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ABSTRACT

Numerical simulations of the flow through a 75mm
diameter hydrocyclone were used to investigate the
different approaches for the air core diameter iptiehs.
Single phase and multiphase approaches were egplore
The saturation pressure of water was used to pgridiair
core for the single phase simulations. Two turbcgen
models, Reynolds Stress Model (RSM), and Large Eddy
Simulation (LES), were compared, both of which ¢éad
good agreement within an average difference of 88t
6%, respectively. The influence of the multiphase
approach on the numerical predictions was also
investigated by comparing the Volume of Fluid (VGird

the mixture model. The VOF model was found to i t
experimental data slightly better than the mixtoredel
within an average difference of 2.9%. Overall, thsults
showed that the choice of multiphase approach hed t
turbulence model in the CFD modelling of the airecoan
improve the numerical predictions.

NOMENCLATURE

g, gravitational acceleration vector
p pressure

t time

u; velocity vector

7, velocity vector of air

Vum drift velocity vector

V4w Velocity vector of air relative to water
#,, mixture velocity vector

7, velocity vector of water

x;  displacement vector

y+ dimensionless distance from the wall to the firsd
point

a, air volume fraction

p density

7;° Reynolds stress tensor

M fluid viscosity

INTRODUCTION

Hydrocyclones are used in most mineral processing
industries as a centrifugal-type separator forsil@sition,
desliming and thickening. Pressurized slurry isifad the
hydrocyclone through a tangential inlet forming tegral
flows. The outer vortex is a downward stream cagyhe
coarse particles to the underflow, while the inspiral
flow captures the fine particles and transfers thenthe
overflow pipe. Since the hydrocyclone operates with
outlets opened to the atmosphere, a central cyliofiair

will be developed inside the hydrocyclone. The
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importance of the air core in the hydrocyclone afien is
that its shape and geometry indicate the hydroogcl
performance (Neesse and Dueck, 2007). Further, the
diameter of the air core affects the flow splitsd ahe
separation efficiency.

Early air core modelling techniques relied on thegical
correlations of geometrical and operational paramet
with the air core diameter. For instance, Davidson
(Davidson, 1995) introduced a correlation to prede

air core radius based on the flow features at thkets. In
another work Concha et al. (Concha et al. 1996) lzdee

the air core diameter with the pressure drop, theid
viscosity and the ratio of underflow/overflow diatewes.
However, these early empirical equations were hagape
by using extensive experimental data and the assump
of a constant air core size along the hydrocyclone.
Computational Fluid Dynamics, (CFD), offers an
alternative to model the hydrocyclone based on the
physical insights into the underlying hydrodynanofshe
flow inside the device. One of the earliest nunadric
modelling studies of the hydrocyclone was perforrbgd
Davidson (Davidson, 1988) who studied the steadtest
flow of water through a hydrocyclone operating with

an air core. The predicted velocity components were
compared with experimental data reported by Knowles
(Knowles et al., 1973) and showed good agreemerihd
same year Hsieh and Rajamani (Hsieh, 1988, Hsieh and
Rajamani, 1988) developed their two-dimensional CFD
model for a 75mm hydrocyclone. They validated the
numerical results with laser Doppler anemometry
measurements of the velocity components. They also
suggested that the air core can be assumed tacyimder
with a constant diameter for the whole length oé th
hydrocyclone. Subsequent studies focused on thee thr
dimensional modelling of the hydrocyclone. Solvitg
Navier-Stokes equations, Dyakowski et al. (Dyakavesk
al., 1999) investigated the laminar flow behavimside

the hydrocyclone without the air core. In the fallap
study, Nowakowski et al. (Nowakowski et al., 2004)
suggested that for a successive numerical modellirig
the hydrocyclone the interface between the air water
should be captured with the proposed method of Oshe
and Sethian (Osher and Sethian, 1988). In 2006 Brenn
(Brennan, 2006) performed 3D multiphase simulatiohs
the 75mm hydrocyclone of Hsieh to investigate the
different approaches for the air core modelling. He
compared the VOF and mixture multiphase models in
conjunction with two different turbulence models, RS
and LES. Consequently, he recommended a step-wise
strategy to resolve the air core inside the hydetorye and
emphasized on the need for performing simulatiars f
various feed flow rates or other hydrocyclone geies



One year later, Neesse and Dueck (Neesse and Dueck,
2007) formulated a semi-empirical equation basedhen
force balance at the gas-liquid interface. Theywatbthat

it is impossible to suppress the air core withire th
hydrocyclone due to the existence of the dissolwethe
dispersed air in the feed. Toward better underatgndf
the air core behaviour Doby et al. in 2008, (Dobale,
2008) solved the laminar flow within a hydrocyclotee
study the effect of viscosity on the air core fotioa
using pressure distribution inside the hydrocycloReeir
numerical results indicated a greater air core fzehe
low viscosity feeds. Gupta et al. (Gupta et al.080
conducted CFD simulations and experiments to sthdy t
effect of air core size on the pressure drop altmy
hydrocyclone. They eliminated the gas core by iisg@
solid rod into the hydrocyclone and analysed thesgure
drop in the absence and presence of the air coread
found that by increasing the flow rate, the air ecor
diameter becomes thicker and it caused more tumbal&
the hydrocyclone. Delgadillo and Rajamani (Deldadil
and Rajamani, 2009) conducted LES/VOF simulations of
the hydrocyclone to investigate the influence o th
geometrical parameters as well as the fluid visgosn
the air core diameter. The relationship betweeratheore
size and the fluid viscosity was found to be simitathe
work of Doby et al. (i.e., a decrease in the aireco
diameter by increasing the viscosity of the fluidhey
also suggested that the LES turbulence model isanot
economical choice for the hydrocyclone modellingl &n
requires an extreme mesh resolution to capturehall
turbulent fluctuations. More recently, Narasimha abt
(Narasimha et al., 2012) developed a mathematicalein
to predict the air core under different operatingditions
of the hydrocyclone. The benefit of this semi-erapir
model is that it embodies the impact of solid mées on
the air core diameter.

Considering the work of Doby et al. (Doby et al.08D
and Brennan’s suggestion (i.e., exploring the ¢ffexd
various feed flow rates on the air core size) fine @ this
paper is to investigate different approaches feratin core
modelling. The concept of saturation pressure, (tlee
pressure at which the phase change occurs) is gathto
predict the air core diameter in the turbulent flofwvater.
Different turbulence models were tested for singiase
simulations.

Two different multiphase models, i.e. the VOF ahe t
mixture models are compared for the air core mougll
This is followed by the multiphase modelling of thi
core for four different feed flow rates to provideditional
insight into the air core diameter-feed flow ratent. In
addition, the single-phase and the multiphase nliagel
methods are validated with the experimental
measurements of Hsieh (Hsieh, 1988). It must becdot
that the main differences between this work witht thf
Brennan (Brennan, 2006) are the use of the saturation
pressure concept to predict the air core diametetthfe
single-phase modelling and the parametric studyhef
effect of various feed flow rates on the air coianteter.

METHODOLOGY

The Reynolds average continuity and momentum
equations were solved to model the swirling flovihivi a
75mm diameter hydrocyclone based on the geometry of
Hsieh (Hsieh, 1988).
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In the these equations, is the velocity vectorg is the
displacement vectop is the fluid densityt is the time P
is the pressurey is the fluid viscosity, g, is the

gravitational acceleration vector, an#s is the Reynolds

stress tensor.

The Reynolds stresses in Eq. (2) were computed by tw
turbulence models, RSM and LES, since it has been
shown that turbulence models established on Boussgine
hypothesis are unable to correctly predict the Ilgigh
turbulent flow inside the hydrocyclone(Karimi et,&011,
Delgadillo and Rajamani, 2005). The details of eipmat

for the turbulence models are provided in thesilast
(Karimi et al., 2011, Karimi et al., 2012).

In the current study, the Volume of Fluid (VOF) nebd
and the mixture model are applied to capture therface
between the air and water. A single set of momentum
equation is solved for the fluid mixture, and anliidnal
transport equation to track the volume fractiomiof

9 a - -
LV (@) + V(@ Tam) = 0 3)

wherea, is the volume fraction of the air phasg, is the
mixture velocity vector, andi,,, is the drift velocity
vector. The drift velocity can be computed as:

ﬁam = ﬁaw_ Z;clzl a;ik ﬁak 4)

Vaw = Va— U (5)

where 7, is the velocity vector of air relative to the
velocity of water,i, is the velocity vector of air, and,,
is the velocity vector of water.
The differences between mixture and VOF modelsirare
the computation of the air volume fraction and gsihe
concept of relative velocity for the mixture model.
In the mixture model, the value of the air volumeacfion
lies in the range of 0 to 1, whereas the VOF foatiah
assumes that the air and water are not interpeimetra
(i.e., the cell is either empty or full of air). &rsecond
difference between these two multiphase approathes
that the VOF model does not provide equations to
calculate the drift velocity.
Of the three multiphase models including Eulerian-
Eulerian, mixture, and VOF, this work has applied,t
namely VOF and mixture method for the multiphase
modelling. The main challenge of using Euleriandgiain
multiphase model is the problem of intensive
computational time required for solving the coniipand
momentum equations for each phase.

a(puy) 3(ﬂ(ui)(uj))
+
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NUMERICAL APPROACH

For single-phase modelling the Reynolds average édavi
Stokes (RANS) equations were solved for the unsteady
and turbulent flow of water inside a 75mm diameter
hydrocyclone. To compute the Reynolds stresss, in

Eq. (2) two turbulence models were compared. The
independency of the solution from the grid size was
examined by a grid independence study and an
independent solution was obtained for a hexagoreshm
scheme with 226,724 cells. Also, to capture theptaal
turbulent fluctuations close to the wall, the maximy+
(i.e., the dimensionless distance from the walthi first
grid point) was kept within the logarithmic law kExyin all
cases (i.e., 30 < y+ < 300). The details of eadah gystem
applied in the grid independence study as well fes t
quality of the mesh are summarized in Table 1.



% of
Size cells CPU
No. of : .
Type Interval with Time
Cells
(mm) skewnes: (h)
<0.2
Hexagonal 5 80,996 83.5 16.68
Hexagonal 3.2 139,140 87.8 22.68
Hexagonal 2 226,724 91.2 38.53
Hexagonal 1.25 395,224 93.4 79.35

Table 1 Mesh properties used for grid independe
study.

The VOF with the implicit scheme for the time
discretization and the mixture modeéw used to perform
the airwater modelling inside the hydrocyclone. 1
simulations were initiatedvith the hydrocyclone fillec
with water and after formation of an axial nega
pressure core the air was introduced by enabliegotdtk
flow of air via the outletsThe simulations were the
continued until théull development of the air cor

The boundary conditions used in the simulations
schematically illustrated ifrigure 1. At the feed inlet tt
velocity-inlet boundary condition was applied withe
various velocities corresponding to tthiéerent mass flov
rates. At the outlets, however, the pres-outlet
boundary conditions with constamero gauge pressu
was prescribed. In addition, fehe multiphase modellin
the backflow of air for both outlets weassigned as unity.
All the remaining boundaries were set as stationais.
To solve governing equations ANSYS FLUENT 12.11
used onan Intel Corei7 CPU 1.6 GHz workstat. The
SIMPLE scheme coupled the continuity and momen
equations. The PRESTO algorithm was used for pre
interpolation. Thanodified HRIC was used for air volun
fraction with the VOF model, whil®UICK discretizatior
was used with the mixture modeThe momentum
discretization was alsccomputed usingthe QUICK
method.

Overflow

Pressure-outlet BC
Backflow of air = 1 (Multiphase)

Feed
Convective BC

Plane 60

(No-slip)
Wall BC

Plane 120

Backflow of air = 1 (Multiphase)
Underflow
Pressure-outlet BC

Figure 1. Schematic illustration of the bound:
conditions.
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RESULTS

Single-Phase Modelling

To investigate the influence of turbulence modeisttoe
numerical predictions, the RStrbulence modewith the
linear pressure strain approach, ¢he LES turbulence
model with the kinetic energy sulrid scale model are
compared in Figure 2The figure showsa plot of
tangential velocity on Plane 60 (Figure 1) as afiom of
radial disance from the centre of the hydrocyclone.
symbols indicate the experimental measurements
Hsieh (Hsieh, 1988)the solid line corresponds to t
numerical predictions for the RSM, and the daslesito
thepredictions for the LES mode

x.‘( Tangential Velocity-Plane 60

X % Hsich (1988)

s X ——RSM
;x&‘ LES

Tangential velocity (m/s)

! ] \

0 H—
0.000 0.005 0.010 0.01= 0.020 0.025 0.020 0.035 0.040
r: radius from the centre (m)

Figure 2: Comparison of two different turbulence moc
for prediction of tangential velocity in Plane

The resilts show that both turbulence models are abl
capture the location of the maximum and the trof
tangential velocity in Plane 60he RSM, however, und
predicts the maximum tangential velocity near tineare
regions (i.e., 0.0055 «¢ < 0.013) wthin an average
difference of 12.2%, while at the same region
numerical predictions for the LES model match
experimental data very well (within and aver:
difference of 5.5%)The computed tangential velocity 1
both turbulence models tte bull region (i.e., 0.013 £ <
0.0375) isvery close to the measurements within
average difference df.8%, and 3.5% for RSM and LE
respectively. The slight undgurediction of maximum
tangential velocity for the RSM n be associated with the
presence ofarge eddies near the air core (i.e., 0.00%r
< 0.013) causing more instabiliti

In order to determine the air core diameter for shmgle-
phase modelling,the pressure distribution inside 1
hydrocyclone is used. It is assumed that the regisith
the pressure below the saturation pressure of wat@-C
(3169.6 Pa) resemble thar core. Figure 3 shows the
pressure distributiowithin the hydrocyclon predicted by
the RSM turbulence model for the velocity of 2 m/s at
the inlet. The grey cylindricathape zone at the centre
the hydrocyclone represends isc-surface on which the
pressure is constant aeduals to the saturation press
of water. In other wordsll the control volumes inside tl
cylinder are filled with air ard the iso-surface
demonstratethe air and water interfac
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Figure 3: Pressure contour plot and the developed air core
based on the single-phase modelling

As can be seen, the air core is not a cylinder with
constant diameter along the hydrocyclone, evenghou
Hsieh (Hsieh and Rajamani, 1988) suggested a cdnstan
size air core for the entire length of the hydrdogye. The
CFD results also show that the air core diametgraater

at the two outlets compared to the other partshef t
hydrocyclone. This can be attributed to the entiaio
from the underflow and overflow.

The overall average of the air core diameter altmy
hydrocyclone predicted by two different turbulence
models, RSM and LES, are 8.63mm and 10.64mm. The
single-phase predictions of the air core diametertlie
inlet velocity of 2.29 m/s (corresponding to 1.1kg/s
mass flow rate of Hsieh) vyielded reasonably good
agreement with the measurement of Hsieh within an
average difference of 8.8% and 6% for RSM and LES,
respectively.

Multiphase Modelling

Two multiphase models, namely VOF and mixture, are
compared to study the influence of multiphase modgl
choice on the numerical predictions of the air core
diameter and the velocity components. In both ndtho
the hydrocyclone is filled with water to initializéhe
computational domain and air is introduced aftee th
formation of a negative pressure core at the ceiitne
process of the air core development for both minétge
modelling approaches is identical. RSM is used as
turbulence model, since Brennan’s results (Brenn@®6 R
showed that using LES requires an extremely finshme
and small time step. Besides, Delgadillo and Rajamani
(Delgadillo and Rajamani, 2009) suggested that tB8 L
turbulence model is an expensive model in comporiati
time. Figure 4 shows the development of the aie dor

the VOF model over the simulation time. Since thle of

the dispersed air in the feed is not considerddigstudy,
the entire amount of air enters into the hydroayelfrom
the underflow and overflow. Owing to the higheriwient
intensity at the underflow the air from this outledn
permeate into the body of hydrocyclone with thehkig
pace compared to the overflow as can be seen ird-#y
Although the formation of the air core is similar fboth
multiphase models, there exists a slight differéretveen
numerical predictions for each model. The globarage
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of the air core diameter along the hydrocyclon@ 2Z3mm
for the mixture model, while the predicted value foe
VOF model equals to the measured air core dianadter
Hsieh (i.e., 10 mm). The observed discrepancy batwe
the VOF and the mixture model can be explainedhieyrt
formulations for the modelling of air. The VOF mdbde
tracks the volume fraction of the air in each cotafianal
cell, whereas the mixture model considers the hasp
being spherical particles with a constant diamétethis
study 0.1 mm) and uses an algebraic equation fer th
relative velocities between the continuous and efisgd
phase.

Air.Volume Fraction
Contour air

.]()

Air.-Volume Fraction
Contour Air

N..

0.9 09
ros - 0.8
o7 0.7
r 0.6 - 0.6
0.5 - 0.5
- 0.4 04
r03 - 0.3

0.2

0.2
0.0

Flow Time = 0.02755 s

0.0

Flow Time = 0.0025 s

Air.Volume Fraction Air.Volume Fraction

Contour Air Contour Air
. 1.0 . 1.0
0.9 - 09
0.8 - 0.8
0.7 - 0.7
F0.6 r 0.6
0.5 0.5
I 0.4 o4
10,3 r03

0.2
0.0

Flow Time = 0.057 s

- 0.2
0.0

Flow Time = 0.107 s

Figure 4: Air core development process.

The numerical predictions of the velocity composeiatr
both VOF and mixture model are essentially simiBart it
must be noted that using multiphase modelling adstef
the single-phase can enhance the agreement betiveen
CFD predictions of velocities and experimental data.
Figure 5 shows a plot comparing the single-phasetaa
multiphase methods for prediction of the tangential
velocity on Plane 60 using RSM turbulence modethia
figure the symbols represent the measurements i@ghHs
the solid line corresponds to the tangential véjoci
predictions for VOF, and the dashed line correspaiad
the tangential velocity predictions for the singlease
approach. The results clearly demonstrate thattlier
region near the air core (0.0055 <« 0.013) the average
percentage difference between the CFD predictioms an



experimental data has been improved from 12.2%
single-phase to 4.7% for multiphaseodel. The overall
quantitative accuracy of thevelocity predictions is
significantly improved using multiphase modellingrh
7.02% for singlgghase to 0.23% for multiphasdn
addition, comparison ohe air core predicons for single-
phase and multiphase revealthat the multiphase
modelling approach improves the agreemeniwith
experimental measurement of Hsifrom 6% for the
single-phase to 2.9% for the multiphasedel.
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Figure 5. Comparison of singlghase and miphase
methods for prediction of tangential velocity o 60

In all of the separation theories for the hydrooye, feec
flow rate has a significant role on the hydrocye
performance. Therefore, in this stualyparametri@nalysis
has been performed to investigate the impact af flav
rate on the air core diametéive different inlet velocitie
ranging from 1.45 m/s to B/s (corresponding the feed
flow rate of 0.75 kg/s to 2.45 kg/eave beelinvestigated.

12

Y

Air core diameter (mm)

6

0 015 i 115 é 2.‘5 :IS
Teed flow rate (kg/s)

Figure 6: Numerical predictions of air core for differe
feed flow rates.

Figure 6 shows the numerical predictions of thecaire
diameter as a function of fedbw rate. In this ploithe
symbols representhe numerical predictions of the
core, and the dashéide corresponds to ttgeneral trend
of the air core diameter for thdifferent feed flow rates
As can be seen for the first four feed flow ratee
variations in the numerical predictions of the @re are
negligible. However, for the last case wthe feed flow
rate of 2.45 kg/s it ifound that increasing the inl
velocity slightly increases the average air core diam
The trend between the air core size and the fewd fate
is similar to the experimental findings of Gupta &.
(Gupta et al, 2008).Overall, the results rom the
parametric study reveal théte dependency the air core
size to the inlet velocitis insignificant except at the ve
high flow rates at the inlet thancrease the air core siz
This phenomenon may lead to the roping dischargéhte
hydrocyclones working at high feed flow ra Further
research isequired to investigate the simultaneous eff
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of the feed solid percentage and its flow rateh® roping
situation.

CONCLUSION

In this paper, CFD simulations of flow through anB
diameter hydrocyclone, adopted from Hsi¢(Hsieh,
1988), were performed taccount fo the effect of
modelling approach on the numerical predictionthe air
core diameter and theelocity componentsin addition, a
parametric investigationvas conductecto explore how
feed flow rate influences the air core diametering
RSM and LES turbulence models for sir-phase
modelling revealed that both models were capabl
predicting the flow field inside the hydrocyclor
However, the velocity predictionsr the LES turbulence
model showed slightly better agreement with expenital
data. The i core modelling for the sinc-phase was
accomplished using the concept of saturation pre of
water, and it was found that the numerical predictioh
air core obtained with LESurbulence model fit th
measurements bettaithin an average difference of .
This suggests that one can model the flow of wiatgde
the hydrocyclone and reasonably predict the aire
diameter using the saturation pressure watn
conjunction with LES turbulence model. In other ds
the single-phase methodologyesented in this paper a
computationally economicaland practically accura
approach to predict the air catmmete.

Two different multiphase models, VOF and rure, were
compared to predict the air core diameter and gl
components. The computed velocity components ftin
multiphase approachesvere similar. However, th
predicted air core diameter for the VOF model wasy
close to the Hsieh’s measurem¢ within an average
difference of 0.1%Simulations at diffemnt feed flow rates
revealed a lineatrend between the air core diameter
the feed flow rateComparison of the results generatec
singlephase and multiphase modelling suggested the
extra effort to include additional physics of the phiase
can improve the accuracy of the numerical predisti
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