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ABSTRACT

Currently, the two-fluid model is one of the mosagdical

and accurate macroscopic formulations for handling
bubbly flow systems. Nevertheless, in order to nogsly
account for bubble-bubble interactions (e.g. caalese
and breakage), the population balance equation (PBE)
must be solved along with the continuity and moment
balance equations. Recently, the MUIltiple Slze Group
(MUSIG) model appears to be one of the most common
and direct methods to solve the PBE with a finitéeseof
discrete classes. Nonetheless, a large numberasted
must be used posing severe limitations on the
computational resources for complex bubbly flows A
attractive alternative is represented by the direct
quadrature method of moments (DQMOM) (Marchisio
and Fox, 2005) where the particle size distribu{iB8D)

is tracked through its moments by integrating dug t
internal coordinate. The main advantage of DQMOM is
that the number of scalars to be solved is verylisina
usually 4-6). The objectives of this present stads. (1)

to implement the DQMOM model to accommodate
coalescence and breakage of bubbles, and (2) idateal
the model against measurements of bubbly flows ibykH
et al. (2001) for a range of flow conditions. Preéfiary
computed results compared very well against
experimental data.

the

NOMENCLATURE

At interfacial area concentration

a coalescence rate

b breakage rate

B° B®  hirth rate due to coalescence and break-up

D% D® death rate due to coalescence and break-up
bubble size distribution function

total interfacial force

gravitational acceleration

superficial velocity

mass scale of gas phase (bubble)
number density of gas phase (bubble)
pressure

number of fragments/daughter bubbles
physical time

velocity

e Weber number

Greek symbol

void fraction

Dirac’s delta function

turbulence kinetic energy dissipation
effective viscosity

internal space vector of the PBE
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P density

o surface tension

v weighted abscissas

Subscripts

9 gas

i Index of abscissas or gas/liquid phase
I Liquid

min Minimum operator

max Maximum operator

INTRODUCTION

Two-phase flows are prevalent in many technological
systems. In chemical industries, bubble column tozac
are extensively used for handling processes thatinge
large interfacial area and efficient mixing pro@sss
Engineering systems such as heat exchangers widely
employ two-phase flow mixture of gas and liquid for
efficient removal of heat generation. In the nuclagea,

the capability to predict void fraction profile armadher
two-phase flow parameters in subcooled boiling faw

of considerable importance to ensure the safe tiperaf

the reactor.

In the present state-of-the-art, two-fluid modeh dae
considered as one of the most practical and acturat
macroscopic formulations to model the thermal-
hydrodynamics of two-phase flow systems. Within the
field equations, which are expressed by the coaserv

of mass, momentum and energy for each phase,antalrf
transfer terms appear in each of the equationsseTtegms
require essential closure relations and should beefied
accurately. Interfacial transfer terms in the tuwoef
model are strongly related to the local transfectmaaisms
such as the degree of turbulence near the intarfand

the interfacial area concentration. Theoreticafigaking,

the interfacial area concentrationa;) is a geometrical
parameter of the local interfacial structure whilgscribes

the available area for the interfacial mass, moomrénd
energy transport. All the above interfacial transpo
mechanisms between phases are proportional theé loca
interfacial area concentration. However, the clesur
relations for the interfacial transfer terms remginfrom
resolution and they still represent the weakedt imthe
two-fluid model.

Since the interfacial area concentration represirgkey
parameter that links the interaction of the phasasch
attention have been concentrated towards better
understanding the coalescence and breakage effieeto
interactions among bubbles and between bubbles and
turbulent eddies for gas-liquid bubbly flows. Thenmary
objective is to better describe the temporal andtiab
evolution of the two-phase geometrical structure.



Population balance approaches (Cheung et al.,, 2008,
Wang et al., 2005, Chen et al., 2004) and volumetric
interfacial area transport equation (Hibiki andiilsk000,
Yao and Morel, 2004, Sun et al., 2004, Wu et 898)
have been proposed to predict the interfacial area
concentration.

Benefitting from the early introduction to commeicia
package (Lo, 1996), the population balance approach
based on the MUSIG model has been frequently eregloy
to predict the non-uniform bubble size distributiona
gas-liquid mixture by solving a range of bubblessks.
Although encouraging results have been reportedr{@he
al., 2004, Cheung et al., 2007b), in case of witgeaof
bubble sizes in a complex two-phase flow systemewer
being considered, a substantial number of equatiugbt

be required to adequately track the range of bubizles.
For flows where large bubbles could exist, espbcial
large diameter pipe, computational resource fowisgl
such large number of transport equations could be
extremely excessive. This model drawback is
fundamentally caused by the fact that it adoptsscla
method to discretize the bubble size distributidrere the
pivot size or abscissa of each class is fixed. ractical
calculations where the number of bubble classksited,
bubble size distribution cannot be adequately sspried.

In this paper, an alternative approach to predistiguid
bubbly flows is presented by the consideration ettdd

of Moments (MOM). Here, the bubble size distribatis
tracked through its moments by integrating outitiernal
coordinates. The main advantage of MOM is its nizaér
economy that condenses the problem substantialinby
tracking the evolution of a small number of mome(nes
usually 4-6). As aforementioned, this becomes rathe
critical in modeling complex flow problems when the
bubble dynamics is strongly coupled with alreadyeti
consuming calculations of turbulence multiphasev$lo
However, due to the difficulties related with exgsimg
transport equations in terms of the moments therasgl
the Direct Quadrature Method of Moments (DQMOM) is
applied instead which essentially involves the dlire
solution of the transport equations for weights and
abscissas of the quadrature approximation. Asheitome
clearer later, each node of the quadrature appwatiom
can be treated as a distinct gas phase. DQMOMlasitoi
MUSIG, thus offers a powerful approach for deserpi
polydisperse bubbly flows undergoing coalescence an
breakage processes in the context of Computatidoa F
Dynamics simulations.

MODEL DESCRIPTION

Two-fluid model for gas-liquid flow

The three-dimensional two-fluid model solves the
ensemble-averaged of mass and momentum transport
equations governing each phase. These equationbecan
written as:

a(gitai)mﬂﬁpiaiui)w &
a(piaiui) Co Y _
T-'-D[qpiaiuiui)_ oLUP+a;p,Q @

+0 maiﬂf(mui +(0a, )T)] +F
where Jis the gravity acceleration vector aRdis the
pressure. From the above equation, it is noteddioatre
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law is required to determine the momentum transféhe
total interfacial force. This force strongly goverihe
distribution of the liquid and gas phases withie flow
volume. On the L.H.S of equation (&; represents the
total interfacial force which is composed of thagiforce,

lift force, wall lubrication force and the turbuten
dispersion force respectively. Numerical details on
handling these interfacial forces can be found ie @iy et
al. (2007a) and references therein. For handling th
turbulence effects, the Shear Stress Transport)(8®del

is adopted for the liquid phase (Menter, 1994),levkie
Sato’s bubble-induced turbulent viscosity modelt¢Set
al., 1981) was employed for the gas phase.

Direct quadrature method of moments

For the PBE, an integrodifferential form describitige
local Bubble Size Distribution (BSD) can be written a

et oruen fED)=sEy ©

wheref (&,t)is the function of bubble size distribution

ot

dependent on the internal space vecftor whose

components could be characteristics dimensiongaair
area, volume and so or. is the external variables
representing the physical time in external coorgina

respectively.U(&, ) is velocity vector in external space.

The R.H.S of equation (3) is the net source or samnkn

of the PBE which denotes the birth and death rafes o
bubbles due to coalescence and breakage processes
defined by:

SE0 = [ aE - £.8) (- &0 (& DaE
-HED[ -1 nde

+ [ /EDE)PETEN (€ s
~b(&)f(&,1)

Here, the first and second terms denote birth asmthd
rate of bubble of space vecgdue to coalescence

processes; the third and fourth terms accounthferirth
and death rate caused by the breakage processes

respectivelya(&, &) is the coalescence rate between
bubbles of siz€ and’. Conversely, b(&)is the
breakage rate of bubbles of s&e y(&') is the number
of fragments/daughter bubbles generated from

breakage of a bubble of siféand P(¢/&') represents

the probability density function for a bubble oiesfto

4

the

be generated by breakage of a bubble of&ize

Like all method of moment approaches, the basia infe
DQMOM founded upon a transforming the problem into
lower-order moments of the size distribution whéne
integral of the BSD function is approximated by ité
set of Dirac’s delta functions (McGraw, 1997). Trakithe
bubble massM, as the internal coordinate, the BSD can
then be expressed as:

f(M,t)zzn:Nk(t)J(M -M, (1)) 5)



where Ny represents the number density or weight of the
ith class and consists of all bubbles per unit valuvith a
pivot size or abscissd,. Obviously, the quadrature
method is brought down to solvingNainknownsN, and

M. A number of approaches in the specific evaluatibn
the quadrature abscissas and weights have beeogaap
With the aim to solve multi-dimensional problems,
Marchisio and Fox (2005)extended the method by
developing the DQMOM where the quadrature abscissas
and weights are formulated as transport equatidhs.
main idea of the method is to keep track of thenjiive
variables appearing in the quadrature approximation
instead of moments of the BSD. As a result, theuatain

of the abscissas and weights are obtained usingxmat
operations. More details of the method can be found
above reference.

In the present study, in order to be consistenh lie
variables used in the two-fluid model, the weightsd
abscissas can be related to the size fraction ef th
dispersed phase fY and a variable defined as

¢, =f IM,. As a preliminary study, bubbles are

assumed to travel with the gas velocity, the siaetion of
fk is related to the weights and abscissas by:

Py, fi = N;M; =,
Using the above expression,

(6)

the transport equations

becom(e

dlp,o f

$+Dtﬁpg oUg f ):bk ™
a(pg;tg%(-i-mlzﬁpgagugwk):ak (®)

The moment transform of the coalescence and brpak-u
the termS, can then be expressed as:

S, =B -DS +B?-D? )
where the term®8 and D represent the birth and death
rates of the coalescence and break-up of bubbléshvid
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Figure 1: Schematic diagram of experimental
arrangement

Copyright © 2009 CSIRO Australia 3

equivalent toS(&,1) in equation (4). On the basis of the

approximation given in equation (6), the birth atehth
rates can be written as:

BC‘EZZNN (M +M, ) (Mi’Mj)

(10)
ZZM “aM,,M NN, @y
ZZMkb(M,, MIN, a2

D,f:ZZMikb(Mi,Mj) 13)
i

Based on equation (10-13), through a series of wnatri
operations, the source terms and b, can then be
determined and the weights, and M; can be also

evaluated according to its definition in terms diifand

;. As a preliminary generic study, the birth andtbea

rates are evaluated according to the widely-adopted
coalescence kernel by Prince and Blanch (1990) hed t
break-up mechanism of Luo and Svendsen (1996).

EXPERIMENTAL DETAILS

The two-phase flow experiment conducted by Hibtkale
(2001) has been performed at the Thermal-Hydraalzs
Reactor Safety Laboratory in Purdue University. Témt
section was a round tube made of acrylic with amein
diameter (D) of 50.8 mm and a length (L) of 3061 .mm
The temperature of the apparatus was kept at aatns
temperature (AT) within the deviation oft0.2°C by a
heat exchanger installed in a water reservoir. Léow
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Figure 3: Local predicted and measured interfacial
area concentration profiles#D = 6.0 and 53.5 for
both flow condition
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Figure 2: Local predicted and measured void fraction
profiles atz/D = 6.0 and 53. for both flow condition

measurements using the double sensor and hotfilm
anemometer probes were performed at three axiaht)e
locations of z/D = 6.0, 30.3 and 53.5 and 15 radial
locations of r/R = 0 to 0.95. The schematic diagodrtihe
experimental arrangement is shown in Figure 1. Agea
of superficial liquid velocitiesj, and superficial gas
velocitiesj; have been performed, which covered mostly
the bubbly flow region, including finely dispersbdbbly
flow and bubbly-to-slug transition flow regions. e
averaged superficial gas velocityy< was obtained from
local void fraction and gas velocity measured bg th
double sensor probe, whereas area averaged siglerfic
liquid velocity §,> was obtained from local void fraction
measured by the double sensor probe and localdliqui
velocity measured by the hotfilm anemometry. More
details regarding the experimental set-up can haedadn
Hibiki et al. (2001). In this paper, numerical picibns
have been compared against local measurementsoat tw
flow conditions: Case 1 with j&#=0.491 m/s and
<j5>=0.0556 m/s; Case 2;%=0.986 m/s and j5=0.113
m/s. The inlet void fractions are 5% and 10% retpely.
The bubble size from the air injection is 2.5 mm hoth
cases.

NUMERICAL DETAILS

For the two-fluid model, two sets of equations goirgy

the conservation of mass and momentum were solied v
the ANSYS Inc, CFX-11 computer code. For DQMOM,
two sets of transport equations governing four Wsigand
four abscissas were chosen to predict the bublze si
distribution of which the evaluation of the souteemsa

and b; in equations (7) and (8) were determined through
matrix operations carried out by an in-house exlern
subroutine. Both breakage and coalescence -calibratio
factors, B and R, were adjusted to 0.15 and 0.05
respectively. Comparing with our previous study (Giteu
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et al., 2007b), Fand Rk were specified to 1.0 and 0.05 in
the MUSIG model based on experimental calibrations.
Such discrepancy of calibration factor between both
approaches could be attributed to the additiomilility

of the DQMOM. As both weights and abscissas are
variables within the DQMOM, calculation of bubblizes
distribution could be very sensitivity to strengthf
coalescence and breakage sources. As a resuffeeenli

set of calibration factor are adopted in this stuggdial
symmetry was assumed, so that the numerical simootat
were performed on a BCadial sector of the pipe with
symmetry boundary conditions at both sides. Inlet
conditions were assumed to be homogeneous in egard
the superficial liquid and gas velocities, voidcfians for
both phases and uniformly distributed bubble sime i
accordance with the flow conditions described abdie
the pipe outlet, a relative average static pressfireero
was specified. A three-dimensional mesh containing
hexahedral elements was generated resulting itah b
12,000 elements (i.e. 20 radial, 20 circumfererdiad 40
axial) covering the entire pipe domain. Reliable
convergence was achieved within 600 iterations dor
satisfied convergence criterion based on the RMS t(Roo
Mean Square) residuals of 1:010“ and for a physical
time scale of the fully implicit solution of 0.0G8

RESULTS AND DISCUSSION

Local radial profiles of the void fraction, intecfal area,
Sauter mean diameter, gas and liquid velocitie$wat
measuring axial locations of z/D = 6.0 and 53.5 ewer
predicted through the two-fluid model and DQMOM.€Th
computed results are compared against the meadatad
of Hibiki et al. (2001). In order to assess itsdicave
capability, additional comparison is also carriedt o
against the predicted MUSIG results obtained thiooigr
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Figure 4: Local predicted and measured sauter mean
bubble diameter distributions D = 6.0 and 53.5

for both flow condition
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Figure5: Local predicted and measured gas velocity
profiles atz/D = 6.0 and 53.5 for both flow conditions

previous work in Cheung et al. (2007b).

Figure 2 shows the void fraction distributions oftbflow
conditions at the two axial locations for the meadwdata
and computer results of the DQMOM and MUSIG. In
isothermal gas-liquid bubbly flows, Serizawa andad¢ka
(1990) classified the phase distribution pattente four
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Figure 6: Local predicted and measured liquid
velocity profiles a/D = 6.0 and 53.5 for both flow
condition:
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distribution at the axial locations oD = 6 andz/D

=53t
basic types of distributions: wall peak, interméelipeak,
core peak and transition. The void fraction peakiegr
the pipe wall represented the flow phase distrinsi
caused by the typical wall peak behaviour. In bibdky
condition, it was observed that the wall peakingfifer
started to develop at the axial locations of z/B.& (near
the inlet) and become well established at z/D % %Bear
the exit). Model predictions of both MUSIG and
DQMOM captured the radial void fraction distribui®
considerably well at the two locations. Neverthgleis
appeared that DQMOM gave slightly better predicion
especially at the well-developed wall peaking
characteristic at z/D = 53.5 in both test cases.
Figure 3 illustrates the Interfacial Area Concembrat
(IAC) distributions of both flow conditions at the
respective two axial locations for the measuremamis
the two model predictions. The measured data fabtbw
the similar profile as the void fraction distribani as
stipulated in Figure 2. Here again, predictionsrfrboth
MUSIG and DQMOM models were in well agreement
with measurements. This further ascertains the
predictability of the DQMOM in comparison with MUSI
model. The Sauter mean bubble diameter distribstane
exemplified in Figure 4. AZ/D = 53, good agreement was
achieved for DQMOM near the pipe center while MUSIG
under-predicted the bubble sizes there. For thev flo
condition of ¢>=0.491 m/s and j$=0.0556 m/s,
DQMOM marginally over-predicted the bubble sizes bu
followed similar trend with the experimental dibtition.
Figure 5 and 6 show the local radial gas and liquid
velocity distribution at the two axial locations.h&
introduction of bubbles into the liquid flow hadeth
tendency to flatten the liquid velocity profiles tivia
relatively steep decrease close to the pipe wakk Jame
behaviour was also observed for the gas velocitfilps.
Overall, both model predictions of the gas and itiqu



velocities were in with
measurements.

The cross-section averaged bubble size distribsitiozar
the pipe inlet and near the pipe outlet of the t=ste
<j;>=0.986 m/s andjg=0.113 m/s are shown in Figure 7.
This figure provided some insight on how the alsass
and weights being evolved in the DQMOM. As can be
seen in the two figures, the dominant bubble sizes w
around 2.5mm near the pipe inlet. Through evolutién
abscissas and weights in DQMOM, the domain bubble
size increased to 2.75mm and the weights of larger

bubbles were also increased.

satisfactory agreement

CONCLUSION

A two-fluid model coupled with a population balance
model is presented in this paper to handle isothkgas-
liquid bubbly flows. The DQMOM was implemented in
the CFD code ANSYS Inc., CFX-11 to determine the
temporal and spatial geometrical changes of the gas
bubbles. Computed results by the DQMOM two-fluid
model were assessed against experiments perforined a
Purdue University as well as the computed resutim f

the MUSIG two-fluid model. Reasonably good agreement
for the void fraction, interfacial area concentatibubble
Sauter mean diameter and gas and liquid veloditiae
been achieved.
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