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Abstract—Numerical
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 environsiants 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 standard-¢ or a k- model which was suitable for isotropic

turbulence and it could predict the pressure dnogp e 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, taigle re-entraining
phenomenon from the dust collector to the cyclavylwas observed
after considerable time. This re-entrainment degplathe 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), Sé¢parafficiency.

. INTRODUCTION

CYCOLNES, which can separate the particles from an a

analysis of flow characteristics and

Pressure drop,

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

performance by using the commercial package, FLUENT

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

[5] evaluated the effect of vortex finder shapd dirameter
on cyclone performance and flow field numericallyorder to
predict particles tracking in the cyclone, the Eale-
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 vglanitthe
cyclone decreases with increasing the cyclone dhieénsions.
They also found that the effect of changing thetinidth is
more significant than that of the inlet height tbe cut-off
fiameter and the optimal ratio of inlet width tadig, b/a, is

stream, have been widely used in many industrifﬁlom05tOo7

processes, such as air pollution control and enwiental

cleaning processes due to their well adaptabilityhtirsh
conditions, simplicity to design, and low costsofgerate and
maintain. The cyclone designs are generally cliaskiinto

straight-through, uni-flow, and reverse-flow cyadbsn
according to the purpose in use. Among them, khiswn that
the use of tangential inlet and reverse-flow isrtieest common
way for cyclone design.

Because of the above mentioned many merits of ngglo
much attention have been paid on predicting the fields in
cyclones both by experimental and numerical metliodtast
few decades [1-3]. The performance of a cycloneusgpr is
generally characterized by the collection efficien€ particles
and the pressure drop through the cyclone. Accgrttinthe
many researches, the cyclone height, diametershape (i.e.,
cylinder or rectangular), the shape and diametevarfex
finder, and the inlet geometry can influence coesibly the
performance of the cyclones.
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The interaction of gas-solid plays an importanerwi the
flow field and performance in cyclones. There ave kinds of
methods to predict it, that is, one-way and two-waypling
approaches. An one-way coupling method is base hen
assumption that the presence of the particles doseaffect
the flow field because the particle loading in acloye
separator is small [7]. On the contrary, a two-veaupling
effect [8] is considered the effect of the partaba the gas flow.
In this model, the particle source-in cell (PSICpdal is
generally used to solve the momentum equationpafricle in
the two-phase flow.

In the present study, the effects of the cyclomeedtisions,
the particle size, and the presence of dust colteart the flow
characteristics and performance of the cyclonéraestigated
numerically. The turbulent flow is analyzed by ugithe
Reynolds stress model (RSM) and the Eulerian-Lagam
approach is implemented for predicting the partiolaion. A
one-way coupling effect, which the gas flow is affected by
the presence of the particles, is employed to esénthe
gas-solid interaction. The computational model paadict the
two-phase flow in cyclones accurately and provige design
concept for the presence of the dust collector.
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Fig. 1 Schematics of the cyclone and its grid syste

Il. PHYSICAL MODEL

The schematic of the cyclone separator and thergtatkegrid
system considered in the present work is giverign Fand the
geometrical dimensions are depicted in Table Icaksbe seen
in Table 1, all dimensions are normalized by usiregdiameter
of cyclone body @ = 290 mm). According to the cyclone’s
height, it can be divided into three parts suclasex finder
(annular space), separation space and dust coliegtirt. The
inlet pipe is mounted tangentially onto the side tbe
cylindrical part of the cyclone body and the workituid (gas
and patrticles) is incoming through this sectiortwtiite uniform
velocity such as, = 25m/s. The exit tube, called the vortex
finder, is fixed on the top of the cyclone.

A. Governing Equations

The flow in cyclones is assumed to be turbulentlsfidw
with incompressible fluid and it can be reasongdvbdicted by
the Reynolds stress model (RSM). The turbulent ffowgas
can be described by the Reynolds-Average NaviekeSto
(RANS) equation and the equation of continuity thee mean
motion. They are expressed in tensor notation lé&safs:

THEORETICALANALYSIS

TABLE |

GEOMETRICAL DIMENSIONS FOR THE CYCLONE
Dimension Values/D (mm)
Cyclone diameteri}) 1.0D (290 mm)
Gas outlet diametebg) 0.5D (145 mm)
Dust collector inlet diameteBD{y) 3/8D (108 mm)
Dust collector diameteD() 1.0D (290 mm)
Exit length (e) 2.0D (580 mm)
Vortex finder length $) 0.5D (1245mm)
Cylinder length i) 0.5D (145 mm)
Cyclone lengthK) 4.0D (1160 mm)
Dust collector lengthl(;) 1.7D (493 mm)
Inlet width @) 0.2D (58 mm)
Inlet height b) 0.5D (145 mm)
Inlet length () 1.0D (290 mm)
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Whereu; is the mean velocityy the coordinate systen,
the time, P the mean pressurg, the gas density, andthe
kinematic viscosity.Tu'j (=R; ) represents the Reynolds stress
tensor andu =y, -U; is thei-th fluid fluctuation velocity
component. As shown in Eq.(2), the Reynolds steeskeuld
be modeled using various assumptions. In the pregmk, the

Reynolds stress terms are directly calculated byNRS

B. Turbulent Modeling

The accurate prediction of a strong turbulent sfa is
generally dependent on the turbulent model usetthd present
work, the Reynolds stress turbulent model (RSTM)icivh

solves the individual Reynolds stress termy(j ) by using

differential transport equations is used. The fpansequations
of Reynolds stresses can be written as

(Uin

Where the individual terms in the right hand sidend for
stress diffusion, stress production, pressure rstrand
dissipation terms, respectively, and defined ds\id;

0
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Here v, is the turbulent viscosityP the fluctuation kinetic
energy productiork the turbulent kinetic energy=(1/2)uiu] ),
and ¢ the dissipation rate of, respectively. The empirical
constants are, =1, C, =1.8, andC, =0.6[9].
The transport equation for the turbulent dissipatiate ()
o€ &
+ = 1

is expressed as
Rl () o MR Ty
ot oxj  0x; O ) 0X; 0x;

The values of constants ae =1.3, C,=1.44 and
C,, =1.92.
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C. Particle Motion Equations

The basic assumptions employed in the present wmrk
model the particle motion are as follows; the s@bdrticle) has
a fully spherical shape and disperses diluteihegas phase so
that the gas-solid interactions and the influerfde@dispersed
particle volume fraction on the gas phase are gidyi small.
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Generally, the particle loading in a cyclone is Bri&a- 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 thalls 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 thtigke. The
equation of motion of a small particle, which igliuded the
effects of nonlinear drag and gravitational fordesterms of
the Eulerian-Lagrangian approach is given by [10].

dupi 18y CpR
[ D @(u__u _)+ _[El_pJ 9)
- 2 i p.i 9i
dt Ppdp 24 Py
dx,, i
d’t)’I =Upi (10)

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

_ pdp|up, ~u

R
& U

(11)

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

The boundary condition for airflow velocities aetbyclone
inlet was assumed to be uniform at different inelocities.
The pressure boundary condition at exit was emplog 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 ang th
computational results [14]. As shown in this figutree pressure
drop calculated in the present work shows a goodemgent
with the experimental data. It can be also seertiiggpressure
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 calcelhaty = -
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 flowgeneral,
generates a strong anisotropy in the turbulentttra and it
causes the standaré—& model to provide inaccurate
prediction of both the location of maximum velocidpd the
Rankine vortex which is composed of a forced vditeer
region near the cyclone axis) and a free vortex(treawall). It
is clear that the RSTM model can predict the Raijie

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

by using the correlation proposed by Hinds[11]

_ 24

Cp=—o foRe <1 12

D Re & (12)
24 1 /3

Ch=—]|1+=R for 1< Re < 40C 13

D Rer( + 6 é ] & (13)

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

D. Numerical Approaches

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

mass, momentum, and energy with the fluid phasee Th

numerical simulations presented in this work weomel by

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

purpose commercial S/Ws. The pressure-velocity bogip
problem is resolved by the SIMPLE algorithm [13]hel
unsteady RSTM was used with a time step of 0.00D0s.to
difficulty to reach the convergence in simulatiotie standard

k- model was used firstly to calculate the turbulent

properties, and then the RSTM was adopted to olitairfinal

39

C. Grid Dependency

Grid refinement test has been performed in ordeméke
sure that the solutions are grid independent. lkerthree grid
systems (i.e., the number of 120,000, 250,000 20¢D00) are
generated and compared with each of them for non-
dimensional axial velocitw{/v,) in Fig. 4 and computational
time in Table Il. The polyhedral mesh with high-asplayer
method is used to generate the grid systems bedese
high-pressure gradient and strong double vortew f{ewirl
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Fig. 2 Validation of computational model by comgsan with the
experimental data [14]
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1.0 . . .
pressure drop to increase exponentionally. In additthe
E vortex finder diameter (CASE IID, = 0.5D - 0.2D) greatly
2 05 affects the pressure drop compared to that of igodiameter
®© . .
> (CASE IlI, Dig= 3/8D - 0.2D) at the same inlet velocity as
2 00 A shown in Fig. 6. This means that the effedDgbn the cyclone
§ ﬁ— W}iil performance (pressure drop) is much significant that ofD;g.
@ o —&— : Grid No. of 120,000 Itis also found that the con tip diameter has almo influence
5 0° ° figg'ggg on pressure drop and the effect of vortex findanditer on the
2 O : Experiment [3] pressure drop becomes significantly as the inlébcity is
1.0 ] | | increased. From this result, it is necessary toycaut the
-1.0 -0.5 0.0 0.5 1.0 optimization for the cyclone shape.

Distance (x/r)
Fig. 4 Grid dependency for three cases of gridesgst

E. Separation Efficiency
The separation efficiency;), which is one of the cyclone

TABLE Il performances, is defined as follows [15],
COMPUTATIONAL TIME FOR THREE GRID SYSTEMS
Base Refine #1 | Refine #2 _ Py [ 2dv 2
n=1-exg —% tres (14)

No. of cells 120,000 250,000 420,000 9u|\ D

Computational time 5.5 12.5 22.0

(hours) . . . . .
where t. is the gas residence time in the cyclone and it

) . _includes following two parts:
flow) are occurred in the cyclone. As shown in Higthe axial

velocity profiles have a good agreement with theeexnental te Vi, 1V (15)
data [3] except for the base grid (120,000). Tab#hows the Q 09Q

computational time for three grid systems and Refi@ (No. of In the right hand side of Eq.(15), the first andsel terms

450’000) rt\etgds rlnore tlltme 0 c%?v.ergjncei_ Intmevorllr, represent the mean gas residence time in the egign and in
all computational resuits are obtained using the, CC1S " the outer vortex, respectively,, is the volume of the entry

grid by considering both the accuracy and the cdatfmnal ) ) i :
cost. region below the centerline of the inlet duct a@dis the

volumetric gas throughout. Especiallis defined due to the

D. Flow Characteristics fact that about 90% of the entire inlet gas volutows from

The performances of the cyclone are the separatighe outer vortex to the inlet vortex core alongdgielone wall.
efficiency and pressure drop. It is well known ttie increase \jore detailed equations for them are explainedLsi.[In the
of inlet velocity of gas can increase both the gues drop and present work, the particle residence time for thuages, which
separation efficiency, simultaneously. In the pneseork, the s an important factor for predicting the separagdiciency, is

effects of inlet gas velocity and cyclone shapef@npressure cajculated fort the inlet velocity of 25 m/s aneytare listed in
drop are investigated firstly. Fig. 5 shows thesptee drop in Taple III.

the cyclone according to the inlet velocity fordarcases. It can
be seen in this figure that increasing the inlébeity causes the

40
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Fig. 6 presents the separation efficiency for usidnlet
velocities. As shown in Fig. 67 is increased with the inlet

TABLE Il
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 ciitsafe can be
defined as follows [17],

" = 184(0.Q)
° \27(p, - P)u s (H - S)

wherey,  is the tangential velocity of the gas at the incane
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 ofxsy arez2.5um,1.8um, and1.5um for v, =10, 15, and

20m/s, respectively. Itis also found that if the peldidiameter
is over4um; all particles are separated irrespective of tihet i
velocity. The particles which are entered at irde¢ moved
with the gas phase and if the centrifugal forcestimngly
enough, they are pushed the outside of CS (costndtce, 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 the@si 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 exfiea heavy
particle such as a particle diameter3pin. This means that
small particles flow out with a gas. In additidfigure 7 also
shows that the fractional efficiency is abruptlgased at a

— _A 7 3 Li&
oo s  —
: /
c
@
‘0 0.6
£ [
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5
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—Hml— :\VIn= m/s
[ ]
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Fig. 6 Separation efficiency according to the péetdiameter for
various inlet velocities
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Fig. 7 Fractional efficiency according to the tifoe various particle
diameters

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

cyclone outflows through three different flow pagss during
its downward movement : (1) some particles leaeecttlone
through the entrance of the vortex finder as saotiha particle
enters inside the cyclone, (2) the second passagieat the
particle outflows with a gas flow from the end aietip 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 particlel wrnall

diameter flow into the dust corrector and moshein are flow
out from the corrector because of a small quanfitpoment of
gas in the dust corrector while the large partigleemained at
the corrector.

Fig. 8 shows the separation efficiency for varigasticle
diameters and cyclone shape. For the same padiiaieeter,
the separation efficiency is greater than that asebmodel
(CASE I). In addition, when the particle diametefarger than
5 um, there is no influence on the efficiency irregpexcof the
cyclone shape as shown in Fig. 8. Figure 8 alsashbat the
diameter of the con tip (CASE,ID,y =0.25D (72.%51m }) and

vortex finder (CASE III, D, =0.3D (57mm)) has a significant
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Fig. 8 Separation efficiency according to the petdiameter 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 Igtt, as
explained in Fig. 5. It is also found from Fig. &daFig. 8 that
higher tangential velocity results in larger cefogal force,
which in turn leads to higher separation efficien&n
interesting fact is found between Fig. 5 and Fighat the
pressure drop inside the cyclone is little influetidy the con [3]
tip diameter Diy), whereas it greatly affects on the cyclon%
efficiency. This means the con tip diameter is nsighificant
factor from the performance point of view in theclone
design.

(1]

(2]

(5]

V. CONCLUSIONS (6]

In order to obtain the optimal solutions of the iges
variables of the cyclone separator, the effectiameters of 7
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&&rM)
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 doo¢ also
found that the diameter of the con tiB)(has significant [12]
influence on the efficiency while it has almostinfluence on [13I
the pressure drop. That is, from the performanceyofone
point of view, the con tip diameter is more sigrefiit parameter
than the vortex finder diameter. Due to the trafieb&tween
the conflicting objective functions (i.e., pressuteop and
separation efficiency), the shape optimization todse carried
out in our further study.

(8]
[9]

[10]

[11]

[14]

(18]

[16]
ACKNOWLEDGMENT [17]

This work was supported by the New and Renewabéedyn
of the Korea Institute of Energy Technology Evaioiatand

Kyoungwoo Park:

REFERENCES

D. Leith, W. Licht, the Collection Efficiency of €lone Type Particle
Collectors-A New Theoretical ApproachAIChE Symp. Ser. 68,
pp.196-206, 1972.

A.J. Hoekstra, H.J Derksen, H.E.A. Van Den Akk&n, Experimental
and numerical study of turbulent swirling flow img cyclonesChem.
Eng. Sci. Vol.54, pp.2055-2065, 1999.

A.J. Hoekstra,Gas flow field and collection efficiency of cyclone
separators, Ph.D. Thesis, Technical University Delft, 2000.

J.W. Lee, HJ. Yang, and D. Y. Lee, Effect of cgin shape of a
long-coned cyclone on the stable flow-field estthbinent, Powder
Technology, Vol.165, pp.30-38, 2006.

A. Raoufi, M. Shams, M. Farzaneh, and R. Ebrahidimerical
simulation and optimization of fluid flow in a cysle vortex finder,
Chemical Engineering and Processing, vol. 47pp. 128-137, 2008.

K. Elsayed and C. Lacor, The effect of cyclonetimi&nensions on the
flow pattern and performanceApplied Mathematical Modeling, vol.35,
pp. 1952-1968, 2011.

J.J. Derksen, Separation performance predictiona Stairmand high
efficiency cycloneAl ChE Journal, Vol.49, pp.1359-1371, 2003.

G. Wan, G. Sun, X. Xue, and M. Shi, Solid concdrrasimulation of
different size particles in a cyclone separaRawder Technology, vol.
183, pp.94-104, 2008.

B.E. Launder, G.J. Reece, and W. Rodi, Progretieidevelopment of a
Reynolds stress turbulent closuie,of Fluid Mechanics, vol.68, pp.
537-538, 1975.

B. Zhao, Y. Su, and J, Zhang, Simulation of gasvflpattern and
separation efficiency in cyclone with conventiorsahgle and spiral
double inlet configurationChemical Engineering Research and Design,
vol.84, pp.1158-1165, 2006.

W.C. Hinds Aerosol Technology: Properties Behavior and Measurement
of Airborne Particles, John Wiley & Sons, New York, 1982.
STAR-CCM+ v4.02 Methodology, 2007.

S.V. PatankarNumerical Heat Transfer and Fluid Flow, Taylor &
Francis, 1980.

B. Wang, L.L. Xu, KW. Chu, and A.B. Yu, Numericstudy of gas-
solid Flow in a Cyclone Separatohpplied Mathematical Modeling,
vol.30, pp.1326-1342, 2006.

R. Clift, M. Ghadiri and A.C. Hoffman, A Critiquef @wo models for
cyclone performancel ChE Journal, vol.37, No.2, pp.285-289, 1991.
F. Qian, M. Zhang, An Extended model for deterngnthe separation
performance of a cyclon€hem. Eng. Technol, vol.29, no.6, pp.724-728,
2006.

A.C. Hoffman and L.E. Steitgas Cyclonesand Swirl Tubes: Principles,
Design, and Operation, 2" Ed. Springer, 2008.

Dr. Kyoungwoo Park is currently working at

Planning (KETEP) grant funded by the Korea govemmme Department of Mechanical Engineering in Hoseo Ursitg as a professor. As

Ministry of Knowledge Economy (N&010T100100850).

NOMENCLATURE

K Turbulent kinetic energy
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Berkeley and studied about convection heat trangter CFD. After he came

back to Korea in 2001, he researched and taugtiésts at IDOT of Hanyang

F{i Turbulent production term

AP Pressure drop
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micro/macro thermo/ fluid dynamics, optimizatiomdaCFD. Recently, his

researches are focus on the semiconductor anchgismnufacturing process

Ui Mean velocity component

ui' Fluctuation component ofdirection

UU;  Reynolds stress term

Vi

%
& Dissipation rate of
1] Separation efficiency in Eq.14

Tangential velocity

Coordinate system

M Viscosity

V.  Turbulent eddy viscosity
P Gas density

P, Particle density
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and the aerodynamics and optimization of Wing-lneuad Effect Vehicles.





