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ABSTRACT

Accurate specification of the drag coefficient, sigiering

the influence of turbulence, is important in cothec
predicting the air-water flow in a stirred tank. Mohase
CFD simulations in a laboratory-scale Rushton-turbine
flotation tank were performed to explore the efeof
four different drag coefficient correlations whickere
implemented in the CFD solver via user defined fiomst

An Eulerian-Eulerian multiphase approach with the
dispersedk-¢ turbulence model was used to predict the gas
holdup under turbulent and laminar flow conditions.
Comparison of the gas holdup predictions obtained by
different drag coefficient correlations showed thhe
choice of drag -coefficient formulation significantl
contributes to improving the accuracy of numerical
predictions in each flow regime. The results alsggest
that further improvement in the CFD simulation afret
tanks can be achieved by better quantification hef t
turbulent properties associated with the interfafoeces
between the continuous phase and the dispersed.phas

NOMENCLATURE
C. Bakker's model constant
Cp drag coefficient
Cpo drag coefficient for stagnant liquid
d bubble diameter
Fure  liftforce
E, external body force
E,,  virtual mass force
gJ gravity vector
h height in the vertical direction
H tank height
/ unit vector
K constant (Khopkar drag coefficient correlation)
Kpq interphase momentum exchange coefficient
q fluid phase
r radial location
R tank radius
Re Reynolds number
Rpq interfacial force
Stk Stokes number
S mass source term
time
T, integral time scale
Ug slip velocity
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Ut particle terminal velocity

U, mean velocity vector

v phase velocity

y+ dimensionless wall distance
a, volume fraction of phasg

€ relative error
A Kolmogorov length scale
7 turbulent viscosity
7 laminar viscosity
T particle/bubble relaxation time
v kinematic viscosity

fluid density

INTRODUCTION

Mechanically agitated tanks are widely used inrttieeral
processing industry to perform flotation-separation
processes. The uniform distribution of the injectad
from the sparger and its total holdup (i.e., théur®
fraction of air) inside the flotation tank are inmzmt,
since they strongly influence the efficient cobisi and
attachment of solid particles and air bubbles i tidnk.
This in turn enhances the overall flotation recgvéne
attractive approach for investigating the fully tulent
multiphase flow behaviour of the air and water @sas
inside of a flotation tank is computational fluigirimics
(CFD). Several studies have demonstrated that CFD is
capable of modelling the principal hydrodynamicside
the tank, including the air distribution and itsldup
(Dong et al.,, 1994, Ranade and Van den Akker, 1994,
Bakker and Van den Akker, 1994, Lane et al., 2008
accurate prediction of the air phase distributio i
dependent upon the correct modelling of the intéafa
forces between the different phases inside the {aek
water as the continuous phase and air as the dexper
phase). It has also been shown that of the various
interfacial forces, the drag force is the most igant one
influencing the air bubbles (Brucato et al., 1998né& et
al., 2002, Lane et al., 2005, Khopkar and Ranade60
The slip velocity of the air bubbles arises frora talance
between the drag and the buoyancy forces whiclurim t
determine the air distribution and its holdup. Heredrag
coefficient correlation incorporating the influenoé the
turbulent eddies on the air bubbles is essentiath®
accurate numerical prediction of the liquid and ghases
inside a Rushton-turbine flotation tank.

The most commonly used drag coefficient correlaion
have been empirically derived from measurements of
single particle rising or falling in a stagnantuid in the



absence of turbulent effects on the dispersed plase
instance, the standard drag coefficients proposgd b
Schiller and Naumann (Schiller and Naumann, 193%) a
by Ishii and Zuber (Ishii and Zuber, 1979) do nohsider
the role of turbulence (e.g., caused by the impediation

in the stirred tank) on the drag force. In many CFD
simulations of stirred tanks, interfacial forcesvieen the
continuous and the dispersed phases have beenletbdel
by using either the Ishii-Zuber or Schiller-Naumann
correlations for the drag force (Morud and Hjertage
1996, Kerdouss et al., 2006). However, over thet pas
twenty years many attempts have been made to ateegr
the effects of turbulence on the bubble dispersitmdrag
coefficient correlations for stirred tanks. One thfe
earliest efforts to incorporate the effect of tudmt eddies

on the dispersed phase flow pattern in a stirreét taas
made by Bakker (Bakker, 1992). He introduced a nexdlif
bubble Reynolds number in which an adjustable foacti
of the turbulent eddy viscosity was included tocastt for

the effect of turbulence on the drag force. Bakker's
numerical predictions showed that the maximum gas
holdup occurs close to the sparger. Later, in 1B@&ato

et al. (Brucato et al., 1998) performed experimetots
measure solid particle settling velocities and drag
coefficients in a turbulent flow field. Based on ske
measurements they proposed a new correlation which
relates the drag coefficient to the ratio of thetipke size
and Kolmogorov turbulent length scale. Subsequgintly
2002 a CFD based method for the multiphase modetling
the mechanically stirred tank was developed by Legtred.
(Lane et al., 2002). They applied Brucato’'s model to
interpret the interaction between the air phase and
turbulent eddies. They also continued the developroé
the CFD methodology for the stirred tank and in 2005
Lane et al. (Lane et al., 2005) proposed a new drag
coefficient correlation which was based on the labée
experimental data from the literature (Spelt and
Biesheuvel, 1997, Brucato et al., 1998, Poorte and
Biesheuvel, 2002). Lane et al. showed that the drag
coefficient is associated with the ratio of thebtulent to
stagnant terminal velocity. Khopkar et al. (Khoplard
Ranade, 2006) also applied the proposed drag cieeffic
correlation of Brucato and confirmed that the drag
coefficient is a function of particle size and the
Kolmogorov length scale. However, they found that a
constant with a smaller magnitude matched their
predictions with experiments. Another notable study
focusing on the influence of turbulence on the dage
was performed by Doroodchi et al. (Doroodchi et al.
2008). They explored the role of dispersed phassitje
and size on the drag force by conducting experisent
using an oscillating turbulence generator. Their
experiments yielded trends which were similar @ titend
produced by the Lane et al. correlation for thegdra
coefficient. Nevertheless, the operational condgidi.e.,
the velocity ratio and Stokes number) caused afiignt
gquantitative discrepancy between the experimengh d
and the drag coefficient correlation of Lane. Thago
suggested that when the turbulence is dominant;ag d
coefficient correlation incorporating the Richardson
number should be used.

It is important to note here that all of the abaventioned
correlations for the drag coefficient have beenettgved
under different flow conditions and may therefoeguire
modification when applied outside of the operationa
range under which they were formulated. It is tfore
useful to evaluate the predictive capability of lealrag
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coefficient under similar laminar as well turbulent
conditions. The aim of this work is to compare the
performance of four different drag coefficient edations
under laminar and turbulent conditions in the CFD
modelling of the water and air phases inside arktboy-
scale Rushton-turbine flotation tank.

GOVERNING EQUATIONS

In order to compare the different drag coefficient
correlations, the flow of air and water in a lalorg-scale
Rushton-turbine flotation tank based on the geomefry
Newell (Newell, 2006) was modelled using an Euleria
Eulerian multiphase model. In this approach the
conservation of mass and momentum equations fdr eac
phaseq, were solved:

%(“qpq) tVv- (“qpqﬁq) =Sq @)

%(“qpqﬁq) + V- (agpq ﬁqﬁq) =—aqVp +agped + V-
(aq,uq(Vﬁq + V) +aq (,uT - %,uq)v : ﬁql) +

Zgzlﬁpq+ﬁq +ﬁlift+ﬁvm (2)
where a is the volume fraction of phasg g, is the
density, I_fq is the mean velocity vectof, is the mass
source term (e.g. a source of air at the spargei, the
pressure,g is the gravity vector,y, is the laminar
viscosity, /4 is the turbulent viscosity, is the unit vector,
v is the phase velocityg,, is the interfacial forcek, is
the external body force (e.g. the Coriolis and the
centrifugal force caused by rotation of impelle‘?)iﬂ is
the lift force, andﬁ,m is the virtual mass force.
Previous studies (Lane et al., 2002, Khopkar andagan
2006) have suggested that the influence of thealirnass
force and the lift force on the air bubbles indide stirred
tank is negligible. Therefore, in this paper itassumed
that F,,, and Fy;;, are zero. However, it is necessary to

obtain an expression for the interfacial forﬁgq, in order
to close Eg. (2). This was achieved using the Vahg
equation (ANSYS FFLUENT, 2009):

p=1Rpq = Xp=1Kpq (Gp - 17q) 3
where Ky, denotes the interphase momentum exchange

coefficient which can be expressed as:

3 Cp |- >
Kpq zzpq“q“pilvp_”ql 4

In Eq. (4),Cp is the drag coefficient and, is the bubble
diameter.
As noted in the introduction, the drag coefficieist
modelled using an empirical correlation. In thisdst four
different correlations fo€y were evaluated. The first one,
which was developed for laminar flow, is the stadda
Schiller-Naumann (Schiller and Naumann, 1935):

0.687
24(1+0.}1£Re )ReS 1000

®)
0.44 Re > 1000
where Re is the relative Reynolds number for the
continuous phasej) and the dispersed phag: (

Re = PaPp—Vq|dp

(6)
Hq
Bakker (Bakker, 1992) modified the Reynolds number
expression in Eq. (6) to include the effect of tuemt
eddies on the air bubbles by adding an adjustaatgidn
of the turbulent viscosity. This yielded a new drag
coefficient correlation which can be expressed#ews:
R =Pq|'7p_17q|dp )
HqtCXpur

CD=



In Egq. (7), C. is a constant which accounts for the
reduction in the slip velocity of the air bubblehem they
are moving in the turbulent flow field of the séid tank.
Bakker recommended a value of 0.02 for @aghowever,
this value can be varied based on the conditianslsied.
The third drag coefficient correlation evaluated swa
proposed by Khopkar et al. (Khopkar and Ranade, 2006
who modified Brucato’s model (Brucato et al., 1998)
which is based on experimental measurements of the
average particle settling velocity under turbuldluw
conditions. Brucato et al. correlated the experiletitag
coefficients with the ratio of particle/bubble size the
Cp—Cpo

Kolmogorov length scale:
— K dl’ 3 8
=K @

where Cp, is the drag coefficient in the stagnant liquid,
and K is the correlation constant. Brucato reported this
value to be 8.76x1f) while Khopkar reduced this
constant to 6.5x18 A is the Kolmogorov length scale:

3\ 1/4

2=(5) ©)
where £ is the turbulent dissipation rate amdis the
kinematic viscosity.
The fourth drag coefficient correlation evaluatedsw
proposed by Lane (Lane, 2006) based on a cureé fite
available experimental stirred tank drag coeffitidata
from the literature. Lane found that there is atiehship
between the ratio of the slip velocityd) to the particle
terminal velocity Uy) and the drag coefficient as follows:

o _ (Us\7?
=) o
where the ratio oJUr depends on the Stokes number:
= =1 — 1.45tk®7 exp(—0.65tk) (11)
T
And the Stokes number is defined as:

Stk = T—Z (12)

In Eqg. (12)7, represents the particle relaxation time @nd
is the integral time scale. The relaxation time fbe
bubbles §,) can be calculated using the following:

U
Tp = i (13)

In Eg. (13) T, represents the turbulent characteristics of
the flow which can be expressed as:

T, =0135%  (13)
where k is the turbulent kinetic energy and is the
turbulent dissipation rate.

In this paper the standard Schiller-Naumann, Bakker,
Khopkar and Lane drag coefficient correlations hbeen
compared to predict the gas holdup and the gas
distribution in a Rushton-turbine flotation tank dem
laminar (0 rpm) and turbulent (350 rpm) conditions.

NUMERICAL APPROACH

To compare the effects of various drag -coefficient
correlations in the modelling of the stirred taak2.25 L
stirred vessel based on the geometry reported dweN
(Newell, 2006) was modelled. The 145mm diametek tan
is fully baffled and is equipped with a 6-bladedpetier
mounted on a central disk (Figure 1).
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A: Wall BC (no-slip)
B: Baffle (Wall BC)
C: Periodic BC

D: Sparger (Wall BC)
E: Impeller

F: Shaft (Wall BC)
G: High Turbulent Zone
H: Rotational Zone

I: Blades (Moving Walls)

1

e

Figure 1. Schematic illustration of the laboratory-scale
Rushton-turbine flotation tank showing the boundary
conditions used in all simulations.

Figure 1 schematically shows the boundary condition
used in all simulations. In order to model the iitgre
rotation, the tank was divided into a bulk and ttional
zone. The multiple reference frames method was
implemented to solve the governing equations it lioe
stationary and rotating reference frames. An anmgula
velocity of zero, relative to the rotational zonwas
defined for the blades to model their rotationatdition,

air was introduced into the vessel using a massceoat
the sparger, while a no-slip velocity boundary dtad
was applied at the sparger. Only half of the geomet

the tank was modelled in order take advantage of
rotational symmetry and reduce computational titneas
therefore necessary to prescribe periodic boundary
conditions at the left and right walls of the corgtional
domain. At the other boundaries, including the leafand
the outer walls, a no slip boundary condition atahdard
wall functions were applied.

The computational domain was discretised into 285,8
hexagonal elements with finer grid resolution ire th
vicinity of the impeller. A maximum skewness rat®
0.45 was applied to ensure good mesh quality. titiad,

y+ (i.e., the dimensionless wall distance) was traimreed
within the logarithmic law layer (i.e., 30 < y+ Q@) to
capture temporal turbulent fluctuations.

All simulations were performed on the Stellenbosch
University High Performance Computing cluster wih
nodes and an installed capacity of 2.83GHz procsgser
node with 16GB of RAM. The Eulerian-Eulerian
multiphase equations in conjunction with the dispdrke
turbulence model were solved using ANSYS Fluene Th
four different drag coefficient correlations were
implemented in the numerical model via user defined
functions (UDFs). The SIMPLE scheme was used to
couple the continuity and momentum equations tiveer
the pressure field. A second order upwind discaéitn
method was used for the momentum equations, whde t
volume fraction equation was computed using the QUI
method. Solutions were assumed to be converged when
the normalized residual for the continuity was lésan
1x10° and the predicted gas holdup varied by a diffezen
of less than 1% between the final gas holdup vahdthe
average value for the last five seconds of flowetim

RESULTS AND DISCUSSION

In order to investigate the performance of the four
different drag coefficient correlations (i.e., tetandard
Schiller-Naumann,  Bakker, Khopkar and Lane
correlations), two different angular velocities dtifie
impeller, 0 rpm and 350 rpm (corresponding to dmihar
and the turbulent flow regimes) were considered.



Gas Holdup Predicitons for Laminar Flow
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Figure 2: Comparison of different drag coeffints for
laminar flow at O rpm.
The gas holdup predictions from the four differeinag
coefficient correlatioa are compared in Figure 2 as
function of flow time. The symbols indicate t
experimental data from NewelNéwell, 200f), the dotted
line corresponds to theredictions for theSchiller-
Naumann model, the solid line to theedictiors from the
Khopkar model, the dashelbtted lineto the Lane model
and the dashed line to the Bakkeode. The results show
that applying different correlations for the di
coefficients can significantly affect thpredicted gas
holdup. The drag coefficiergquations incorporaig the
turbulent effects yield onlya fair agreement with tt
experimental data. The Bakker modekrpredits the gas
holdup by an average differencele$s thar14.9%, while
the Lane model underpredicthe gas holdupby an
average difference of less than 8.7igure : also clearly
demonstrates that of the fodrag coefficient correlatiol
evaluatedthe Khopkar model does not meet the sec
convergence criterio(i.e., the negligible variatics of the
gas holdup predictiofps even though thecontinuity
residual is less than 1x%0This can be attributed to tt
differences in the description of the turbulentsigiation
rate €) in Eq. (9) between the Khopkar model aiits
implementation in this paper. Ithe Khopkar drag
coefficient correlation aaverage value ce was used to
compute the Kolmogorov length scale, while in therent
study the implemented UDF utilizéscal values o€. The
gas holdup predicted by the Schilldaumani correlation,
however, matches the experimestry closel, within an
average difference of 1.4% hese resultare consistent
with expectation since theSchille-Naumann drag
coefficient correlation is thenly modelin this study that
has been developddr the laminar flov while the other
models are turbulent formulations.

Gas Holdup Predictions for Turbulent Flow

18 1 ¥ Newell 2006 ++++ Schiller-Naumann — Khopkar

== Bakker
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Figure 3: Comparison of different drag coeffici
correlations for turbulent flowt 350 rpr.

The numerical predictions of the gas holdup for
turbulent flow as dunction of flow time have beeshown
in Figure 3. In this figure thesymbols indicate the
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experimental data from NewdINewell, 2006), the dotted
line corresponds to the Schillsiaumani model, the solid
line corresponds tdhe gas holdu predictions for the
Khopkar model, the dashelbited lineto the Lane model,
and the dashed line to thpedictions of Bakker mod:
The figure shows thatllaof the implemented mode
overpredict the gas holdupin addition, the results
presented fothe Khopkar modeindicate that a converged
solution was not obtained (&®e! in the laminar case).
The numerical predictiongrom the Schiller-Naumann
model yielded poor agreemefan averagdifference of <
68.7%) with the experimentalate, while those from the
Bakker and Lane models shewfair agreement with the
experimental dataagerage differens of less than 48.1%
and 25.% for the Bakker and Lane moderespectively).
This suggests that in developing a CFD methodolog;
the stirred tank the influence of turbulent eddiesthe
drag force should be taken into accolBased on these
results it can be concluded that incorporating the effe
of turbulence on the airubbles through the modificatic
of the drag coefficient correlatic the prediction of gas
holdup can besignificantly improvd. The Lane model
producedthe closest agreement with tidata, however,
the observed discrepancybetween the numerical
predictions and theexperimeral measurements is not
negligible and mighbe reduced bymodifying the drag
coefficient correlation to inclithe Richardson number
following the suggestion dboroodchi et . (Doroodchi et
al., 2008).

To gain further insight into the dispersed phi
hydrodynamics Figure 4 compares vector plots of the
air phase computedising thethree most stable drag
coefficient correlations Schille-Naumann, Bakker, and
Lane) on a vertical crossection throughhe stirred tank at
350 rpm. The predictions bthe Khopkar mod: were
excluded becausdiverged solutions were obtained ur
both laminar and turbulerbndition:. In this figurer and
h represent the spatiabordinate while R andH indicate
the stirredank’s radius and heigh
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Figure 4: Comparison of the air velocity vectors tthe
drag coefficient correlations ofa) Schille-Naumann, (b)
Bakker, and (c) Lane, at 350 rpm.
The applied drag coefficiemquationsare able to predict
the overall airflow pattern inside thestirred tank. In all
cases the aiinjected from the sparger has an upw
movement towards the impeller. Dteethe rotation othe
impeller, the air isaccelerated around the rotational z
(-0.4 <r/R< 0.4, -0.05 <h/H < 0.05)while near the top of
the tank the dispersed phase velois decreased. The
predicted air velocity magnituderoin the Schiller-
Naumann and Bakkedrag coefficient correlations ithe
bulk flow region (-1.0 </R < 1.0 0.2 < h/H < 0.7) are
similar, while the velocity predictety Lane’'s model is
slightly higher. The figure also shewhat a symmetric
vortex flow pattern of aiis formed neathe top of the
impeller. The distribution of this vortex varies sligh
depending on the drag coefficieoorrelation usei The
SchillerNaumann and Bakker models capture this vc
pattern close to the rotational zongthin the range 0. <
'R < 0.5, 0 <h/H < 0.15 for the Schill-Naumann and
0.2 <r/R< 0.4, 0.1 <h/H < 0.25for the Bakker mod),
while from the Lane model'gprediction, the vortex
occurs neathe bulk region of the tank (within the rar
0.4 <r/R<0.8,0.2 <h/H< 0.4).
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Figure 5: Comparison of thair cavity location for the
drag coefficient correlations ofa) Schille-Naumann, (b)
Bakker, and (c) Laneat 350 rpr.

The formation of the air cavity in thmultiphase flow of
the stirred tank behind the impeller blades is #-known
phenomenon. Ittan be attributed the presence of a
substantial pressureragglient in this regic due to the
rotation of the impeller. Thdormation of air cavitie
behind the impeller bladesf a stirred tan has been
numerically investigatedby Lane (Lane, 2006). He
showed that a ventilatedavity forms in the trailing
vortices behind the blades. Ithe current study the
prediction of the air cavity'$ocatior, is used to evaluate
the predictive performanceof each drag coefficier
correlation. It is assumetiere that the regions in the
computational domain with aair volume fractiorgreater
than 80% indicatehe formation ofan air cavity. These
cavities are illustrated by issirfaces of theair phase in
which the airvolume fraction is equ to or greater than
0.8 as shown in Figure Fhis figure clearly shows that
using differentdrag coefficient correlatics can have a
significant impact on the pdiction of theair distribution
and the air cavity’s locatiom the stirred tar. The drag
coefficients of SchilleNaumann and Bakke(Figure 5 a
and b) predict a high volunfeaction ofthe air in the bulk
flow region. In contrast, underthe same conditions
applying the Lae drag coefficient correlati (Figure 5 ¢)
results in theaccumulation ofair behind the impeller
blades. This latter result consistent with expectati and
with the observationseported inprevious studies (Lane,
2006, Vivek et al., 1998Based orthese results it can be
concluded that theane model’ more accurate prediction
of the distribution of the air andatel phases in the stirred
tank is due toits more sophistated treatment of the
influence of turbulence on bubble disper. Further
insight into the distribution of the dispersed ghasan be
gained by considering the vorticiflow field in the stirred
tank which is presentdd Figure 6.
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Figure 6: Comprison of the vorticity contos for the
drag coefficient correlations ofa) Schille-Naumann, (b)
Bakker, and (c) Lane, at 350 rpm.

Figure 6 shows contour plots of the vorticity magde
(i.e.,the measure of local rotation in the fl) for the three
different drag coefficient correlations at 350 r In the
three cases showthe maximum vorticity occurs in t
rotational zone, aexpected, due to the impeller rotati
The vorticity contoursredicted by theSchiller-Naumann
correlation in the bulk flow regiorfFigure 6a)form a
symmetric pattern inside the tarikhis is comparable to
the symmetric pattern faccumulation oair in the bulk
region of the stirred tank seen in &ig 5a. From this it
can be inferred thathe inaccurate estimation of
location of the air cavity by thdlaminar) Schiller-
Naumann model may be associated with its
underprediction of the vorticitgistribution ir the water
phase which suggests that the air does not dispers
rapidly as it does in a well-mixedurbulent stirred tank.
The contour plots of vorticitypredicted b Bakker's
model, however, illustrate an asymmetric vortic
distribution above the impeller zoifEigure 6b) which i
similar to the observed asymmetric-sarface of air seen
in Figure 5b. This an be explained by the unev
vorticity distribution observed in the bulk regiaf the
tank which suggests that the air dispersion is nmapad
on one side of the impeller. This leads to the amgiric
accumulation of air in the bulk flow region of thank
seen in Figure 5b. This resultuggests that the
modification of the Reynolds numbeformulation in
Bakker’s model is not able tdequatel predict the effect
of turbulent vortices on the dispersed pf
hydrodynamics.Figure 6c shows the vorticitcontour
plots predicted by the Landrag coefficientcorrelation.
The vorticity distribution (Figure 6¢) and the aiavity
location (Figure B) predicted by Lane’s model follo
very similar patternsThe high vorticity magnitude (whic
is 43% greater thanr@dicted by the Schill-Naumann
and Bakker models) in the vicinity of the impelldades
promotes rapid dispersion of the air thereby pramgrthe
formation of air cavities in the bulk flow regiorf the
tank. This is consistent with the observatioeported in
previous studies (Lane, 2008ivek et al., 199).

Copyright © 2012 CSIRO Australia 6

CONCLUSION

The air and water flow insidelaboratory-scale Rushton-
turbine flotation tank was numerically modelledngsan
EulerianEulerian approach to explore the influence
different drag coefficients on thedispersed phase
behaviour. Four different drag coefficient correlatio
including the SchilleNaumann, Bakker, Khopkar ai
Lane models were implemente user defined functions
in the CFD solverto estimate the gaholdup under
laminar and turbulent conditions.The numerical
predictions of thgas holdup for laminar flow showed tt
the drag coefficient correlatiowhich was formulated fc
the stagnant liquid provided better matc (within an
average difference of 1.4%) the experimental de. The
turbulent flow results showeché Lane model produce
the closest agreement with teperiment, however, the
observed discrepancy between the numerical predi
and the experimental daia not negligibll (within an
average difference of 25.2%ind might be reduced |
modifying the drag coefficient correlation to indki the
Richardson numberOverall th¢ results presented here
suggest thaurther improvement in the CFsimulation of
stirred tankscan be achieved by better quantification
the turbulent propertiesssociated wil the interfacial
forces between the continuophase and the dispersed
phase.
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