bubble size was developed on the basis of DEDALE,
Hibiki et al.’s and DEBORA data. The correlation was
compared against experimental data. The results
indicated that present model is satisfactory for the
prediction of available air-water experimental data.
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NOMENCLATURE
n [m3] Number density
Mr [-] Moment of size distribution
P(d) [-] Bubble size distribution
ai [m7] Interfacial area density
u [m/s] Velocity
Kor [s] Breakup rate
d [m] Bubble diameter
Kl [s] Coalescence rate
Keoll [-] Collision rate coefficient
Pal [-] Coalescence probability of a single collision event
We [-] Weber number
Lk [m] Kolmogorov length scale
Ca [-] Dispersed concentration factor
deg [m] Equivalent mean diameter
Kor [s] Inertia breakup time
ti [s] Interaction time
ta [s] Film drainage time
Fi [N] Interaction force
her [m] Critical film thickness
g [m/s2] Acceleration of gravity

Special characters

o [-] Void fraction

Tor [s] Breakup time

0 [-] Capillary number

& [m?/s] Continuous phase dissipation rate of turbulent kinetic
energy

o [N/m] Surface tension

u [Pa- s] Dynamic viscosity

p [kg/m?3] Density

7z [s1 Shear rate

Subscripts

br Breakup

cl Coalescence

cr Critical

c Continuous phase

d Dispersed phase

max Maximum
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