Ninth International Conference on CFD in the Minerals and Process Industries

CS RO, Melbourne, Australia
10-12 December 2012

AN ASSESSMENT OF MECHANISTIC BREAKAGE AND COALESCENCE
KERNELS IN POLY-DISPERSED MULTIPHASE FLOW

Lilunnahar DEJU", Sherman C. P. CHEUNG", Guan H. YEOH?**® and Jiyuan TU"

! School of Aerospace, Mechanical and Manufacturing Engineering, RMIT University, VIC 3083, AUSTRALIA
2 Australian Nuclear Science and Technology Organization (ANSTO), NSW 2234, AUSTRALIA

3 School of Mechanical and Manufacturing Engineering, UNSW, NSW 2052, AUSTRALIA
*Corresponding author, E-mail address: lilunnahar.deju@student.rmit.edu.au

ABSTRACT

Gas-liquid bubbly flows (i.e. swarm of discrete gas
bubbles suspended in continuous liquid) have a wide
range of applications; including mining, pharmaaczait
and petroleum industries. Many researches have been
carried out to develop an effective design tool tleese
industries and enhance the efficiency of their esyst
Population balance (PB) approach in conjunction with
Computational Fluid Dynamics (CFD) technique has been
widely recognized as a robust methodology in sajvin
such complex bubbly flows and providing a better
understanding of the local flow behaviour. Nonetks| to
model the microscopic bubble interactions, an aateur
coalescence and breakup kernel is crucial. Sevevdkls
have been proposed within literatures for modelling
breakup frequency and the daughter size distribitidhe
breakup mechanism; as well as coalescence frequarmty
efficiency in coalescence (Liao and Lucas 2009plaad
Lucas 2010). A thorough assessment of the perfazenan
of a number of gas-liquid coalescence and breakage
kernels has been carried out to find its effeanivdelling

the evolution of bubble size distribution in largeale
vertical bubble column. A total of four differentoaels
were considered (one for breakage and three for
coalescence) (Coulaloglou and Tavlarides 1977; Brinc
and Blanch 1990; Luo and Svendsen 1996; Lehr et al.
2002). To assess the performances under complex flo
conditions, validation has been carried out against
experimental data of Prasser et al. (2007) measortte
Helmholtz-Zentrum Dresden-Rossendorf (HZRD) facility.

NOMENCLATURE

a growth rate

p pressure, Pa

u velocity, m/s

g gravity acceleration factor, /s

F force, N

f size fraction

S source or sink term

d Bubble diameter, mm

h;, b Initial and critical film thickness, m

h(d, d) collision frequency of bubbles andd,.

Pc coalescence efficiency

P, P®  production due to coalescence and breakage
DS D® death due to coalescence and breakage
Cia Adjustable parameter
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0 density, kg/m

o void fraction

g Turbulent eddy dissipation rate?sn
7 dynamic viscosity, Pa.s

o surface tension, Nm
INTRODUCTION

The study of fluid flow behaviour is believed to tee of

the prime requisite in many industrial applications
involving multiphase flow because of the fact that
significant environmental and safety benefits cam b
achieved by improved ability to accurately predice
hydrodynamic conditions in multiphase reactors.
Therefore computational fluid dynamics (CFD) hasrbee
arisen as promising tool which permits the comltamaof
population balance equations (PBE) with the contynui
equations in order to gain insight into the factaffecting
interfacial transfer processes and flow patteriridistion.

To predict the nature of interaction between flpéticles
conservation equation will require fluid particle
coalescence and breakage rates.

A variety of models have been published in theditere

for breakup and coalescence model. Interestingevwevi
and analysis on breakup and coalescence kernetgvare

by Liao and Lucas (2010). The coalescence kerrgiVen

by the product of collision frequency and coaleseen
efficiency for the physical model. The collisioreduency
can be induced by viscous shear, buoyancy, turbalen
wake entrainment or capture in turbulent eddiegiodia
coalescence efficiency models have also been pedpios
the literature such as critical velocity modelxfitirainage
model and energy model. In this study, coalesc&roeel
proposed by Lehr et al. (2002) based on critickbaity
approach has been compared with kernels proposed by
Coulaloglou and Tavlarides (1977) and Prince and d@lan
(1990). Based on film drainage model, Coulaloglou and
Tavlarides (1977) developed their coalescence model
which has become one of the widely adopted models.
Later Prince and Blanch (1990) simplified the modgl
Oolman and Blanch (1986) and proposed the coalescenc
model for deformable particles with fully mobile
interfaces. In case of breakup kernel, model pregpdsy
Luo and Svendsen (1996) has been combined in
conjunction with coalescence model. Luo and Svemdse
(1996) developed their model concerning the catéhiat

the turbulent kinetic energy of hitting eddy is aex than

a critical value. There have been lot more breakogels
published in the literature based on determining th
breakup frequency in terms of turbulent fluctuatiamd



collision, viscous shear stress, shearing off amdase
instability (Liao and Lucas 2009).

Different bubble breakup and coalescence models
developed by various researchers are implemented in
commercial CFD package (Ansys 12.1) through user
Fortran subroutine. Breakup and coalescence rates
estimated by various researchers are qualitatively
compared by implementing different kernel combiordi
Bubble size distribution, radial void fraction and
interfacial area concentration resulting from CFRlgsis

are compared with experimental data by Prasserl.et a
(2007) measured in the HZRD facility.

MATHEMATICAL MODEL DESCRIPTION

Governing Equations

The two-fluid model treating both the gas and lkui
phases as continua solves two sets of conservation
equations governing mass and momentum. Denoting the
liquid as the continuum phasey)( and the gas (i.e.
bubbles) as disperse phasg)(these equations can be
written as

0 _
E(piai)"'[l'(piaiui)zo @)

0 _ _
E(Pia’iui)““m-(/oia’iuiui):

(2
—aUP+aipg+ D-[a’iﬂie(DUi +(0a, ) )]+ F

where gthe gravity acceleration vector arfél is the

pressure. The closure law is required to deterntivee
momentum transfer of the total interfacial forcaislforce
strongly governs the distribution of the liquid agds
phases within the flow volume. On the right handksof

solving PBE. The technique proposed by Kumar and
Ramkrishna (1996) that allows the usage of varidble
bubble size groups to reduce the numerical effert i
adopted, such as:

on

a_ti + D.(uig n, )= S )

The interaction term;$ (F° + P - D°- D) contains the
source rates of P, P°, D¢ and * which are the
production rates due to coalescence and break-diphan
death rate to coalescence and break-up of bubbles
respectively. The birth and death rates can be Utatad

in terms of size fraction.

2 1 M, +M
P© =(pjgajg) Ezk:;fkfl —Nll(lel a(MkvMI) (5)

1

D€ = (poad fy £ 1, —
K My
pe =pjgajg%r(Mk*Mi)fk ™

D® = p%af fi%r(Mi,Mk) )

a(MiiMk) (6)

All breakup kernels comprise three important sub-
processes: (i) breakage frequency, (i) numberanigtiter
bubbles and (iii) size distribution of the bubbles
formation. In this present study breakage kernelLbyg

and Svendsen (1996) was tested. Luo and Svendsen
(1996) developed based on surface energy criteaith
isotropic turbulence to formulate the theoreticahaly
bubble breakup model was tested.

equation (2)F; represents the total interfacial force which
is composed of the drag force, lift force, wall figation

Coalescence Kernels

force and the turbulent dispersion force respelstive
Numerical details on handling these interfaciatésr can
be found in Cheung et al. (2007) and referencesither
For handling the turbulence effects, the ShearsStre
Transport (SST) model is adopted for the liquid ggha
(Menter 1994), while the Sato’s bubble-induced teht
viscosity model (Sato et al. 1981) was employedytfier
gas phase.

In accordance with the work by Fleischer et al9@)9 the
bubble size distribution is calculated with popidat
balance equation (PBE) that is generally expressezhi
integro-differential form describing the local Bublize
Distribution (BSD) written as

of (x,&,t)

e 0V (x.&)f(x.&1)=S(x&t) (3

where f(x,{,t) is the bubble number density
distribution per unit mixture and bubble volume,
V(X,E,t) is velocity vector. On the right hand side, the
term S(x,{,t) contains the bubble source/sink rates per

unit mixture volume due to the bubble interactisnsh as
coalescence, break-up and phase change.

A sophisticated model and most commonly used
technique, namely MUItiple Slze Group (MUSIG) was

Prince and Blanch (1990)

h(dI 1d]) - C]_(di +dj)2(di 2/3 +d12/3) 1/251/3

B pc1/2r62/6€1/3 In(h /hf )

1/2, 2I3
4o

-1
=11
“o2ln

Coulaloglou and Tavlarides (1977)
h(dI ’dj) - C2(di + dJ )Z(di 2/3 + dJ 2/3) 1/251/3

]4
Lehr et al. (2002)
h(dl ’dj) - C4(di +dj)2(di2/3 +dj2/3)1/2£1/3

pP. = ma{ ucrit
c
Urg

=eX

did,
d; +d,

b, = x| -, Lokt (

0.2

,1j,ucrit = 008

first introduced by Lo (1996) has been considered f
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Breakage kernel

Luo and Svendsen (1996)
13
1
S@ d, )= 0923(1—0')[52] [
d; Srmin
fmin = de,min /di
demin = A14~314) (s [ py)°7° 1 £

e,min

1+¢)? ex{_ AE (di)]d :

g E(d.)

Table 1. Coalescence and breakage models

On the other hand coalescence process can be dlivide
mainly into three steps: (i) the approach of onékbel
colliding with another, (ii) the formation and thimg of a
thin film between the interfaces and (iii) finatlye rupture

of the thin film. To model above three steps camase
kernels are thus normally expressed as a functfaiheo
collision frequency and the coalescence efficiefddyee
different binary bubble coalescence kernels westetein

the current study. Mathematical formulations haeerb
summarised in Table 1. Coulaloglou and Tavlarides
(1977) believe coalescence to occur if the contimct
between two intervening bubbles exceeds the time
required for the complete film drainage and rupture
Afterward Prince and Blanch (1990) superimposed the
effects of turbulence, buoyancy and laminar shear t
derive the expression for collision frequency. They
postulated that the fluctuating turbulent velocisy the
primary cause of bubble collision. Recently, Lehrak
(2002) considered collision contribution arisingrfr two
sources (i.e. namely turbulence and buoyancy)+deroto
reflect the conditions in bubble columns. In thase a
characteristic velocity has been multiplied withe th
collision cross sectional area to obtain the doltis
frequency. The characteristic velocity assumed eathe
turbulent eddy velocity having the length scaléwalfbles.
But for larger bubbles it is assumed to be the diffee
between rise velocities of bubbles.

Kernel combination Model
Case 1 | Luo and Svendsen (1996) Breakup
Coulaloglou and Tavlarides(1977)| Coalescence
Luo and Svendsen (1996) Breakup
Case 2 | Prince and Blanch (1990) Coalescence
Luo and Svendsen (1996) Breakup
Case 3 | Lehr, Millies et al. (2002) Coalescence

Table 2: Simulation cases
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Figure 1: Predicted Bubble Size Distribution for Case 1.
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Figure 2: Predicted Bubble Size Distribution for Case 2.



EXPERIMENTAL AND COMPUTATIONAL consideration of cap bubble coalescence and breakag
DETAILS could be place into calculations to reduce the
discrepancies between measurement and predicigtsres

Numerical predictions from all simulation cases aver
validated and assessed against the TOPFLOW
experimental data measured in the HZRD facility. In
TOPFLOW experimental facility, a large size vertica
cylindrical pipe with height 9000 mm and inner deter

of 195.3 mm inner diameter was adopted. Water was
circulated from the bottom to the top with a consta
temperature of 30°C, maintained by a heat exchanged
installed in the water reservoir. A variable gagdtion
system was constructed by equipping with gas imgect
units at 18 different axial positions from Z/D =1439.9.
Details of experimental setup can be found out from
literature (Prasser et al. 2007).

i — Case 3
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Numerical calculations were achieved through the afs
the generic computational fluid dynamics code ANSYS

CFX12.1. Transport equation with appropriate sorme T op
sink terms describing the coalescence and breaktefof E | Case 3
bubble was implemented through the CFX Command S af a EXP
Language (CCL). Computational geometry was simplified s
through consideration of a 6@adial sector of the pipe E “r ‘A T107
with symmetry boundary conditions being imposetaih S oof 4 L L/D=39.9
vertical sides of the computational domain. -é’ A A
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Figure 3: Predicted Bubble Size Distribution for Case 3.
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RESULTS AND DISCUSSION gep Uo7 a g e
In order to identify the combination of kernelsttoan be %HE %ﬂ
used to accurately predict the flow, PBE was solzed >F >
particular operating condition of the experimemt®btain of af
the bubble size distribution at the bottom and ¢éghe T T
column. Details of the operating condition are siamped Leseboomsmogdt L | P o ettt
in Table 3. Radial Distance [ ] Radial Distance [ ]

Figure 1-3 shows the bubble size distribution fiffiecent

kernel combinations at the bottom of the colummwel as ) ) ) ) ]
at the top of the column. It can be seen thatrthetibn of Figure 4: Comparison of Void fraction profile.
larger bubble sizes at the bottom of the columgréater
than the top of the column. Moreover it indicateattthe
breakage is acting predominantly in this case sty
breakup mechanism the popular Luo and Svendsen)1996
kernel model has been applied for all the three sasdy.

So it is not surprising that the change of bubbie s
distribution predicted by different combinations of
breakup and coalescence model is quite similar tase

to case.

Moreover, these kernels have been developed on the
assumption that the bubbles are finely dispersatl ian
spherical shape. Bubbles would start to distort from
spherical shape if they exceeds a critical valug0o® mm

for 25°C air-water flow under atmospheric pressure. As
can be found from the figures, close to the inlejarity

of the bubbles were above that size limits. So apmeate Figure 5: Comparison of Interfacial area concentration.
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As shown in Figure 4, Lehr et al. (2002) kernel fie@asd

to be unable to capture the near wall void fracioofile
and over-predicted the gas holdup near the wallnwhe
combined with Luo and Svendsen break up kernel mode
Based on the critical approach velocity model, Letal.
(2002) considered that collision would result in
coalescence only if the characteristic velocitipiger than

a certain critical value. The experimental obséovabf
Doubliez (1991) and Duineveld (1994) also suppthis
theory of having an impact of approach velocity on
coalescence efficiency. Thus this over-predictiearnthe
wall indicating to producing higher rate of smaillkbles
might caused by high approach velocity that coaltlito

a low coalescence efficiency. Sauter mean diameter
obtained numerically by solving population balance
equation is an important parameter that has dinsgact

on non-drag force. Thus it is essential to gethhbble
size distribution correctly to determine the magdé of
non drag forces that affects the radial void fatrofile.
Nevertheless, as seen in Table 4, Cases 1, 2 andtBef
predominant bubble breakup flow, The sauter mean
bubble diameter predicted by Lehr et al. (2003nmller

in comparison to the other two kernels. Therefdare i
suggests that coalescence rate estimated by Leht. et
(2002) is lower than the one by Prince and Blan&®Q)
and Coulaloglou and Tavlarides (1977).

Sauter Mean Diameter at L/D=39.9

Case 1 8.86 mm
Case 2 8.68 mm
Case 3 8.46 mm

Table 4: Predicted bubble diameter for different cases

Figure 5 shows the comparison between predicted and
measured IAC. Predicted interfacial area conceptrati
(IAC) also roughly followed the same trend as void
fraction profile.

CONCLUSION

A preliminary numerical study of bubble breakup and
coalescence models has been investigated in tigisrpa
Performance of coalescence kernels by Prince amtBla
(1996), Coulaloglou and Tavlarides (1977) and Letale
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