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Abstract

Purpose – This study aims to examine both the population balance approach based on the MUltiple
SIze Group (MUSIG) model and the average bubble number density transport equation (ABND) model
for 3D, low pressure, gas-liquid, subcooled boiling, vertical flows. The purpose is to assess the ability
of both models to predict the radial profile of void fraction, bubble Sauter mean diameter and
interfacial area concentration which characterise subcooled boiling.

Design/methodology/approach – Improvement in the ABND model to simulate gas-liquid bubbly
flows with heat transfer was achieved by combining the condensation expression with the gaseous
mass transport equation within the CFD commercial code CFX4.4.

Findings – Overall, both the ABND model and the MUSIG model provided good results in terms of
the above-mentioned criteria when compared against experimental measurements. However, the
ABND model was found to have limitations in predicting high-subcooled boiling flows due to the lack
of bubble size resolution to adequately capture the effect of condensation over a range of bubbles sizes.

Originality/value – It is shown that the ABND model provides an economic alternative to the
MUSIG model in terms of complexity and computational time, as long as one is aware of the
limitations in simulating high-subcooling flow regimes.
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Nomenclature
AC ¼ cross sectional area of boiling channel
aif ¼ interfacial area concentration
Ds ¼ bubble Sauter mean diameter
f ¼ bubble departure frequency
fi ¼ scalar variable of the dispersed phase
g ¼ gravitational acceleration
h ¼ inter-phase heat transfer coefficient
G ¼ mass flux
N 00 ¼ active nucleation site density
hfg ¼ latent heat
H ¼ enthalpy
k ¼ turbulent kinetic energy
ni ¼ number density of the ith class
nj ¼ number density of the jth class
P ¼ pressure
Qw ¼ wall heat flux

Qc ¼ heat transferred by convection
Qe ¼ heat transferred by evaporation
Qq ¼ heat transferred by quenching
Si ¼ source term due to coalescence and

break-up
T ¼ temperature
Tsat ¼ saturation temperature
Tsub ¼ subcooling temperature
u ¼ velocity
~u ¼ velocity vector
v ¼ volume corresponding to particle

diameter d

Greek symbols
a ¼ void fraction
1 ¼ dissipation of kinetic energy
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G ¼ mass transfer
l ¼ size of an eddy
m ¼ dynamic viscosity
me ¼ effective viscosity
r ¼ density
Dr ¼ density difference

(rl 2 rg)
jH ¼ heated parameter

Subscripts
g ¼ vapour
gl ¼ transfer of quantities from liquid

phase to vapour phase
l ¼ liquid
lg ¼ transfer of quantities from vapour

phase to liquid phase
min ¼ minimum

Introduction
Crucial to the safe operation of the high-flux Australian research (HIFAR) reactor and
open pool Australian light water research (OPAL) reactor at Australian Nuclear
Science and Technology Organisation (ANSTO) is the ability to accurately model
thermohydraulic accident scenarios. Thermohydraulic safety analyses of HIFAR and
OPAL requires the examination of subcooled boiling flow regimes in the reactor core.
Subcooled boiling occurs when the bulk liquid temperature remains below the liquid
saturation temperature, with nucleation occurring at the wall of the reactor fuel
elements. Traditionally, one-dimensional reactor thermohydraulic safety codes utilised
flow mapping to characterise reactor flow behaviour. This capability has been
increased recently with the release of a 3D thermohydraulic code utilising the MUltiple
SIze Group (MUSIG) model. This is beneficial as it allows the examination of radial
profiles of void fraction and bubble Sauter mean diameter, as opposed to obtaining
only averaged axial results. An alternative to the MUSIG model is the one group
average number density equation model. This code has, however, yet to be thoroughly
validated when coupled with subcooled boiling mechanisms.

To model subcooled boiling, wall nucleation mechanisms accounting for bubble
growth and condensation mechanisms accounting for bubble volume decay due to
subcooling are incorporated into the MUSIG and the ABND model in CFX4.4. Three
different theoretical expressions for bubble coalescence and break-up by Wu et al.
(1998), Hibiki et al. (2001) and Yao and Morel (2004) were incorporated into the ABND
model and compared against the MUSIG model by Yeoh and Tu (2005) and
experimental results by Lee et al. (2002). It has often been debated as to which
population balance model should be used in the CFD modelling of gas-liquid bubbly
flows (Lo, 1996). Proponents for the MUSIG model argue for the need for bubble size
resolution. Whilst some industrial practitioners of CFD find the average number
density equation model quite adequate. This study seeks to compare the two models
and highlight the relative qualities of both.

Theory
The numerical representation of the two-fluid model for bubbly flows can be thought
of as two fluids superimposed on one another to form one continuum. The two fluids are
each represented by a set of conservation equations for mass, momentum and energy.
These equations are similarly represented in the MUSIG model and the ABND model.

. continuity equation of liquid phase (common):

›rlal

›t
þ 7 · ðrlal~ulÞ ¼ Glg ð1Þ
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. continuity equation of vapour phase ABND model:

›rgag

›t
þ 7 · ðrgag~ugÞ ¼ Si 2 Glg single averaged bubble size ð2Þ

. continuity equation of vapour phase MUSIG model:

›rgag f i
›t

þ 7 · ðrgag~ug f iÞ ¼ Si 2 f iGlg multiple bubble sizes ð3Þ

. momentum equation of liquid phase (common):

›r lal~ul

›t
þ 7 · ðr lal~ul~ulÞ ¼2 al7P þ alr l~gþ 7 · alm

e
l ð7~ul þ ð7~ulÞ

TÞ
� �

þ ðGlg ~ug 2 Ggl~ulÞ þ F lg

ð4Þ

. momentum equation of vapour phase (common):

›rgag~ug

›t
þ 7 · ðrgag~ug~ugÞ ¼2 ag7P þ agrg~gþ 7 · agm

e
gð7~ug þ ð7~ugÞ

TÞ
h i

þ ðGgl~ul 2 Glg~ugÞ þ Fgl

ð5Þ

. energy equation of liquid phase (common):

›r lalH l

›t
þ 7 · ðr lal~ulH lÞ ¼ 7 · all

e
l7T l

� �
þ ðGlgHg 2 GglH lÞ ð6Þ

. energy equation of vapour phase (common):

›rgagHg

›t
þ 7 · ðrgag~ugHgÞ ¼ 7 · agl

e
g7Tg

h i
þ ðGglH l 2 GlgHgÞ ð7Þ

Since, mass, momentum and energy are transferred between the bulk liquid and bubbles
during nucleation and condensation, interphase transfer terms are necessary to
maintain closure within the conservation expressions. The interphase transfer term Glg

in equation (1) allows for the transfer of mass due to condensation and is proportional to
the interphase heat transfer coefficient h, the interfacial area concentration (IAC) aif, the
amount of subcooling (Tsat 2 Tl) and is inversely proportional to the latent heat transfer
coefficient hfg. It is expressed as:

Glg ¼
haifðTsat 2 T lÞ

hfg
ð8Þ

The mass transfer due to nucleationGgl accounts for all vapour bubbles generated at the
heated wall and is modelled by considering the heat transfer due to evaporation Qe, the
latent heat transfer coefficient hfg, the liquid specific heat Cpl and the subcooled
temperature Tsub ¼ ðTsat 2 T lÞ. It is expressed as:
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Ggl ¼
Qe

hfg þ CplTsub
ð9Þ

The interphase mass transfer term for nucleation Ggl does not appear in equations (2) or
(3) but is accounted as a specified boundary condition apportioned to the discrete bubble
class based on the size of the bubble departure criteria on the heated surface.

On the RHS of equations (2) and (3), Si denotes the additional source terms due to
coalescence and breakage of bubbles. Here, the coalescence rate of Prince and Blanch
(1990) and break-up rate of Luo and Svendsen (1996) are, respectively, applied. For the
former, bubble merging proceeds due to turbulent collision in the inertial sub-range of
isotropic turbulence while for the latter, the so-called daughter bubble size
fragmentation caused by the interaction of the bubbles with turbulent eddies is
considered. Detailed expressions of these rates can be found in Yeoh and Tu (2005).
The term fiGlg represents the mass transfer due to condensation and is redistributed for
each of the discrete bubble classes. The gas void fraction and scalar fraction fi are
related to the number density of the discrete bubble ith class ni (similarly to the jth
class nj) as ag f i ¼ nivi . The size distribution of the dispersed phase is thus defined by
the scalar fi. The inter-phase transfer terms in the momentum and energy equations Glg

and Flg denote the transfer terms from the gas phase to the liquid phase. The mass
transfer Glg is as explained in equation (7) whilst the total interfacial force Flg

considered in the present study includes the effects of:

F lg ¼ F drag
lg þ F lift

lg þ F lubrication
lg þ F dispersion

lg ð10Þ

The total interfacial force Flg is composed of the drag force, lift force, wall lubrication
force and the turbulent dispersion force, respectively. A detailed description of these
forces is provided by Anglart and Nylund (1996) and Lahey and Drew (2001).

The k-1 turbulence model is used for the liquid and dispersed vapour continuum.
The effective viscosity in the momentum and energy equations is taken as the sum of
the molecular viscosity and turbulent viscosity. The turbulent viscosity is considered
as the total of the shear-induced turbulent viscosity and Sato et al.’s (1981)
bubble-induced turbulent viscosity.

The wall heat flux Qw is composed of three components: the heat transferred by
conduction to the superheated layer next to the wall, Qq; the heat transferred by
evaporation or vapour generation, Qe; and the heat transferred by turbulent
convection, Qc. Details of the wall heat flux is provided by Yeoh and Tu (2005).
The local bubble Sauter mean diameter based on the calculated values of the scalar
fraction fi and discrete bubble sizes di is calculated by:

Ds ¼
1

i

P
f i=di

ð11Þ

The ABND bubble coalescence and break up mechanisms
In this study, three different bubble coalescence and break up mechanisms, as
formulated by Wu et al. (1998), Hibiki et al. (2001) and Yao and Morel (2004), are
compared with the results of subcooled boiling MUSIG model.
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Wu et al. modelled bubble coalescence due to the effect of both random collisions
driven by turbulence (RC) and wake entrainment (WE), as expressed by:

fCO
n ¼ fRC

n þ fWE
n :

While the mechanisms responsible for bubble breakage is caused by the impact of
turbulent eddies (TI), as shown by:

fBK
n ¼ fTI

n :

These three mechanisms of coalescence and breakage developed by Wu et al. have the
form:

fRC
n ¼ 20:021

a 2
g1

1=3

D11=3
s a

1=3
max a

1=3
max 2 a

1=3
g

� � 1 2 exp 2
a

1=3
maxa

1=3
g

a
1=3
max 2 a

1=3
g

 !" #
ð12Þ

fWE
n ¼ 20:0073Ur

a 2
g

D4
s

ð13Þ

fTI
n ¼ 0:0945

ag1
1=3

D11=3
s

exp 1 2
Wecr

We

� �
exp

Wecr

We

� �
ð14Þ

where amax is the maximum allowable void fraction of 0.80, Ur is the relative velocity
between the gas and liquid phases, We is the Weber number and Wecr is the critical
Weber number of 2.0.

Based on experimental observations, Hibiki et al. (2001) and Yao and Morel (2004)
did not consider wake entrainment as a part of their bubble coalescence mechanism, as
coalescence due to wake entrainment was observed to be significant only between
pairs of large capped bubbles in slug flow. Hibiki and Ishii’s coalescence and break up
mechanisms thus have the form:

fCO
n ¼ 20:03

a2
g1

1=3

D11=3
s ðamax 2 agÞ

exp 21:29
r

1=2
l 1 1=3D5=6

s

s 1=2

 !
ð15Þ

fBK
n ¼ 0:03

agð1 2 agÞ1
1=3

D11=3
s ðamax 2 agÞ

exp 21:37
s

rl1 2=3D5=3
s

 !
ð16Þ

whereas Yao and Morel’s coalescence and break up mechanisms were derived to be:

fCO
n ¼ 22:86

a2
g1

1=3

D11=3
s

exp 21:017
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
We=Wecr

p� �
a

1=3
max 2 a

1=3
g

� �.
a

1=3
max þ 1:922ag

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
We=Wecr

p ð17Þ

HFF
18,2

164



fBK
n ¼ 1:6

agð1 2 agÞ1
1=3

D11=3
s

expð2ðWeÞ=ðWecrÞÞ

1 þ 0:42ð1 2 agÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
We=Wecr

p ð18Þ

The maximum allowable void fraction of both Hibiki and Ishii and Yao and Morel’s
models is 0.52, which is the void fraction at the transitional region between spherical
bubble flow and capped bubble flow. The critical Weber number in Yao and Morel’s
model in equation (18) is set to a value of 1.24.

The population balance model
The population balance equation for the MUSIG model has been described by Yeoh
and Tu (2005). Here, the ABND form of the population balance model can be derived as:

›rgagn

›t
þ 7 · ðrgag~ugnÞ ¼ Glg:nþ fCO þ fBK ð19Þ

where n is the bubble number density, f co and f BK are the bubble coalescence and
breakage terms and Glg is the mass transfer due to condensation. At the heated
wall, bubbles are formed at the activated cavities known as activated nucleation
sites. The spawning of bubbles at the heated wall proportionally increases the
bubble number density in control volumes adjacent to the heated wall. Thus, an
increase in bubble number density, as calculated by equation (20) is fed into the
bubble number density n in equation (19) for control volumes adjacent to the heated
wall. The nucleation rate is evaluated as a specified boundary condition as shown
below in equation (20):

fWN ¼
N 00f jH

AC
ð20Þ

where N00 is the active nucleation site density, f is the bubble generation frequency
from active sites, jH is the heated parameter, and AC is the cross-sectional area of
the boiling channel. A detailed description can be obtained from the previous work
by Yeoh and Tu (2005).

Experimental and numerical details
The numerical model was validated against experiments conducted by Lee et al. (2002).
As shown in Figure 1, the test section of the experimental rig consisted of a vertical
cylinder 37.5 mm in diameter and 2,376 mm high. Located concentrically is an inconel
625 tube, 19 mm in diameter, which is heated by a 54 kW DC power supply.
Demineralised water was used as the working fluid. The measuring plane is located at
1.61 m downstream of the beginning of the heated section and a 50 mm transparent
section of the outer cylinder is located just before the measuring plane to allow for
visual observations. Uncertainties of void fraction and liquid and gas velocity
measurements were approximated to be at 3 per cent but bubble Sauter mean diameter
measurement uncertainty was estimated to be a little less than 27 per cent.
Experimental conditions that have been used for comparison with the simulated
results are presented in Table I.

Solution to the two sets of governing equations for the balance of mass, momentum
and energy of each phase was sought. Additional equations for the population balance
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approach were also solved. The conservation equations were discretised using the
control volume technique. The velocity-pressure linkage was handled through the
SIMPLE procedure. The discretised equations were solved using Stone’s strongly
implicit procedure (Sato et al., 1981). Since, the wall heat flux was applied uniformly
throughout the inner wall of the annular and taking advantage of the annular
geometrical shape, only a quarter of the annular was considered as the domain for
simulation. A body-fitted conformal system was employed to generate the
three-dimensional mesh within the annular channel resulting in a total of 13 (radial)
£ 30 (height) £ 3 (circumference) control volumes – effectively a 2D axisymmetric
model. Grid independence was examined. For the mean parameters considered,
further grid refinement did not reveal significant changes to the two-phase flow
parameters.

Figure 1.
Diagram of experiment
conducted by
Lee et al. (2002)

measurement
plane

1610mm
high

1670mm
long

heated
section

Heated Inner
Tube
OD 19mm

Isothermal
Outer Wall
ID 37.5mm

Inlet Liquid
Flow

Case 1 Pinlet (M Pa) Tinlet (oC) Tsub (inlet) (oC) Qw (kW/m2) G (kg/m2 s)

C1 0.142 96.6 13.4 152.3 474.0
C2 0.137 94.9 13.8 197.2 714.4
C3 0.143 92.1 17.9 251.5 1,059.2

Table I.
Experimental conditions
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Results and discussion
The measured and predicted radial profiles of the vapour void fraction, bubble Sauter
diameter (Ds) and IAC are shown in Figures 2-5. Common to all figures is the radial
position axis, with ðr 2 RiÞ=ðRo 2 RiÞ ¼ 0 representing the position of the inner heated
wall and ðr 2 RiÞ=ðRo 2 RiÞ ¼ 1 representing the position of the outer unheated wall.

Figure 2.
Radial void fraction
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Figure 3.
Radial average bubble
Sauter diameter for
case 1 (a) and case 2 (b)
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Both measured and predicted void fraction profiles of cases 1 and 2 (Figure 2) display
typical subcooled boiling radial profiles, with an incidence of wall peaking near the
heated wall due to nucleation and a decrease in void fraction away from the heated wall
due to the action of condensation on bubbles in the subcooled liquid. It is suspected

Figure 4.
Radial Interfacial area at

exit for case 1 (a) and
case 2 (b)
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that, the slightly higher wall peaking void fraction in case 1, Figure 2, is due to the
limitations of a correlation-based expression for nucleation as shown by equation (20).

In Figure 3, for both cases 1 and 2, the ABND models gives slightly lower bubble
Sauter mean diameter predictions when compared to measurements by Lee et al.
However, this lower bubble Sauter diameter does not have such a detrimental effect on
the IAC as shown in Figure 4 because the low-void fraction away from the heated wall
is used to calculate the IAC in the expression aif¼ 6ag/Ds. More importantly, given that
the interphase mass transfer terms in the flow of equations (2) and (3) is reliant on
the IAC aif to calculate the change of water vapour to liquid as expressed by equation
(8), it is the IAC prediction that is of influence when simulating the evolution of
subcooled boiling flow regimes.

In case 3, the subcooling is higher than in cases 1 and 2 and this has had a
perceivable effect on the bubble Sauter diameter predictions in the ABND models.
As before, the bubble Sauter diameter is lower for the ABND models but due to high
subcooling, the ABND average bubble size prediction for case 3 (Figure 5(b))
is markedly lower than in cases 1 and 2 (Figure 4). The lower than expected bubble size
of the ABND model can be attributed to the limitation of bubble size resolution
inherent to the ABND model. An average bubble size of the ABND model was unable
to capture the varying rates of condensation for bubbles of different sizes.

Figure 5.
(a) Case 3 void fraction;
(b) case 3 bubble Sauter
diameter; (c) case 3 IAC
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This resulted in an under-predicted bubble diameter profile curve in Figure 5(b).
The smaller ABND bubble size is also reflected in the slightly under-predicted ABND
void fraction profile in Figure 5(a). As a result, this has caused the ABND IAC in
Figure 5(c) to be slightly under-predicted as well.

Conclusion
Improvement in the ABND model to simulate gas-liquid bubbly flows with heat
transfer has been made by combining the condensation expression with the gaseous
mass transport equation within the CFD commercial code CFX4.4. Three forms of the
ABND model incorporating theoretical expressions for bubble coalescence and
breakage by Wu et al. (1998), Hibiki et al. (2001) and Yao and Morel (2004) were
compared against the MUSIG model by Yeoh and Tu (2005) and experimental results
by Lee et al. (2002). It was found that for low subcooling all three ABND models gave
results comparable with the MUSIG model. However, in higher subcooling regimes, it
was discovered that the single average bubble size of an ABND model could not
capture the high-condensation effect on a range of bubble sizes. This resulted in an
under-predicted bubble Sauter diameter profile, which is also reflected in slightly
under-predicted void fraction and IAC profiles. Benefits with using the ABND model
can be gained for its relative simplicity in implementation and savings in
computational time. Thus, in so far one is aware of the limitation of ABND model in
predicting high-subcooled boiling flows, the ABND model can be found as capable as
the MUSIG model for simulating subcooled boiling flows.
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