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Abstract—Numerical analysis of
separation efficiency in a high-efficiency cycldmes been performed.
Several models based on the experimental obsenvédioa design
purpose were proposed. However, the model is osfynated the
cyclone's performance under the limited environsights difficult to
obtain a general model for all types of cyclondse purpose of this
study is to find out the flow characteristics amgaration efficiency
numerically. The Reynolds stress model (RSM) wagleyed instead

of a standardk-¢ or ak-o model which was suitable for isotropic

turbulence and it could predict the pressure dnog #ne Rankine
vortex very well. For small particles, there weheee significant
components (entrance of vortex finder, cone, arst dallector) for

the particle separation. In the present work, tige re-entraining
phenomenon from the dust collector to the cyclamsylwas observed
after considerable time. This re-entrainment degplattie separation
efficiency and was one of the significant factoos the separation
efficiency of the cyclone.

Keywords—CFD, High-efficiency cyclone,
Rankine vortex, Reynolds stress model (RSM), S¢iparafficiency.

|. INTRODUCTION

flow characteristics and

Pressure drop,

In 2006, [4] analyzed the influence of the shapethaf
cyclone cylinder on the flow characteristics andlemion

performance by using the commercial package, FLUENT

They observed that the long-cone cyclone has atabiesflow
fields and these characteristics results in thetsticculating
flow at the vortex finder opening and affects adedy the
particle collection efficiency.

[5] evaluated the effect of vortex finder shapd diameter
on cyclone performance and flow field numericaliyorder to
predict particles tracking in the cyclone, the [Fiale-
Lagrangian procedure was used. They found thaatigential
velocity and separation efficiency are decrease@nwthe
cyclone vortex finder diameter is increased.

Recently, [6] studied numerically the effect of loye inlet
dimension on the flow pattern and performance ugimg
Reynolds stress turbulence model (RSM) for five laye
separators. They showed that the tangential velanitthe
cyclone decreases with increasing the cyclone diheensions.
They also found that the effect of changing thetinlidth is
more significant than that of the inlet height tbe cut-off

‘ YCOLNES, which can separate the pr_:lrtlcles from an ?Hiameter and the optimal ratio of inlet width tadie, b/a, is
stream, have been widely used in many 'ndUStr'?rlomOStoO?

processes, such as air pollution control and enwiental
cleaning processes due to their well adaptabilityhairsh
conditions, simplicity to design, and low costsoferate and
maintain. The cyclone designs are generally classiinto
straight-through, uni-flow, and reverse-flow cyabsn
according to the purpose in use. Among them, knswn that
the use of tangential inlet and reverse-flow isrtfeest common
way for cyclone design.

Because of the above mentioned many merits of ngclo
much attention have been paid on predicting the fields in
cyclones both by experimental and numerical metliodiast
few decades [1-3]. The performance of a cycloneusgpr is
generally characterized by the collection efficign€ particles
and the pressure drop through the cyclone. Accgrtinthe
many researches, the cyclone height, diametershage (i.e.,
cylinder or rectangular), the shape and diametevatex
finder, and the inlet geometry can influence coasiblly the
performance of the cyclones.
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The interaction of gas-solid plays an importanerol the
flow field and performance in cyclones. There are kinds of
methods to predict it, that is, one-way and two-waypling

approaches. An one-way coupling method is basehen t

assumption that the presence of the particles doseaffect
the flow field because the particle loading in aclogpe
separator is small [7]. On the contrary, a two-wawpling
effect [8] is considered the effect of the parsaba the gas flow.
In this model, the particle source-in cell (PSICpdal is
generally used to solve the momentum equationpairicle in
the two-phase flow.

In the present study, the effects of the cyclomeettisions,
the particle size, and the presence of dust coltem the flow
characteristics and performance of the cyclonérmestigated
numerically. The turbulent flow is analyzed by ugithe
Reynolds stress model (RSM) and the Eulerian-Lagjean
approach is implemented for predicting the partiolgtion. A
one-way coupling effect, which the gas flow is affected by
the presence of the particles, is employed to es@nthe
gas-solid interaction. The computational model peedict the
two-phase flow in cyclones accurately and provide design
concept for the presence of the dust collector.
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ls h Whereu; is the mean velocityy the coordinate systen,
5 the time, P the mean pressure, the gas density, andthe
L kinematic viscosity.yu; (=R; ) represents the Reynolds stress
b H tensor andu/ =uy; -U; is thei-th fluid fluctuation velocity
D, component. As shown in Eq.(2), the Reynolds stseskeuld
5 be modeled using various assumptions. In the pregank, the
<5 Reynolds stress terms are directly calculated byNRS
o B. Turbulent Modeling

. The accurate prediction of a strong turbulent sfnv is

generally dependent on the turbulent model usetthdpresent
work, the Reynolds stress turbulent model (RSTM)ictvh
solves the individual Reynolds stress terAu{; ) by using

Dust collector

Fig. 1 Schematics of the cyclone and its grid syste

differential transport equations is used. The fpansequations

. PHYSICAL MODEL of Reynolds stresses can be written as

The schematic of the cyclone separator and thergttkegrid
system considered in the present work is giverignFand the 9
geometrical dimensions are depicted in Table 1caksbe seen E(
in Table 1, all dimensions are normalized by usirggdiameter
of cyclone body P = 290 mm). According to the cyclone’s Where the individual terms in the right hand sidend for
height, it can be divided into three parts suchasex finder stress diffusion, stress production, pressure rstrand
(annular space), separation space and dust coltegtirt. The dissipation terms, respectively, and defined dsvid;

inlet pipe is mounted tangentially onto the side tbe

A 0 A
Ui“j)"'@(ukuiuj): Djj + R +/7;; + Ej 3)

cylindrical part of the cyclone body and the workfiuid (gas ) :O(V‘a(u-’u’-)J )
and particles) is incoming through this sectiorhwfite uniform LA A
velocity such asi, = 25m/s. The exit tube, called the vortex U 1
finder, is fixed on the top of the cyclone. R = {ui’u[(J +u'jui<'}, P=ZR (5)
0% 0%y 2
Ill.  THEORETICALANALYSIS o )
A. Governing Equations MMy = {QE(UM _55'1' kJ * CZ(P'J‘ _55'1 PH ©)
The flow in cyclones is assumed to be turbulentlsidw 2
with incompressible fluid and it can be reasongibdicted by Ej = 'gdjf U]

the Reynolds stress model (RSM). The turbulent ffowgas
can be described by the Reynolds-Average NaviekeSto Here v, is the turbulent viscosityP the fluctuation kinetic
(RANS) equation and the equation of continuity ioe mean €nergy productiork the turbulent kinetic energy=(1/2)uju; ),

motion. They are expressed in tensor notation l&sAfs: and ¢ the dissipation rate ok, respectively. The empirical
constants are, =1, C,=1.8, andC, =0.6[9].
TABLE | The transport equation for the turbulent dissipatiate (€ )
GEOMETRICAL DIMENSIONS FOR THE CYCLONE is expressed as

Dimension Values/D (mm)
Cyclone diameteri}) 1.0D (290 mm) LY i 9 _0 (V +|4J6£ —Cglf(ui'u'j )& - CEZE— (8)
Gas outlet diametebg) 0.5D (145 mm) ot ox;  0x; O, ) 0X; k 0x; k
Dust collector inlet diametebXy) 3/8D (108 mm) _ _
Dust collector diameteDg) 1.0D (290 mm) The values of constants aeg =13, C, =144 and
Exit length () 2.0D (580 mm) C,, =1.92.
Vortex finder length $) 0.5D (1245mm)
Cylinder length ) 0.5D (145 mm) C. Particle Motion Equations
Cyclone lengthi) 4.0D (1160 mm) . . .
Dust collector lengthL() 1.7D (493 mm) The basic assumptions employed in the present work
Inlet width @) 0.2D (58 mm) model the particle motion are as follows; the s¢bidrticle) has
Inlet height b) 0.5D (145 mm) a fully spherical shape and disperses dilutelfnéngas phase so
Inlet length () 1.0D (290 mm)

that the gas-solid interactions and the influerfdé@dispersed
particle volume fraction on the gas phase are gidyi small.
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Generally, the particle loading in a cyclone is Brifa- 5%),
and therefore, it can be assumed that the presehdke
particles does not affect the flow field (i.e., emay coupling).
Additionally, collisions between particles and thells of the
cyclone are assumed to be perfectly elastic anéhtkeaction
between particles is neglected because of dilote.fln order
to simulate the particle motion in the cyclone,diserete phase
model (DPM) was used by defining the initial pasitj velocity
and size of individual particles. The trajectorypairticles was
obtained by integrating the force balance on théiga The
equation of motion of a small particle, which izlided the
effects of nonlinear drag and gravitational fordesterms of
the Eulerian-Lagrangian approach is given by [10].

dupi 18y Cp R
I AL (u- -u -)+ -EEl—’OJ )
= > i —Upi ) TG
dt " pyd2 24 Pp
dXp
d?l =Up;i (10)

Here uy; and uy,; are the gas and particle velocities idirection,
respectively,x,; its position, p, the particle densityd, the
particle diameterg the acceleration of gravity iRrdirection.
p, u are the density and viscosity of gas, respectively
represents the relative Reynolds number, whicleimed as

_ pdplup; -yl
U

Re (11)

results. The solutions are treated as converged when the
sum of normalized residual is less thamo™® .

The boundary condition for airflow velocities aetbyclone
inlet was assumed to be uniform at different inlelocities.
The pressure boundary condition at exit was emploge the
wall, no-slip boundary condition was applied fotogity.

IV. RESULTS ANDDISCUSSION

A.Validation of CFD Model in the Cyclone

Fig. 2 presents the pressure drop in the cycloparator for
various inlet velocities in order to validate theegent
CFD-model by comparing the experimental data angl th
computational results [14]. As shown in this figutee pressure
drop calculated in the present work shows a goodesgent
with the experimental data. It can be also seettligapressure
drop, which is strongly related with the pumpingweo,
increases with the increase of the inlet velocity.

B. Comparison of Turbulent Models

Comparison of tangential velocity profiles calcalhtaty = -
0.4m using the RSTM and standakd-& model are shown in
Fig. 3. As can be seen, the RSTM predicts muchebett
compared to the other model. The highly swirl flawgeneral,
generates a strong anisotropy in the turbulencttra and it
causes the standark—& model to provide inaccurate
prediction of both the location of maximum velocdpd the
Rankine vortex which is composed of a forced vditarer
region near the cyclone axis) and a free vortex(theawall). It
is clear that the RSTM model can predict the Raityie

The drag coefficientC, , for spherical particles is calculatedtangential velocity profiles very well.

by using the correlation proposed by Hinds[11]

_ 24

Cop=— foR 1 12

D Re &< (12)
24 1 /3

Ch=—|1+=R for 1< Re < 40( 13

D Re,[ + 6 er2 j & (13)

The first term on the right-hand side (RHS) of(B}is the
drag force per unit particle mass, generally thenidating
force, due to the relative slip between the plrénd the fluid.

D. Numerical Approaches

The gas phase is treated as a continuum by salk@&NS
equations with the turbulent model, while the s@tiddisperse)
phase is solved by tracking a large number of g@agithrough
the calculated flow field. The dispersed phase esrhange

mass, momentum, and energy with the fluid phasee Th

numerical simulations presented in this work weomed by

means of STAR-CCM+ [12] which is one of the general

purpose commercial S/Ws. The pressure-velocity lbogip
problem is resolved by the SIMPLE algorithm [13]hel
unsteady RSTM was used with a time step of 0.00Dws. to
difficulty to reach the convergence in simulatiotie standard

k—-e model was used firstly to calculate the turbulent

properties, and then the RSTM was adopted to oltaitinal

C. Grid Dependency

Grid refinement test has been performed in ordeméie
sure that the solutions are grid independent. rerthree grid
systems (i.e., the number of 120,000, 250,000 20¢000) are
generated and compared with each of them for non-
dimensional axial velocitwg/vi,) in Fig. 4 and computational
time in Table Il. The polyhedral mesh with high-esplayer
method is used to generate the grid systems bediese
high-pressure gradient and strong double vortew f{ewirl
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Fig. 2 Validation of computational model by compgarn with the
experimental data [14]
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TABLE Il
COMPUTATIONAL TIME FOR THREE GRID SYSTEMS
Base Refine #1 Refine #2
No. of cells 120,000 250,000 420,000
Computational time 5.5 125 22.0
(hours)

flow) are occurred in the cyclone. As shown in Higthe axial
velocity profiles have a good agreement with theegxnental
data [3] except for the base grid (120,000). Tab#&hows the
computational time for three grid systems and Refi@ (No. of
420,000) needs more time to convergence. In theeptavork,
all computational results are obtained using th@,® cells
grid by considering both the accuracy and the caatfmnal
cost.

D. Flow Characteristics

2517-9950
No:1, 2012
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Fig. 5 Pressure drop according to inlet velocitysarious cyclone
specifications

40

pressure drop to increase exponentionally. In aiditthe
vortex finder diameter (CASE 11D, = 0.5D —» 0.3D) greatly
affects the pressure drop compared to that of ipodiameter
(CASE II, Diy= 3/8D - 0.29) at the same inlet velocity as
shown in Fig. 6. This means that the effedDgbn the cyclone
performance (pressure drop) is much significant that ofD;g.
Itis also found that the con tip diameter has atmo influence
on pressure drop and the effect of vortex findanuter on the
pressure drop becomes significantly as the inlébcity is
increased. From this result, it is necessary toycaut the
optimization for the cyclone shape.

E. Separation Efficiency

The separation efficiency;), which is one of the cyclone
performances, is defined as follows [15],

2d v, \?
Uzl—ex{—:Z( Dptj tre5:|

(14)

where t, is the gas residence time in the cyclone and it
includes following two parts:

Vo, 1Ve

tres - Q 090

In the right hand side of Eq.(15), the first ands®l terms
represent the mean gas residence time in the egign and in
the outer vortex, respectively,, is the volume of the entry
region below the centerline of the inlet duct afdis the
volumetric gas throughout. Especiallis defined due to the

fact that about 90% of the entire inlet gas volutows from

(15)

The performances of the cyclone are the separatighe outer vortex to the inlet vortex core alongtgelone wall.

efficiency and pressure drop. It is well known ttie increase
of inlet velocity of gas can increase both the gues drop and
separation efficiency, simultaneously. In the pneseork, the

effects of inlet gas velocity and cyclone shapehanpressure
drop are investigated firstly. Fig. 5 shows thesptge drop in
the cyclone according to the inlet velocity ford@rcases. It can
be seen in this figure that increasing the inlébeigy causes the

More detailed equations for them are explainedLBj.[In the
present work, the particle residence time for tro&ses, which
is an important factor for predicting the separatgdficiency, is
calculated fort the inlet velocity of 25 m/s andytare listed in
Table IlI.
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Fig. 6 presents the separation efficiency for uasianlet
velocities. As shown in Fig. 67 is increased with the inlet

TABLE IlI
PARTICLE RESIDENCETIME IN EQ. (12)
CASE | 3.16 (sec)
CASE Il 6.05 (sec)
CASE Il 7.78 (sec)

velocity and this is a general phenomenon in cyeoit can be
also seen from the figure that the cut-off sizg,§, which is

one of the fundamental characteristics of cyclomesjaried

with the particle diameter. The meaning»gf is the diameter
of particle that has a 50% probability of captuyethe spin of
the inner vortex. For low mass loading, the citsofe can be
defined as follows [17],

" = 181(0.R)
° \27(p, - P) Vs (H, - S)

wherey,  is the tangential velocity of the gas at the incwe
radius andH, represents the cyclone total height.

As can be seen in Fig. 6, the values of cut-oft size
predicted according to the inlet velocity, that tise particle
sizes ofxg, are2.5ym,1.8um, and1.5um for v;, =10, 15, and

20m/'s, respectively. Itis also found that if the pelgidiameter
is over4um; all particles are separated irrespective of tiet i
velocity. The particles which are entered at irde# moved
with the gas phase and if the centrifugal forcestiongly
enough, they are pushed the outside of CS (costrdhce, a
virtually extended surface of the vortex finder)dafalling

along the cyclone wall and then collected at th&t dollector.
However, small particles, which generally flow with gas
because of a weak centrifugal force, enter thelenef CS and
then outflow through exit.

Figure 7 shows the existence amount of solid garinside
the cyclone at a specific time. It can be found tha amount
solid particle is decreased with pass by time exf@pa heavy
particle such as a particle diameter3pin. This means that
small particles flow out with a gas. In additidtigure 7 also
shows that the fractional efficiency is abruptlgdmsed at a

—~ AA ———

S 0.9 | [ ]

. /

Q

[

@

© 0.6

= ®

5 l

&

503 Vin=10m/
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3 ‘/' i —e— :Vin=15

oy e —A— :Vin=20

v 0.0 = l l
1 2 3 4 5

Particle diameter (¢um)

Fig. 6 Separation efficiency according to the pietdiameter for
various inlet velocities
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Fig. 7 Fractional efficiency according to the tifoevarious particle

diameters

(16)certain time. This is due to the fact that the ipktin the

cyclone outflows through three different flow pagss during
its downward movement : (1) some particles leaeecttlone
through the entrance of the vortex finder as saotha particle
enters inside the cyclone, (2) the second passagieat the
particle outflows with a gas flow from the end ainetip after
time passes a little bit, (3) for the casesdgk1.75um(i.e.,

light particles), the fractional efficiency is dratitally
decreased within several seconds. The particles wiall
diameter flow into the dust corrector and mosheit are flow
out from the corrector because of a small quanfitpoment of
gas in the dust corrector while the large partisleemained at
the corrector.

Fig. 8 shows the separation efficiency for variqasticle
diameters and cyclone shape. For the same padi@aiseter,
the separation efficiency is greater than that asebmodel
(CASE ). In addition, when the particle diametetdrger than
5 um, there is no influence on the efficiency irredpecof the
cyclone shape as shown in Fig. 8. Figure 8 alswshbat the
diameter of the con tip (CASE, D,y =0.25D (72.5nm ) and

vortex finder (CASE I, D, = 0.3D (57mm)) has a significant

~~
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N
& 0.8
c
Q
(&)
£ 064
(]
o 0.44 —a— : Casel
2% —o— : Casell (Did= 0.25D)
] —A— : Case lll (De= 0.3D)
@
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]
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0.0 ¥ y T , T
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Particle diameter (zm)

Fig. 8 Separation efficiency according to the piettdiameter for
various cyclone specifications
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influence on the efficiency compared to the basdeh(CASE
I) while the effect of it on the pressure drop Igtd, as
explained in Fig. 5. It is also found from Fig. BdaFig. 8 that
higher tangential velocity results in larger ceogal force,
which in turn leads to higher separation efficienén

interesting fact is found between Fig. 5 and Figh8t the
pressure drop inside the cyclone is little influeshdy the con

tip diameter Diq), whereas it greatly affects on the cyclongy

efficiency. This means the con tip diameter is nsghificant
factor from the performance point of view in theclope
design.

V. CONCLUSIONS

In order to obtain the optimal solutions of the iges
variables of the cyclone separator, the effectiameters of

vortex finder and cone tip diameters on its perfamoe such as

separation efficiency and pressure drop were nwalbyi
carried out. For this, the cost effective and Higelity RANS
solver for turbulent flow such as the commercidtwgare (i.e.,
STAR-CD) was used. Reynolds stress transport m&&TM)
was adopted to simulate the anisotropic turbuléow fin a
cyclone and this model had a good agreement comhpeith
the experimental data. As the results of the ptesenk, the

effect of vortex finder diameteDf) on the performance was

much greater than that of con tip diameter. It doloé also
found that the diameter of the con tiB)(has significant
influence on the efficiency while it has almostinfluence on

the pressure drop. That is, from the performanceyofone

point of view, the con tip diameter is more sigraft parameter
than the vortex finder diameter. Due to the traftebétween
the conflicting objective functions (i.e., pressuteop and

separation efficiency), the shape optimization tedse carried
out in our further study.
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NOMENCLATURE

K Turbulent kinetic energy

i
AP Pressure drop

Turbulent production term

Ui Mean velocity component

ui' Fluctuation component @fdirection

ui'u] Reynolds stress term

Vi

Tangential velocity
X Coordinate system

£ Dissipation rate ok
1] Separation efficiency in Eq.14

MU Viscosity

V,  Turbulent eddy viscosity
P Gas density

P, Particle density
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