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ABSTRACT

Cyclone separation is one of the largely recognireethods of removing
particulate in air, gas or water stream withoutphigbm filters. Cyclone is favourite
separation device in various industries due tositaplicity, inexpensive design and
minimum operational cost. In this research, thiedive is maximizing the performance
of miniature aerocyclone. The performance of aeslmrye can be analyzed by its
collection efficiency and pressure drop. In pastss, expensive and time consuming
experiment were conducted in order to analyze teeopmance of cyclone, but
Computational Fluid Dynamics (CFD) software thaingemplemented in this research
has successfully solve the problem. FLUENT is aroentially available CFD code that
utilizes the finite volume formulation to carry czdupled or segregated calculations. For
the turbulent flow in a cyclone the key to the ssscof CFD lies with the accurate
description of the turbulent behavior of the flovhe simulation methodologies involve 5
steps before the simulation data can be verifietth @kperimental data. The simulation
starts with meshing of miniature cyclone via Gangoiftware. The meshed cyclone was
then transferred into FLUENT software for simulatievhere all the boundary condition
is programmed in the software. After simulation pbeted, the data was then extracted
and converted in the function of cyclone collectiefficiency and pressure drop. The
results show the influence of inlet velocity andt éxbe size on cyclone performance and
significant conclusion were made. The performanmesurbulence model used in the

simulation were then compared.
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ABSTRAK

Pemisahan menggunakan alat siklon adalah salah kssdah yang diakui
sebahagian besar sangat berkesan mengasing pdrtiddra, gas, atau air sungai tanpa
bantuan daripada penapis. Siklon adalah perantisadian lazim di pelbagai industri
kerana kesederhanaan rekaan dan kos operasi yamgumi. Objektif utama kajian ini
adalah memaksimumkan prestasi mini siklon udara gogemakan teknologi
Computational Fluid Dynamics (CFD). Prestasi asikladara boleh dianalisis dari
kecekapan pungutan partikel dan perbezaan tekaiahawh siklon. Daripada kajian
silam, kaedah eksperimen ternyata mahal dan memakasa dalam menganalisis
prestasi siklon. Perisian Computational Fluids Dyits (CFD) yang diimplementasikan
di dalam kajian ini telah berjaya mengatasi mastdatebut. FLUENT adalah kod CFD
sedia ada komersil yang memanfaatkan formulasutésipadu dalam melaksanakan
pengiraan secara pasangan dan mahupun terpisabi lama ketepatan analisa CFD
terhadap aliran turbulen bergantung pada input gatg tepat untuk perilaku turbulen.
Metodologi simulasi melibatkan 5 langkah sebelurta danmulasi boleh disahkan dengan
data eksperimen. Simulasi bermula dengan kaedabkHimg’ model maya mini siklon
menggunakan perisian Gambit. Siklon yang telah e$im\ kemudian dipindahkan ke
dalam software FLUENT untuk simulasi, di mana serkaadaan had diprogramkan
dalam perisian FLUENT. Setelah selesai simulasita deemudian diekstrak dan
diterjemah dalam fungsi kecekapan pengumpulan ddarmepaan tekanan didalam siklon.
Prediksi CFD menunjukkan kelajuan masuk udara darerksi tiub keluar siklon amat
mempengaruhi prestasi siklon, sesuai dengan dafegien. Model turbulen (RSM &
DES) yang digunakan dalam simulasi kemudian dibagid@in prestasinya.
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CHAPTER1

INTRODUCTION

1.0 Introduction

Cyclone separation is one of the largely recognipethods of removing particulate
in air, gas or water stream without help from filt&hese particulates are removed
through spinning, often turbulent, flow of fluidygl a little help from gravity. The device
is called a cyclone. A conventional cyclone lodke ka cylindrical or conical where high
velocity air rotating within it. At the top of theyclone (wide end) air flow as vortex and
end up at the narrow end or the bottom of the ey&ld he air flow then goes out through
top in a straight stream via center of the cyclomeanwhile denser particle in the
rotating stream have too much inertia to follow tiglt curve of the stream and strike the
outside wall, falling then to the bottom of the loye where they can be removed. Within
the conical section of the cyclone the rotatioaalius of stream is reduced whenever the
flow move nearer to the narrow bottom end, thusasdmg smaller and smaller particles.
The outlet flow at the top end often labeled asom#pw meanwhile the outlet flow at
bottom where dust container is placed often labakdinor flow. A cyclone where the

minor flow is pumped out from its container is edllvirtual cyclones

Compared to other gas—solid separation methods) ascfilters, scrubbers, and
settlers, cyclone separators are simpler to coctsteasier to maintain, require lower

capital and operating costs, are more compact, \wrdatile. Especially at high



temperatures and pressures, the cyclone is ofeerority viable economical separation
process (Wang et al., 2010). Cyclones low captat and seldom maintenance operation
make them suitable for use as pre-cleaners for expensive final control devices such
as bag-houses or electrostatic precipitators. @gcloan also be beneficial to human
health. For examples, in a saw-mill or a power pldarge scale cyclone is use to
removed sawdust or coal dust from the air. Bothdsmivand coal dust are dangerous
when enters human respiratory system. In oil refinedustries, large scale cyclone is
used to separate oil and gases meanwhile in candmtries; cyclone is implemented as

one of the component of kiln pre-heaters.

Large cyclones are used to remove patrticles frafustrial gas streams, while small
cyclones (see figure 1.1) are used to separatilpartor ambient sampling (Kim et al.,
2001). With mini cyclone, fine particle as smalldasst can be separated from air. Due to
its size, mini cyclones can be located in varioleegs, making it suitable for analysis
instruments. Small cyclones are in the use of theadled personal cyclones for the
selective sampling of various air-laden respirgideticles in occupational hygiene and
environment control. The cyclones which are usedhase special circumstances are
usually very small in size with the typical workifigw rate of a personal cyclone being
about 2 liter/min in order to sample particles wstja few microns in diameter. Personal
cyclones used in occupational hygiene and envirotrhggiene often use light battery-

operated pumps which are available with a flow tgteo 4-5 liter/min.

\\ " ;.'

Fiur:LMirﬁature Aero-yclone



When engineers want to design a cyclone, theréavayamportant parameters that
need to be considered. These parameters are amiletticiency of particle and pressure
drop across the cyclone. An accurate predictioncyaflone pressure drop is very
important because it relates directly to operatiogts. Higher inlet velocities give higher
collection efficiencies for a given cyclone, buisthlso increases the pressure drop across
the cyclone (Gimbun et al. 2004). Particle sizrihution is also strongly influence the
collection efficiency. Cyclone collection efficieles can reach 99% for particles bigger
than 5um (Silva et al. 2003). Their simple design, low meanhance costs, and
adaptability to a wide range of operating condsicuch as sizes and flow rates make
cyclones one of the most widely used particle remhalevices. By using suitable
materials and methods of construction, cyclones imayadapted for use in extreme
operating conditions: high temperature, high pressand corrosive gases (Gimbun et al.
2004).

1.1 Computational Fluid Dynamics (CFD)

Miniature cyclone will be modeled using ComputasibRluid Dynamics (CFD).
CFD is a computational technology that enablesystfdthe dynamics of things that
flow. Using CFD, one can build a computational mdbat represents a system or device
that is want to studied. The fluid flow physics actiemistry is applied to this virtual
prototype, and the software will output a predictiof the fluid dynamics and related
physical phenomena. Therefore, CFD is a sophisticabmputationally-based design
and analysis technique. CFD software gives the bibjpes to simulate flows of gases
and liquids, heat and mass transfer, moving bodmesltiphase physics, chemical
reaction, fluid-structure interaction and acoustibsough computer modeling. Using
CFD software, one can build a 'virtual prototypgethe system or device that one wish to
analyze and then apply real-world physics and ckiynto the model, and the software

will provide images and data, which predict thef@enance of that design.



The CFD solver does the flow calculations and pecedithe results. Four general-
purpose products: FLUENT, FloWizard, FIDAP, and RGLOW. FLUENT is used in
most industries. FloWizard is the first generalgmse rapid flow modeling tool for
design and process engineers built by Fluent. PQIOAR (and FIDAP) are also used in

a wide range of fields, with emphasis on the mateprocessing industries.

The FLUENT CFD code has extensive interactivityarpes can be made to the
analysis at any time during the process. Thesessane and enable design refines more
efficiently. The graphical user interface (GUI)iuitive, which helps to shorten the
learning curve and make the modeling process fdstsralso easy to customize physics
and interface functions to specific needs. In aoldjtFLUENT's adaptive and dynamic
mesh capability is unique among CFD vendors andksvaiith a wide range of physical
models. This capability makes it possible and sentplmodel complex moving objects in

relation to flow.

FLUENT as a commercially available CFD code utsizéhe finite volume
formulation to carry out coupled or segregated watons (with reference to the
conservation of mass, momentum and energy equatibns suitable for incompressible
to mildly compressible flows. The conservation @ss, momentum and energy in a fluid
flow are expressed in terms of non-linear partiiecential equations that generally defy
solution by analytical means. The solution of thegeations has been made possible by
the advent of powerful workstations, as availabléJniversiti Malaysia Pahang (UMP)
Process Control Lab, opening avenues towards tealaaon of complicated flow fields
with relative ease. Figure 1.2 shows the analystbynamic behaviour of various objects

using CFD software.
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behavior of F1 car, airplane

Fiure 1.2: The applicationsmbf CFD in simulatingndmics
and cyclone separation.

1.2 Resear ch Objectives

The following are the objectives of this research:
1) To evaluates the influence of vortex finder dimensiand inlet velocity on
miniature aero-cyclone collection efficiency andgsure drop
2) Modeling high efficiency miniature aero-cyclone ngiComputational Fluids
Dynamic (CFD)

1.3 Problem Statement

The pressure drops and collection efficiency arelently the most important
features from the point of view of cyclonic opeoati At the end of this research we want
to see the relationship of these two features thighdesign and operating parameters, or
the manipulated parameters. Manipulated paraméterthis research are vortex finder
dimension and inlet velocity. In the past, the omgy to determine the collection
efficiency and pressure drop of cyclone operat®ria experiment. Let say we want to
distinguish the effect of two cyclones with diffatdip diameters towards pressure drop;
experimentally we have to build the prototypes ledse two different cyclones. These

prototypes then operated and pressure across theneyis measured. Finally the data is



compared between the two cyclones before conclasi@nre drawn. These works require
plenty of time and investment moreover if we havangndesign parameters to be tested.
Online Master-sizer and LDA are the instrumentsduse determine the cyclone
collection efficiency and pressure drop experiméntand they are not come cheap.
This is where simulation technology comes in handyver the year, computer and
software technology has advances so much whereeffeet of design parameter on
cyclone can now be simulated with one simple clithus, CFD is fully utilized in this

study to understand the behavior of cyclone sejoarat



CHAPTER 2

LITERATURE REVIEW

2.0 Introduction

With growing concern for the environmental effectgarticulate pollution, it is
becoming increasingly important to be able to oérthe design of pollution control
systems; the separation of solid particles is a¢spired in many industrial processes.
For this purpose, cyclone separators are widelyd wse the most common devices.
Conventionally, cyclone separators have been usegbre-cleaning devices for the
removal of particles bigger than Lén from the carrier gas in both air pollution cohtro
and other processes. Because of their adaptalsiiyple design and low costs in terms
of maintenance, construction and operation, thospesties make cyclones ideal for use

in the various stages of industrial applications.

Due to cyclone effectiveness in industry, numermesearches were conducted
related to influence of cone tip diameter, partidiee distribution, vortex finder
dimension, inlet velocity, cyclone height and opi@g temperature on miniature aero-
cyclone collection efficiency and pressure dropthe last few decades, the majority of
the research on cyclones has focused on large tmalusyclones and a number of
predictive models have been developed which attetoppredict key performance
parameters, such as the characteristics of theaepaefficiency and the pressure drop
across the cyclone. The need to improve the calleetfficiency of a cyclone has existed



since the early 1950, where Linden (1949), Lapp850), and Stairmand (1952) did their
research on particulate removal from contaminatesl gfreams in industrial processes.
Pressure drops across the cyclone plays a grehtnddatermining the performance of
cyclone, where usually researchers conclude thsspre drop change along with
collection efficiency, for example Kim & Lee (199@riffith & Boysan (1996), Kim et
al. (2001), and Chuah et al. (2006).

Miniature cyclone was comprehensively studied whedustrial hygiene
awareness significantly increases in the public &y¢he case of health-related personal
cyclones, more strict standards are enforced amsinidl hygiene than is the situation for
cyclones which are used in industrial processesthisdhas been outlined by Kenny
(1996). In order to model the behaviour of the harbaeathing, personal cyclones are
required to possess a particle size-selection @mefpation/separation) curve which
follows specific sampling convention, for examplee tISO international sampling
convention (Ma et al., 2000). In recent years,eagdeal of effort has continuously been
contributed to the research on small sampling eyedo for example studies made by
Chan and Lippmann, 1977; Liden and Kenny, 1991218@&ercamp and Scarlett, 1993;
Maynard and Kenny, 1995; Kenny and Gussman, 199i& found that most of the
existing predictive models for cyclones are expentally based semi-empirical models
and do not have a profound fluid mechanics badierd&fore, they are often limited in
their use to some special type of cyclones. Thegdesf new cyclones for specific
applications often rely on performing numerous awery costly experimental
investigations. It is not until recently that réaly rapid and accurate methods have
become available to measure the particle sizetdedecharacteristics of small personal

cyclones.



2.1 Studies on Cyclone Performance

2.1.1 Effect of Vortex Finder and Cone Dimension on Cyclone Performance

Vortex finder can also be referred to the exetof the cyclone which is fixed on
the top of the cyclone and itprotrudes some digtanto the body of the cyclone (refer
figure). The vortex finder size is an especiallyportant dimension, which significantly
affect the cyclone performance as its size plagstial role in designing the flow field
inside the cyclone, including the pattern of théeo@and inner spiral flows. Saltzman and
Hochstrasser (1983) studied the design and perfurenaf miniature cyclones for
respirable aerosol sampling, each with a differemmnbination of three cyclone cone
lengths and three vortex founder diameters. loadlzeith (1989) optimized the cyclone
design parameters, including the vortex foundemdi®r, to improve the cyclone
performance using their optimization program. Linak (2003) found that the collection
efficiencies of the cyclones with the cone-shapedex finders varied slightly, thus they
conclude that cone shapes or lengths of cone-shagéek finder are not an important
factor in affecting the particle collection effioges. Meanwhile Kim & Lee (1990)
believes that the exit tube size plays a criticéé rin defining the flow field inside the

cyclone, including the pattern of the outer anceirspiral flows.

inlet pipe
kY

A

- -
vortex finder

air with . —

particles -

-+ particle flow

\ ,
\y 1,/ —  fluid flow

¢ particles
Figure 2.1: Vortex finder of a cyclone
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The cone dimension of a cyclone is actually iefitial on cyclone performance
even though it was usually neglected in many cyelbady dimension researches. The
cone was considered only for practical purpose aivering collected particles into
bottom discharge point. Chuah et al. (2005) prayetone with a smaller cone diameter
result slightly higher collection efficiency compdrto the cyclone with a bigger cone
diameter using CFD simulation. The simulation weoae using two turbulence model,
RNG k- and RSM based on Xiang et al. (2001) experiment.

2.1.2 Effect of Inlet Velocity on Cyclone Perfor mance

Inlet velocity of mixture between gas and partiglas proven influential to
cyclone performance. Inlet velocity can be obtaibgdlividing the volume flow rate of
inlet with inlet area of the cyclone vane. Gimburak (2004) stated that for the identical
size and configuration of cyclone, the higher tlas gnlet velocity is, the sharper the
efficiency would be. However, a very high inlet gty would decrease the collection
efficiency because of increased turbulence andtgatre-entrainment of particles. Kim
& Lee (1990) reported that the collection efficigns seen to increase as either the
particle size or the flow rate increases, wherg tgplied three different inlet velocities
which are 8.8, 12.4 and 18.4 liter/min.

Pressure drop prediction is important as it wifluance the operating cost of
cyclones. As Chuah et al. (2003) cited in theiroreéghat higher inlet velocities give
higher efficiencies for a given cyclone, but thiscaincreases the pressure drop, and a
trade-off must be made. They had calculated thespre drop using 4 different empirical
models such as Shepherd and Lapple (1939), CadaWlartinez (1983), Dirgo (1985),
and Coker (1993) model and subsequently companetudt to experimental value made

by Patterson and Munz, (1989) for the predictiodasrdifferent inlet velocity.
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2.1.3 Effect of Temperature on Cyclone Performance

Effect of temperature on collection efficiency ofctone is one of the most
essential researches. Chen & Shi (2005) analyze fdator, where an experimental
investigation on particle separation was conducte@ 300 mm diameter, tangential
volute-inlet and reverse flow cyclone separatorhwéir heated up to 973 K. They
presents the experimental results on fractionabelsas overall collection efficiencies of
a test cyclone, aiming at better understandingstaration mechanism and improving
the prediction of collection efficiencies at higimtperatures which they found that at the
same inlet velocity both the overall efficiency dnalctional efficiency decrease with an

increase of temperature.

Bohnet (1995) has measured pressure drop and #Hue gfficiency over the
temperature range 293-1123 K since practical egpee shows that the separation
efficiency really obtained is mostly smaller th&attcalculated. A new model into which
a wall friction coefficient depending on the tengtere is introduced and consideration
taken of the re-entrainment of already separatetic/gs together with the boundary
layer flow at the cyclone cover plate, the cyclevedl and along the outside of the vortex
finder leads to measured pressure drops and gffacierecy curves for high temperatures
of a high accuracy. He concluded similar to Che8i& where when temperature is high,

the collection efficiency decrease, so as pressue.
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2.1.4 50% Particle Cut-Off Diameter

Cut-off size of particle diameter can be definedoadicle size at 50% cyclone
collection efficiency. The particle cut-off sizigy of the cyclone are always employed in
the analysis of cyclone performance because ienajfive simple and clear indication of
the particle collection efficiency of the cyclonedathis makes it easy to compare the
performances of cyclones under different operatmgditions or of different geometrical
designs. Previous experimental studies have shalatdan increase in the inflow rate
results in a decrease of cut size diameter (MooMc&arland,1990; lozia & Leith, 1990;
Zhu & Lee, 1999; and Kim & Lee, 1990). Kim & Lee9d0) observed thatls, is
inversely proportional to inlet velocity of cyclaneAs the inlet flow rate increase the
collection efficiency curve become sharper, meanaller dsp According to them, this is
because at given flow rate it is possible to afiarticle cut size diameter without

deteriorating the sharpness simply by adjustingttietube size.

Kim et al. (2001) whose studied on virtual cycldgnmenor flow pumped out at the
bottom) found that compared to conventional cyclongual cyclone showed smaller
50% cut-off diameter under the same operationatlitiom. Subsequently, they correlate
that pressure drop is more dependent to inlet tompared talsp Chuah et al. (2005)
made a CFD prediction afso using two different turbulence modelckand RSM, and
they demonstrated that RSM turbulence model is moceirate method of modeling the
50% cut off diameter with average deviation of ab8ul% of the measured value
compared to 4.9% of RNG k-
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2.1.5 Review on Experimental and Simulation Studies on Cyclone Perfor mance

The need to enhance cyclone performance has sanyasithe early 40’s. Due to
limitation of technology, scientist need to buijictone prototype in order to understand
the influential parameters toward cyclone perforogarwhich prove costly and time
consuming. Nowadays, computer and software teclggdddoom enables researchers to
simulate the dynamic model of cyclone, for examydeg Computational Fluid Dynamic
(CFD) software. Table 2.1 show the summary of erpantal and simulation study made
by several researchers.
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Author Modelling CFD Experiments Remarks
Turbulence Temperaturg  Collection| Pressure | Particle Turbulence | Temperature  Collection| Pressure | Particle Size
Efficiency Differen | Size Efficiency Difference | Distribution
-ce Distribution
Chuah et | Yes No Yes Yes Yes No No No No No RSM turbulence model predi
al. (2006) | Renault cyclone collection efficiency
Stress Model better than RNG ke.
(RSM),
RNG Smaller cone diameter result
K-¢ in higher collection efficiency
Bohnet No No No No No No Yes No Yes Yes High temperature separation
(1995) Light Scattering| efficiency smaller.
High temperature, small
pressure difference.
Altmeyer | No Yes Yes Yes | Yes No No No No No Studies of literature cases show
et al (200 4) Leith and Mothes | Mothes that models used predict pretty
) Licht model and and well the experimental results.
Loffler Loffler
model model

~+
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Nu | Author Modelling CFD Experiments Remarks
Turbulence Temperaturg  Collection| Pressure | Particle Turbulence | Temperature  Collection| Pressure | Particle Size
Efficiency Differen | Size Efficiency Difference | Distribution
-ce Distribution
4 Fassani et| No No No No No No No Yes Yes No The introduction of solid particle
al. (2000) Function Function in the gas flow brought about
of solid of solid reduction in the cyclone pressure
loading loading drop
Pressure drop essentially did n
vary as a function of solid loadin
Increasing separation efficiency
With high concentration of solid
loading
5 | Chenetal] No No No No |No No Yes Yes No Yes The overall collection efficiencieg
(2003) Function of a cyclone decreases with
of increase in temperatures.
temperatu-
re
The critical particle size below
which the fractional efficiency
increases as the particle
size decreases
6 | Reijnenet| No No No No |No No Yes Yes Yes | No Review of gas cleaning method {
al. (1984) HTHP HTHP be used as particulate remover
Gas Gas
Cleaning Cleaning

[]
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Author Modelling CFD Experiments Remarks
Nu Turbulence Temperaturg  Collection| Pressure | Particle Turbulence | Temperature  Collection| Pressure | Particle Size
Efficiency Differen | Size Efficiency Difference | Distribution
-ce Distribution
7 | Wanget | No No No No No Yes No Yes Yes |No Insertion of a stick into the cyclon
separator forms a flow wake regid
al. (2005) Laser Laser that decreases the tangential veloc
Doppler Doppler and increases the RMS velocity a
Velocime- Velocim turbulence intensity.
try (LDV) e-try
(LDV)
8 | Obermair | No No No No |No Yes No Yes No No LDA velocity measurements of
et al the clean gas flow of agas
: LDA cyclone with three different dust
(2003) velocity outlet geometries show that both
measure- the flow in the dust outlet
ments geometry and the flow within the
lower part of the cyclone change|
with outlet geometr
9 | Gimbun et| Yes No Yes No | Yes No No No No No The Li and Wang model and CF
al. (2005) Renault Cut-off code both predict very well the
. Stress Model diameter cyclone efficiency and cut-off
(RSM), prediction size for any operational
RNG k-g conditions
10 | Kimand | No No No No No No No Yes Yes | Yes Exit tube size effect cyclone
Lee Exit tube | 50% cut-off performance significantly
size effect | diameter in the
(1990) function of exit
tube size
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Nu | Author Modelling CFD Experiments Remarks
Turbulence Temperaturg  Collection| Pressure | Particle Turbulence | Temperature  Collection| Pressure | Particle Size
Efficiency Differen | Size Efficiency Difference | Distribution
-ce Distribution
11 | Kimetal. | No No No No No No No Yes Yes Yes Comparison  between  con-
(2001) Cut-off ventional and virtual cyclong
diameter performance
Virtual cyclone has minor flow
pumped out at bottom
12 | Huand Yes No Yes Yes | No No No Yes Yes Yes CFD program Fluent, using RSM
Mec- RSM with Lagrangian | RSM and.DP_M with suitable dis-
land high scheme discrete with cretization schemes, was found to
Farlan discretization phase high properly predict particle
phase model, scheme collection and pressure drop
(2007) DPM discrete-
zation
phas
13 | Tsaietal. | No No No No No No No Yes No Yes Pressure inside the cyclone was
(2004) Function of Cut-off aero- found to have a considerable
cyclone dynamic effect on the particle collection
pressure diameter efficiency

Table 2.1: Review on Experimental and Simulatiosdeches
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2.2 Uses of Cyclone Separ ation

2.2.1 Cyclone Gasifier in Biomass Plant

Electricity generated from biomass is a great a#teve replacing fossil fuels where it
promise high efficiency electricity production alodv emissions and at competitive cost if the
biomass fuel is available at low cost. Gas turbm#ally designed to be used in clean air
environment, but biomass fuel consists of relayiv@igh ash content where ash tends to form
compound with negative effect to plant hardwareElmope research has been made in order to
find a way to clean up the gas producer from bi@naaste. Most of this research is using
Fluidized Bed Gasifier (FBG) that include extensgaes cleaning and high capital investment.
In a gas turbine plant, cyclone gasifier has bessigth in to replace FBG. The cyclone gasifier
was more reliable than traditional fluidized bedifiars due to its simplicity and capability to
cope well with unpredictable variation in its operg environment with minimal damage,
alteration or loss of functionality. The cyclonesdeer fading the necessity of complex hot gas

clean up which reduces system efficiency espediatlgmall plant.

Syred et. al. (2004) stated that cyclone gasifiasva good ash separator, removes
significant quantities of alkalis and enable largere of fuel particles to be used with size
distribution extending from 2 to 3 mm. Syred et. (2004) has developed an inverted cyclone
gasifier coupled to a cyclone combustor in serdrfdirect firing of a small scale gas turbine.
The cyclone gasifier is capable of efficient gasifion, with hot gas clean up, alkali separation
and particle removal incorporated into the systgmmgans of cyclone technology and vortex
collector pocket (VCP). Exhaust gas is then finetb isecondary cyclone combustor capable of

burning variety of fuels with varying calorific wa for firing small gas turbines (less than 2

MW).
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2.2.2 Hydro-Cyclone Separation

Aerocyclone separation is meant to separate psstidf solid and gas phase while
hydrocyclone was created to separate particleslioual suspension based on particles density.
A hydrocyclone may be used to separate solids fiquids or to separate liquids of different
density. The shape is similar to conventional agrlene, normally have a cylindrical section at
the top where liquid is being fed tangentially, andonical base. The angle, and hence length of
the conical section, plays a role in determiningrafing characteristics. Internally, centrifugal
force is countered by the resistance of the liqwith the effect that larger or denser particles ar
transported to the wall for eventual exit at thgct side with a limited amount of liquid, whilst
the finer, or less dense patrticles, remain in itngd and exit at the overflow side through a tube

extending slightly into the body of the cyclondls center

Forward hydrocyclones remove particles that areselethan the surrounding fluid, while
reverse hydrocyclones remove particles that are tesse than the surrounding fluid. In a
reverse hydrocyclone the overflow is at the apak thie underflow at the base. There are also
parallel-flow hydrocyclones where both taeceptandreject are removed at the apex. Parallel-

flow hydrocyclones remove particles that are lighian the surround fluid.

In a suspension of particles with the same denaitglatively sharp cut can be made. The
size at which the particles separate is a functibreyclone diameter, exit dimensions, feed
pressure and the relative characteristics of tinecpes and the liquid. Efficiency of separation is
a function of the solids' concentration: the higtiex concentration, the lower the efficiency of
separation. There is also a significant differencesuspension density between the base exit
(fines) and the apex exit, where there is littlguid flow.If the size range of the particles is

limited, but there are differences in density betwéypes of particles, the denser particles will
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exit preferentially at the apex. The device is ¢fiere a means of selective concentration of, for
example, minerals. Recent studies made by Yoshida €008) where the effect of the multi-
inlet flow injection method of hydrocyclones on fiele separation performance was examined.
They found that cyclone with two inlets flow indied high collection efficiency and sharp
separation performance compared to the standatdngyevhile cyclone with a small additional

flow injection area showed a smaller cut size adlthw rate of the additional flow increased.

Hydrocyclone can be found in pulp and paper mitisrémove sand, staples, plastic
particles and other contaminants, and also popultre drilling industry to separate sand from
the expensive clay that is used for lubricationimythe drilling. Also in the mining industry
hydro-cyclone is used to separate coarse tailirys the fine fraction to obtain good material

for tailings dam construction.

2.2.3 Circulating Fluidized Bed (CFB) Reactor

In the past cyclones were considered as low effttés separator, but advanced design
principles have significantly improved their efaicy, now in excess of 98% at ambient
operating conditions for particle sizes larger tagproximately 5um when these principles were
implement to. The cyclones associated with CFBtoga@re operating within a wide variety of
temperatures and pressures and are subject ty &igérsolids loading due to the applied solids
circulation rate (Velden et al., 2007). The maimt ud the CFB is formed by the vertical riser
where the reaction between solids and gas takes.plde gas—solid suspension leaves the riser
at the top and enters a cyclone which separategathéom the solids. The latter are recycled to
the riser through the downcomer and are re-intreduc the riser by means of a mechanical or a
non-mechanical valve. It is of the utmost imporahar the cyclone to separate the solids very

efficiently to avoid the loss of solid reactantscatalyst.
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CHAPTER 3

RESEARCH METHODOL OGY

3.0 Introduction

Cyclones are devices that employ a centrifugaldarenerated by a spinning gas stream
to separate particles from the carrier gas. Saparatfficiencies of cyclones can be very high for
particle size larger than 5um, can be operatedent kigh gas loading, and well suited for
operation at extreme temperature and pressureo@ygerformance from the eye of an engineer
means two parameters, collection efficiency andsguee drop across the cyclone. Optimum

cyclone separation can be achieved if cyclone ciidle efficiency accurately predicted.

CFD is an acronym for Computational Fluid Dynammmsthe art of using a computer to
predict how gases and liquids flow. CFD has a gmmatential to predict the flow field
characteristics and particle trajectories insicedjclone as well as the pressure drop (Griffith &
Boysan, 1996). The numerical techniques and tunmelemodels that employed in CFD is
capable to solve the complicated swirling turbuéfiow in cyclone. Cyclone simulation began
in 1982, with pioneering work of Boysan et al. whigsed an axis symmetry model and a hybrid
model of turbulence composed of a combination efk{s model and the algebraic stress model.
After that, Pericleous (1987) presented a new syimsmetry model with turbulence prediction
which included the simplification of Prandtl’'s mixe length theory to simulate hydrocyclones.
Duggins and Frith (1987) presented the failurethefk€ model in simulating swirling flows and
proposed a new turbulence model using a combinatiadhe k-s model and the mixture length
model to introduce the anisotropic behavior of Reg/nolds stress. Madsenadt (1994), using a

version of the algebraic stress model of turbulemeesented a new simulation of cyclones,



22

solving the gas phase by the Flow-3D computatiaode e developing the Lagrangian model
for the particles. Meier and Mori (1996), presendedew model of turbulence of the gas phase
considering the anisotropic behavior of the Reysdaless by using a combination between the
k-¢ model and the mixture length theory of Prandtle Tésults were validated by four test cases

from the literature and proved to be satisfactory.

This study represents the prediction of miniatuezoacyclone collection efficiency,
pressure drops and 50% particle cut-off diametergu€FD simulation. At the same time, the
influence of exit tube dimension, turbulence modaisl inlet velocity toward these three
parameters will be concluded based on the CFD giiedi Finally these prediction data will be

verified with experimental data found from literegu

3.1 CFD Modeling Approach

3.1.1 Simulation Procedure

Basically there are 6 steps that need to be follbiweorder to achieve the objectives of
this study. Flow chart below shows the simulatiomcpdures and followed by thorough
explanation of each steps.

(1) (2)

Identification Pre-

3) ) (5) (6)

Numerical S Post-processing Verification of

Model Setup computgthn in fluent CFD model
and monitoring

Physical processing/
Problem meshing

Figure 3.1: Steps for CFD Modelling
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3.1.1.1 Identification of Physical Problem

This is the very first step of CFD simulation whenedeling goals were defined. In the
end of this study, the results we were looking dog the collection efficiency, pressure drop
across the cyclone and the 50% cut-off particlengi@r where these parameters shall define the
cyclone performance. At this initial stage, phykicendel that will need to be included in the
analysis was decided, where the complex swirliog/finside the cyclone demanded turbulence
model to be implemented in this simulation. Simyh§ assumption needed in the simulation
was made, where in order to enable Discrete Phagkelvig (DPM), the particle is assumed to
be sphere. Complex modeling sometimes require enmadeling capability, for example user
define function (written in C) in Fluent 6.0. Thegtee of accuracy and simulation estimated
duration was also decided at this early stage.clioone model configuration is based on Kim

& Lee (1990) experimental cyclone prototype.

3.1.1.2 Pre-processing/meshing

The partial differential equations that governdldliow and heat transfer are not usually
amenable to analytical solutions, except for vargpse cases. Therefore, in order to analyze
fluid flows, flow domains are split into smallertgiomains (made up of geometric primitives
like hexahedra and tetrahedral in 3D and quadrdégeand triangles in 2D). The governing
equations are then discretized and solved insidd e these subdomains. Typically, one of
three methods is used to solve the approximateioversf the system of equations: finite
volumes, finite elements, or finite differenceseTubdomains are often called elements or cells,
and the collection of all elements or cells is@alh mesh or grid. The origin of the term mesh
(or grid) goes back to early days of CFD when nersalyses were 2D in nature. For 2D

analyses, a domain split into elements resemblasecamesh, hence the name.
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The process of obtaining an appropriate mesh {(dj grtermed mesh generation (or grid
generation), and has long been considered a bet#en the analysis process due to the lack of
a fully automatic mesh generation procedure. Speetsoftware progams have been developed
for the purpose of mesh and grid generation, armksacto a good software package and
expertise in using this software are vital to thecess of a modeling effort. Gambit 2.0 software
was used to mesh the cyclone models, where theggndrated was coarse with 36,000 cells, as

shown in figure 3.2..

Figure 3.2: @agrid cyclone mesh
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3.1.1.3 Numerical Model Setup

Numerical model need to be setup before it is gble this study the appropriate physical
model chosen is turbulence model (RSM & DES). Mal¢hat is injected through inlet is define
as mixture, which is actually dioctyl plathlate (BYwith density 980 kg/that enter the
cyclone with air.

Boundary conditions specify the flow and thermatialsles on the boundaries of physical
model. They are, therefore, a critical componerfEldJENT simulations and it is important that
they are specified appropriately. The boundary syt were set for this experiment are as
follow:

* Inlet set as velocity inlet

» Outlet top set as particle escaped

» Outlet bottom set as patrticle trap

* Cyclone wall set as standard wall function

Three different air flow rate is set for this expgnt in order to observe the influence of
velocity inlet toward cyclone performance. The floate chosen by Kim & Lee (1990) are 8.8,
12.4 and 18.4 liter/min. At last the solver conigbketup and convergence monitor is fixed into

the screen, letting knows that the model is readgdlution computation.

3.1.1.4 Solution Computation & Monitoring

After boundary condition has been set, solutionusierically computed by the software.
The discretized conservation equation is solvedtiteely. A number of iterations are usually
required to reach a converged solution. Convergenczach when changes in solution variables
from one iteration to next are negligible and tverall property conservation is achieved. The

residual will provide a mechanism to help monitbisttrend. The accuracy of converged
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solution is dependent on appropriateness and agcwufaphysical model, grid resolution and
independence, and problem setup.

3.1.1.5 Post-processing in Fluent

At this stage, the result is examined to reviewdbleition and extract the useful data. the
data examination is meant to ensure the propentgerwation and correct physical behavior.
High residual may be attributable to only a fewlself poor quality. The collection efficiency
data is extracted using particle track functioflient. Number of particle trapped in out bottom
is divided to total particle tracked at inlet anchés by 100 are the correct way to extract

collection efficiency data.

. .. b ticlet d at bott
Collection Efficiency Zhanber of particte trapped at bottom 4 gy,

number of particle tracked at inlet

The collection efficiency data is extracted at was particle diameters ranging from 1-10
p1m so collection efficiency versus particle diamet@n be built. From that curve, 50% cut-off
diameter data is extracted, 50% cut-off diametgg,isl the particle size at 50% collection
efficiency. The pressure drop can be determinedifylaying static pressure profile at contour
function. The cursor is clicked at inlet point amatlet top point, where pressure of both point

will appear in the screen. Simple manual subtracwdl yield pressure drop across the cyclone.

3.1.1.6 Verification of CFD modd

The final stage of this study requires verificatioinsimulation data with experimental
data collected from literature. In this case, KinlL&e (1990) experimental data for cyclone | &

Il are chosen for verification. Comparison of siatidn data with experimental data will
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determine the accurateness of CFD prediction, wklergation less than 10% is considered
satisfactory.

3.1.2 Cyclone Design

CFD simulation can only be operated with completaBshed miniature cyclone design.
The cyclone simulated in this study is based on Kind Lee (1990) miniature cyclone
specification. Two cyclones were used in this stwdyich only differs on the exit tube
diameters, so the effect of vortex finder dimenstan be analyze. Three different flow rates is
chosen by Kim and Lee (1990) in their experimeriticlv are 8.8, 12.4 and 18.4 liter/min. These
flow rates are also utilized in this simulation ander to observe influence of inlet velocity
toward cyclone performance. Material chosen fog gimulation is dioctyl phlatlate (DOP) with
density 980 kg/rh DOP enter the cyclone with air, some of it collelc& bottom trap while

others escaped at top of the cyclone. Table 1 shbesonfiguration of Kim and Lee (1990)
cyclone.

Cyclone Dimensions (cm)
Body Exit X Y S h H B
Diameter, | Tube
Dg Diameter,
De
I 3.11 0.8 0.71 1.29 3.6 4.5 9.5 15
I 3.11 1.36 0.71 1.29 3.6 4.5 9.5 1.5

Table 3.1: Dimensions of Tested Cyclones
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Figure 3.3: Cyclone Dimension

34 Numerical Modeling of the Cyclone

The miniature cyclone is simulated using softwataeft 6.5, that is available in
workstation in Process Control Lab of Universiti l&lgsia Pahang (UMP). FLUENT software is
sophisticated numerics and robust solvers includingressure-based coupled solver, a fully-
segregated pressure-based solver and two densiggHslver formulations which help ensure
robust and accurate results for a nearly limitiesgye of flows. Advanced parallel processing
numerics can efficiently utilize multiple, multi-c® processors in a single machine and in
multiple machines on a network. Dynamic load balagpautomatically detects and analyzes
parallel performance and adjusts the distributiboamputational cells among the processors so
that a balanced load is shared by the CPUs evem wbeplex physical models are in use.
According to Gimbun et al. (2005) the conservaidmmass, momentum and energy in a fluid
flow are expressed in terms of non-linear partidfecential equations that generally defy
solution by analytical means. The solution of thegeations has been made possible by the
advent of powerful workstations, opening avenuegatds the calculation of complicated flow

fields with relative ease.
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Griffiths and Boysan (1996) state that for the tebt flow in a cyclone the key to the
success of CFD lies with the accurate descriptidheturbulent behavior of the flow. There are
several turbulence models available in Fluent Hrat capable to generate swirling flow in a
cyclone, ranging from industrial standard RNG t6 more advanced model such as Reynold
Stress Model (RSM) and Detached Eddy Simulation§pPEor this study, two advanced model,
RSM and DES are chosen due to its capability amdracy in predicting swirling motion of
particle inside a cyclone. At the end of the sirtialg the prediction data made by these two

models are compared to distinguish each modelspeaince.

3.4.1 Governing Equation for Fluid Flow inside a Cyclone

Fluid flows have long been mathematically descrilbgda set of nonlinear, partial
differential equations, namely the Navier-Stokesiatipns, but, except in a few simple
situations, theoretical solutions to the Navierks® equations are still very difficult to find.
Even with the advent of the modern digital compaiteirect numerical solutions to the Navier-
Stokes equations for the fluid flow of engineeringerest is still not easy. A practical way of
simulating fluid flows in engineering applicatioissto use turbulence models and solve for the
mean fluid velocity and pressure.

It is important to note that most fluid flows inagnes operate in the turbulent fluid flow
regime, whilst some small cyclones may well be afgt in the transition flow regime where
fluid flow structures are different from those wiiexist in a fully developed turbulent flow and

therefore different procedures may be employedhifermodelling of the transition flow.

However, the problem has been limited to a disoussf fully developed turbulent fluid
flows in cyclones. For the steady and incompressihlid flow in cyclones, the following

Reynolds-averaged Navier-Stokes equations are geuhilo
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Navier-Stokes Equation

. ul ap 9 [ (aui auf)] oty
pu daxJ oxt T axJ dxJ oxt dxJ- (1)
Continuity Equation
a_u'l — O 2

where the superscriptsj = 1, 2, 3 indicate the components in the Cartestanordinate system,

U’ p, p and p are the fluid velocity, pressure, density molecular viscosity, respectively, and

™ = —pu'iu'i (3)
is known as the Reynolds stress tensor which repteghe elects of the turbulent fluctuations

on the fluid flow. The overbar represents a Reymodderage and the dash represents the
fluctuating part. For convenience, the overbarstam of the mean fluid velocity' and the
pressurep have been removed in equations (1) and (2) andhenrémainder of this paper.
However, the Reynolds-averaged Navier-Stokes amumt{1) and (2) are not closed unless a
model is provided which ties the Reynolds stressder” to the global history of the mean

fluid velocity u'in a physically consistent fashion.

3.4.2 Turbulence M odd

Reynolds Stress models (RSM) solve for individuaykolds stresses and for the
turbulent dissipatior. The Reynolds Stress model assumes that thergaeithin it contain no
dependence on the Reynolds number of the flow. hewé should be noted that this is not
always true especially at moderate Reynolds numbées central concept of the Reynolds stress
model is that the stress tensoy R determined locally within the cell. The Reym®I8tress
turbulence model yields an accurate predictionvafllow pattern, axial velocity, tangential
velocity and pressure drop on cyclone simulatioReddy, 2003; Fraser, 2003; Fredrikkson,
1999).
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The Reynolds stress model involves calculation h&f individual Reynolds stresses,

pu'u’, using differential transport equations. The imndiial Reynolds stresses are then used to

obtain closure of the Reynolds-averaged momentwmatemn. The exact transport equations for

the transport of the Reynolds stressiag’ may be written as follows:

0( -\, 0 —— d 9 [—
—\ouu: J+— iy uu, + u +o.u —\yu;
o (P} 3l )=~ o+ g g + axi'uaxk T ,)}
Timederivative C; =Convection Dr = Turblentdiffusion Dy ; =Moleculardiffusion
p(ﬁ ou, fanJ p( ou , 0u ou’ ou;
—p Uy —+tuu, — [+—| —+— -2 ——
0%, ox, ) p|lox; 0% 0X, 0X,
R =Stressproduction ¢ =Pressurestrain &; =Dissipatin

-2pQ, (uu Eyn + UL, & )

jo'm “ikm i~'m © jkm

F; =Productiorby systemrotation

The Q, is an angular velocity and both,,, and ¢, are permutation tensors. Of the
various terms in these exact equatio®s, D_;, B, and F;do not require any modelling.
However, D, ;, ¢, and & need to be modelled to close the equations. Tasoreis simply

because the averaging procedure (pf,u, will generate a lot of unknown variables and it

becomes impossible to solve them directly.

The turbulent diffusivity transport term is modelleising a simplified form of the
generalised gradient diffusion hypothesis as:

oluu; )}

Q”_5§{@ 0,

The pressure strain term is modelled as:

o o o 5o e R o)
. ~25k|-c|P-24P
“- p(dx OxJ H 3" b3

whereP = 0.5 is the turbulence production due to shear, anddhstants ar€; = 1.8 and
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C,=0.6.

Thedissipation term is assumed to be isotropic argpsoximated b

o _2

& =—0.¢
[} /L[axk axk 3 1)
The scalar dissipation rate is computed with a rhtvdasport equation similar to the one in

standardk-¢ model.

The difficulties associated with the usethe standard LES models, particularly in -
wall regions, has lead to the development of hylniadels that attempt to combine the
aspects of RANS and LES methodologies in a singjlgtion strategy. An example of a hyb
technique is the DES (Spat et al., 1997 approach. This model attempts to treat -wall
regions in a RANSike manner, and treat the rest of the flow in &€g-like manner. The modt
was originally formulated by replacing the distarioaction d in the Spala-Allmaras (S-A)
model with a modified distance functit

The SA onesquation model solves a single partial differengigliation for a variablVv
which is related to the turbulent viscosity. Theiable vV is identical to the turbulent kinema
viscosity except in the neavall (viscou-affected) region. The model includes a wall desiouc
term that reduces the turbulent viscosity in thg lmyer and laminar s-layer. The transport

equation for DES is:

2
0, 0 (= 1| 0 v ov
—(ov)+—(pvu ) =G, +—| —{(u+ N)— "t +C0 — | |-Y.
ot )5 L) =6, leaxj{('u ‘N)axj} bzp(aX” V

The turbulent viscosity is determined

3

fu X X =

:X3+C31’

< | <1

= oty

wherev =/ is the molecular kinematic viscosity. The productierm,G,, is modelled as:
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v X
—f, f,=1-
S A T (A

Sis a scalar measure of the deformation rate tembarh is based on the vorticity magnitude in

G,=C,oV, S=S+

the SA model. The destruction term is modelled as:

—\2 % ~
v 1+CS, |° 6 v
= — =gl ——w3_ =r+ - = — 4
Y\/ CWIMW(dj ’ fW g|:gﬁ +CV(\313:| ’ g r C:WZ(r r)’ r S(ZdZ ( )
The closure coefficients for SA moéeror! Reference source not found. are C, = 0. 1355

C,, = 0622, o, =§, C,=71C, = %+M, C,, =03, C,, = 20, k =04187.

\

In the SA model the destruction term (eq. 4) ispprtional to (\7/d)2. When this term is
balanced with the production term, the eddy vidgoblecomes proportional tad?. The
Smagorinsky LES model varies its sub-grid-scale§ptarbulent viscosity with the local strain
rate, and the grid spacing is describedvipy, o SN’ whereA = max@x, Ay, Az). If d is replaced

with A in the wall destruction term, the SA model wilk ke a LES model. To exhibit both
RANS and LES behavioud,in the SA model is replaced by:

d= min(d, CdesA)

whereCges is a constant with a value of 0.65. Then the distato the closest wall in the SA

model is replaced with the new length scdldo obtain the DES. The purpose of using this new

length is that in boundary layers wheréar exceeds, then the standard SA model applies since
d=d. Away from walls whered =Cyd\, the model turns into a simple one equation SGS

model, close to Smagorinsky’s in the sense that haike the mixing length proportional 40

The Smagorinsky model is the standard eddy visgcosddel for LES. On the other hand, this
approach retains the full sensitivity of RANS mogbeédictions in the boundary layer. This
model has never been applied to predict the stitae#t flows in the past and so this is an

objective of the current study.
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The finite volume method has been used to disaetie partial differential equations of
the model using the SIMPLE method for pressureseisiocoupling and the Second Order
Upwind scheme to interpolate the variables on thiéase of the control volume. The segregated
solution algorithm was selected. The Reynolds st(BSM) turbulence model was used in this
model due to the anisotropic nature of the turbedein cyclones. Standard Fluent wall functions
were applied and high order discretization schewere also used. The simulation is then solved
with a coupling of unsteady and steady state sslveFLUENT. To calculate the trajectories of
particles in the flow, the discrete phase model NIDRvas used to track individual particles

through the continuum fluid.



3.5 Details on CFD Setting

The details of CFD simulation setting is shown in table below:

Boundary Condition
Inlet

Outlet Top

Outlet Bottom

Cyclone Wall

Viscous
Turbulence

Discretization

Pressure
Pressure-velocity Coupling
Momentum

Turbulence Kinetic Energy
Reynold Stresses

Discrete Phase Modelling (DPM)

Assumption

Velocity

Outflow (particle escape)
Outflow (particle trap)
Standard wall function

Reynold Stress Model (RSM)
Detached EddySimulation (DES)

Presto!

2" Order Upwind
2" Order Upwind
2" Order Upwind
2" Order Upwind

Sphere Particle

Maximum number of Steps (phase 10000

integration)

Table 3.2: Details on CFD Setting

35
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CHAPTER 4

RESULTS & DISCUSSION

4.0 Introduction

The objectives of this study are to understandrtfieence of inlet velocity and exit tube
dimension to miniature aerocyclone performancedctbn efficiency, pressure drop) from data
predicted by CFD simulation. At the same time, genfance of two different turbulence model
implemented in CFD can be analyzed, from view efdption accuracy. Both turbulent models
prediction accuracy can be determined by compasinglation data with experimental data
made by Kim & Lee (1990). This section will presémé result obtain from simulation in the

function of cyclone collection efficiency and pressdrop and result justification.

4.1 Cyclone Collection Efficiency

Cyclone collection efficiency is a great indicatur cyclone performance. These mini
cyclones are operated under ambient temperatureevtemperature change is neglected. Many
applications of cyclone are operated at normal gxatpre such saw dust and grain dust removal
from air. Kim & Lee (1990) presented their expenta data under room temperature, so the
simulation is set at room temperature. There ax gat of cyclone collection efficiency data
presented, where both set differ only in exit tulsmension. Cyclone Il has larger exit tube
diameter than cyclone |, so the exit tube dimengidluience on cyclone collection efficiency

can be observed. The collection efficiency versasigie diameter is plotted for 3 different inlet
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velocities, which are 8.8, 12.4 and 18.4 litre/nktigure 4.1 — 4.3 shows the comparison between
Kim & Lee (1990) experimental data and CFD predictior Cyclone | ( @= 0.8 cm).
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Figure 4.1: Simulated collection efficiencies fank& Lee cyclone | (P = 1 atm, T = 273 K,
vi= 8.8 Ipm, R= 0.8 cm). Data point from Kim and Lee (1990).
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Figure 4.2: Simulated collection efficiencies fankK& Lee cyclone | (P =1 atm, T = 273 K,
vi=12.4 Ipm, @= 0.8 cm). Data point from Kim and Lee (1990).
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Figure 4.3: Simulated collection efficiencies fank& Lee cyclone | (P = 1 atm, T = 273 K,
vi=18.4 Ipm, @= 0.8 cm). Data point from Kim and Lee (1990).

Most of the measurement data are seen to projecticalled “S”- shape curve, with
little scatter. Early observation that can be miadée collection efficiency is seen to increase as
either the particle size or flow rate increaseguf@ 4.4 — 4.6 shows the comparison between
Kim & Lee (1990) experimental data and CFD predictior Cyclone Il (R= 1.36 cm).
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Figure 4.4: Simulated collection efficiencies fank& Lee cyclone Il (P = 1 atm, T = 273 K,
vi= 8.8 Ipm, R= 1.36 cm). Data point from Kim and Lee (1990).
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Figure 4.5: Simulated collection efficiencies fank& Lee cyclone Il (P =1 atm, T = 273 K,
vi=12.4 Ipm, R@= 1.36 cm). Data point from Kim and Lee (1990).
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Figure 4.6: Simulated collection efficiencies fank& Lee cyclone Il (P =1 atm, T = 273 K,
vi=18.4 Ipm, R@= 1.36 cm). Data point from Kim and Lee (1990).

Basically, the two cyclones show the same trendodlection efficiency. Both cyclones
demonstrate that collection efficiency increaseither inlet velocity or particle size increase.
Increasing inlet velocity increases the centrifugate and therefore efficiency, but at the same
time decreases the pressure drops. From Air Patlu€ontrol Technology Handbook by
Schnelle & Brown (2002), increasing gas flow rdteotigh given cyclone will have effect on
collection efficiency such as:

0.5
e (@)
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where Pt is penetration and Q is volumetric flover#&article penetration is equal to 4 —
(particle removal efficiency) and inlet velocityrche determined by dividing volumetric flow

with inlet vane area (a.b).

The efficiency curve becomes sharper as inlet ftate increases. Collection efficiency
curve is seem sharper as the air flow rates inesass shown on figure 4.1 — 4.6. Shape of
collection efficiency curves for a fixed flow raite seem to remain roughly the same regardless
of cyclone body size and exit tube size. Separaiieolids from the gas is due to classification
in the vortex due to centrifugal forces. The céagal force field established by swirling flow
inside the entire cyclone. When centrifugal forcésaon a particle, it causes a radial settling
velocity. This settling velocity is superimposed &y axial flow component. It is obvious that
very coarse particle with high settling velocityllweach the wall and finer particles with a high
settling velocity will reach the wall and finer piates may drag to inner vortex where they are
classify according to cut size and efficiency gradeve. Main volumetric flow rate and the

clarification area will determine whether a pagi@ separated at the wall or not.

From exit tube size prospect, it is observed tlaatigde collection efficiency is found to
decrease with increasing exit tube size. This oladen can be seen in figure 4.7 where the
larger De/D has lower collection efficiency. For shayclone design application the ratio of the
exit tube to cyclone body is kept roughly the saswethe change in particle size with quite big
magnitude is not widely recognized. The influen€ext tube size toward collection efficiency
is seen significant as it manipulate both inner auier spiral flow pattern. If diameter of the exit
tube is large, the flow pattern may not be shapopthe particle may likely exit at the top outlet
without reaching the bottom part of the cyclone.araxit tube size will induce a well defined
outer spiral flow and a small and long inner spil@lv forcing larger number of particle to travel
via bottom part of the cyclone, thus increasing ¢hances of the particles to fall into bottom

trap.
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Figure 4.7: RSM prediction of collection efficienfoyr two different tube sizes, cyclone 1
& 2 for v= 18.4 Ipm.

Separation of particles in the cyclone is duehe tentrifugal force caused by the
spinning gas stream; this force throws particlesvard to the cyclone wall. Opposing this
outward particle motion is an inward drag forcessliby gas flowing toward the axis of the
cyclone prior to discharge. The centrifugal foreveloped inside the cyclone accelerates the
settling rate of the particles, thereby separatiegn according to specific gravity in the medium.
Denser particle is flung to the outer wall of thyelone where the settling velocity is at its lowest
and progresses downwards along the cyclone wadl spiral flow pattern until it exits at the
bottom cone. For smaller particles, the drag faneg/be sufficient to move the particle towards
the center of the cyclone. If the inward drag forgestrong enough, and particles reach the
central flow region where the flow is ascendinggythwill most likely escape together with the
outgoing gas. However, the centrifugal force wiktriease, as the particle is moving towards the
radius of the outlet pipe due to the increaseddatigl velocity. Thus the force on a particle may
balance at some radius where the particle theathtistops its radial movement and revolves in
an orbit with constant radius. Shephred et al. ) 9&ote that particle can also change path due
to secondary effects such as turbulence eddieslbsion with other particles. At the bottom
cone, a reverse vortex begins to form creatingnapoessure zone flowing upwards along the

axis of the cyclone, through vortex finder and atithe overflow.
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Kim & Lee (1990) added extra qualitative experiméatdetermine the location of
particle deposited within the inner structure afy&lone. They've found that large number of
particles deposited in the lower part of the cyeltwody. Particles that move to bottom region of
the cyclone by the downward spiral flow may becaeposited by centrifugal force. Sudden
change in the flow direction in this region will wld cause large particle to deviate from air
stream lines and deposited onto the wall. Someicfestentering the cyclone tangentially
through the inlet tube become deposited on theoogcivall by the impaction mechanism before
fully turning around the annular gap between thi ®be and the inner wall of the cyclone
body. Finally, Kim & Lee (1990) share the agreentéat particle collection in cyclones occurs
mainly by centrifugal force in the main cyclone pagction. So any disturbance on centrifugal

force will definitely reduce the collection efficiey of cyclone.

Both turbulence model predict the expected s-cuveyclone collection efficiency,
where RSM shown excellent agreement with Kim & (£890) experimental data. Fraser (2003)
describe that Reynolds Stress turbulence modetl/iah accurate prediction of swirl flow
pattern, axial velocity, tangential velocity andegsure drop on cyclone simulations. The
thoroughness of this model numerically solving agimas 7 equations, the performance is as
expected. Besides, RSM has been favorite numesapploach among researchers since its
introduction. Meanwhile, DES prediction did follothe‘'s’ shape curve but not as precise and
collection efficiency seldom reach 1 as it supposéen reaching particular particle diameter.
DES inability is due to its incompatibility simulay the multiphase separation occurred inside

the cyclone.

Concept of “saltation” by Kalen and Zenz indicathat, more than just diminishing
return with increased velocity, collection efficignactually decreases with excess velocity. At
velocities greater than the saltation velocity,tipls are not removed when they reach the
cyclone wall, but are kept in suspension as thk tejocity causes the fluid boundary layer to be

very thin.
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4.2 Cyclone Pressure Drop

Pressure drop across the cyclone is a great imdicdtcyclone power usage. Pressure
drops provide driving force that generates gasoigl@and centrifugal force inside the cyclone.
An accurate prediction of pressure drop will dilgctetermine operating cost of a cyclone. In
this study pressure drop of a cyclone is calcudatgressure difference between inlet pressure
and top outlet pressure. Basically, many reseascloeind that cyclone pressure drop is directly
proportional to inlet velocity. The Air Pollutiond@trol Technology Handbook by Schnelle &

Brown gives the correlation between pressure drabiet velocity of the cyclone as:
_ 1 2
AP —2_gc pg Vl NH

whereAP = pressure drop
pg = gas density
Vi = inlet gas velocity

Ny = pressure drop expressed as number of the ieletity heads

The simulations of both RSM and DES models showstrae agreement. Pressure drop
of both cyclone | & Il are both compared with Kim Eee (1990) for two different inlet
velocities as shown in table 4.1. It should be doRSM prediction of both model shows
excellent agreement with experimental data for myttilones while DES prediction shown fair
agreement with experimental with error less tha¥% 3UThis is due to incompatibilities of DES

model in predicting multiphase (air & particle) cliton of the cyclone.
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Cyclone-I Pressure Drop (Pa)

Inlet Velocities RSM M odel DES M odel Experimental
12.4 31.236 37.65 27.4
18.4 69.32 72.33 60.279

Cyclone-11 Pressure Drop (Pa)

Inlet Velocities RSM M odel DESMode Experimental
12.4 16.44 21.4 13.7
18.4 52.7 49.8 43.59

Table 4.1: Fluent predictions for cyclone | & ligssure drop. Experimental data obtained from

Kim and Lee (1990).

The pressure drop was found to decrease withaseren exit tube diameter. If exit tube
size is enlarged until it reaches the diameteryafome body, the pressure drop will increase
again. Kim and Lee (1990), describe that the redlun pressure drop when the exit diameter
become larger happens due to significant portiopressure drops occur inside the exit tube.
When the exit tube diameter too large, the sudderease of pressure drop indicates that energy

loss occurs in the annular gap between exit tudecgolone wall.
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Figure 4.8: Pressure profile of cyclone as simualdtg FLUENT. The dark blue region indicates

the lowest pressure while dark red region inditiaéehighest pressure inside the cyclone.
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Generally, two factors that induce pressure drapsss the cyclone are the wall friction
and the contraction of the inner vortex on entetimg vortex finder. Two parts in the cyclone
contribute the total pressure drops across theongcl The first part is pressure lost in the
separation zone, caused by the friction betweeragdssolid surface. Separation zone pressure
loss contributes about 80% of total pressure ddgpending on tangential velocity, the radius
and the mean axial velocity, the surface areayvaaitifriction. Another 20% of pressure drops is
contributed by pressure loss occurs in vortex finde exit tube section, which being
manipulated in this study. The pressure loss ofexofinder can be determined by relationship

between tangential velocity, the radius and themaea@al velocity in exit tube of a cyclone.

The intention of optimizing cyclone performance das achieved by maximizing the
collection efficiency and reducing pressure dropose the cyclone. Unfortunately, this two
measure usually conflicting with each other, whedferts in increasing collection efficiency will

result in unwanted incremental pressure drop.

4.3 Particle 50% Cut-Off Size

Several methods for estimating cyclone efficienayéhbeen developed. Most of these
methods utilize a particle size term called a 5@&ficle cut size. 50 % particle cut size can be
defined as particle diameter taken when collecafiitiency equals to 50%. Thedcut size
corresponds to a size where 50% of particles smiida dp and 50% of particles larger thegyd
will be collected. 50 % particle cut size is usyaltilized in order to compare an increased
number of the data sets with theories in systenvediygs. As in this study, the effect of exit tube
diameter can be studied usinge.dTable 4.2 shows the comparison between 50% d¢ut-of
diameter between CFD prediction and experimentia big Kim & Lee (1990).
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Cyclone-I 50% Cut-Off Diameter

Inlet Velocities RSM M odel DES M odel Experimental
8.8 5.97 6.5 6.1
12.4 4.5 5.4 4.2
18.4 2.4 4.0 1.806

Cyclone-11 50% Cut-Off Diameter

Inlet Velocities RSM M odel DESMode Experimental
8.8 6.8 5.9 6.6
12.4 5.3 5.3 5
18.4 5 4.8 4.5

Table 4.2: Fluent predictions for cyclone 50% cfitdiameter. Experimental data obtained from
Kim and Lee (1990)

Both model RSM and DES prediction shows excellgre@ament with experimental data,
even though DES still lacking in precision compat@&SM due to its incompatibilities. The cut
50% cut off diameter decreases when velocity irsgeaand at the same time demonstrate that

dsp increases with increases exit diameter. The latbservation supports that efficiency curve

become stiffer with increasing inlet velocity. Sdrow, if the flow rate is fixed, efficiency curve

cease to change even with change in exit diam®teit is possible to alter the diameter particle

without deteriorating sharpness just by simply ating the exit tube diameter.




47

CHAPTERS

CONCLUSION & RECOMMENDATION

5.0 Conclusion

The CFD code predicts very well the collection@éncy, pressure drop and cut-off size
of Kim & Lee experimental miniature cyclone. Twalulence models were used in this study,
the RSM and DES. The RSM model was found to be nolader to experimental data compared
to DES model. DES liability was due to its incombd#ities in simulating multiphase condition
of cyclone separation, in this case between gasdad solids (DOP patrticles). Simulation data
revealed that increases inlet velocity will makdécegncy curve stiffer, or the s¢ become
smaller. With respect to exit tube size, partiabdection efficiency is found to increase when
exit tube size become smaller. It is believed thatexit tube size largely influencing the flow
field inside the cyclone, including the patternté outer and the inner spiral flows. Pressure
drops simulation shown that the pressure drop adtos cyclone to be dependent on cyclone
flowrate. As exit tube increases, the pressure avap found to be decreased. Also, when exit
tube size increased until as large as cyclone bthgypressure drops increase again. Cut-off
diameter was simulated to clearly shows the raighg betweenddand the cyclone exit tube

size diameter which directly proportional.
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5.1 Future Work

There are many more parameter that can affecteifermance of cyclone such as high
operating temperature and pressure, dust loadimg,cgclone body diameters. Every single
parameter can be simulated using CFD. Latest Fleeae for DES model should be use for next
studies to improve its prediction, where perhaps ittcompatibility on predicting multiphase
condition has been overcome. There are many erapimodel created from experimental data
that can successfully predict the cyclone collecedficiency and pressure drop. For example the
Barth and Leith-Licht theories which able to preédfficiencies correctly. The data calculated

then is compare with experimental data and sinmaratiata to verify theories accuracy.
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APPENDI X

Collection Efficiency Data of Cyclone 1

Table Al: Inlet Velocity = 8.8 Ipm
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Experimental Data

Reynold Stress Model (RSM

) Detached Eddy Simulation

(Kim and Lee, 1990) Prediction (DES) Prediction
Diameter Collection Diameter Collection Diameter Collection
particle, Dp, | Efficiency particle, Dp, | Efficiency particle, Dp, | Efficiency
(Lm) (Hm) (Hm)

3.3543 0.0106 3.5088 0.0393 3.9912 0.0706
3.854: 0.123¢ 3.969: 0.148: 4.934. 0.137¢
4.712¢ 0.212: 4.539¢ 0.252: 5.63¢ 0.310:
5.427¢ 0.344¢ 5.394’ 0.374: 6.228: 0.405:
5.977: 0.48¢ 6.074¢ 0.469: 6.9731 0.445:.
6.8082 0.7464 7.0614 0.6412 8.3772 0.5485
8.2314 0.8866 8.4211 0.7717 9.1667 0.6661
9.801 0.9654 9.1667 0.7937 9.8246 0.7291

Table A2: Inlet Velocity = 12.4 Ipm

Experimental Data

Reynold Stress Model (RSM

) Detached Eddy Simulation

(Kim and Lee, 1990) Prediction (DES) Prediction
Diameter Collection Diameter Collection Diameter Collection
particle, Dp, | Efficiency particle, Dp, | Efficiency particle, Dp, | Efficiency
(Lm) (Lm) (Lm)

1.6704 0.0353 3.5088 0.0393 4.005 0.2751
3.307: 0.23¢ 3.969: 0.148: 5.015¢ 0.366:
3.824¢ 0.427: 4.539¢ 0.252: 5.991¢ 0.542:
4.618: 0.694" 5.394’ 0.374: 6.358¢ 0.552:
5.410¢ 0.894. 6.074¢ 0.469: 7.001¢ 0.58¢
5.962: 0.934° 7.061¢ 0.641: 8.526¢ 0.710¢
6.825 0.965 8.4211 0.7717 10.0143 0.7783
8.2381 0.9749 9.9561 0.7745




Table A3: Inlet Velocity = 18.4 Ipm
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Experimental Data Reynold Stress Model (RSM) Detached Eddy Simulation
(Kim and Lee, 1990) Prediction (DES) Prediction
Diameter Collection Diameter Collection Diameter Collection
particle, Dp, | Efficiency particle, Dp, | Efficiency particle, Dp, | Efficiency
(Lm) (Lm) (Lm)
1.0993 0.4318 1.4706 0.3537 2.9945 0.2532
1.790¢ 0.642: 2.011¢ 0.466¢ 3.578¢ 0.374:
3.153¢ 0.937: 3.356¢ 0.594" 4.250¢ 0.47¢
3.739¢ 0.968" 3.898¢ 0.654¢ 4,749 0.526¢
4.630¢ 0.995¢ 4.896¢ 0.754¢ 6.897¢ 0.710¢
6.7611 0.9917 6.8507 0.8693 8.6113 0.8783




Collection Efficiency Data of Cyclonell

Table A4: Inlet Velocity = 8.8 Ipm
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Experimental Data

Reynold Stress Model (RSM

) Detached Eddy Simulation

(Kim and Lee, 1990) Prediction (DES) Prediction
Diameter Collection Diameter Collection Diameter Collection
particle, Dp, | Efficiency particle, Dp, | Efficiency particle, Dp, | Efficiency
(Lm) (Lm) (Lm)

3 0.05 4 0.07 3.5 0.07
4 0.2 5 0.3€ 4 0.1%
4.t 0.t 6 0.7¢4 5 0.t
5 0.8t 7 0.€ 6 0.6:
5.t 0.9t 8 0.9¢ 7 0.7
6 0.97 9 1 8 0.81

Table A5: Inlet Velocity = 12.4 Ipm

Experimental Data

Reynold Stress Model (RSM

) Detached Eddy Simulation

(Kim and Lee, 1990) Prediction (DES) Prediction
Diameter Collection Diameter Collection Diameter Collection
particle, Dp, | Efficiency particle, Dp, | Efficiency particle, Dp, | Efficiency
(Lm) (Lm) (Lm)

3.t 1.00E-01 3.t 0 3.t 0.0t

5 04 4 0.1 4 0.1¢
6 0.64 5 0.3 5 0.3¢
7 0.8 6 0.5t 6 0.t
8 0.8¢ 7 0.6¢ 7 0.6z
9 0.9¢ 8 0.& 8 0.72
10 1 9 0.8t 9 0.7¢
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Table A6: Inlet Velocity = 18.4 Ipm

Experimental Data Reynold Stress Model (RSM) Detached Eddy Simulation
(Kim and Lee, 1990) Prediction (DES) Prediction
Diameter Collection Diameter Collection Diameter Collection
particle, Dp, | Efficiency particle, Dp, | Efficiency particle, Dp, | Efficiency
(Lm) (Lm) (Lm)
4 0.00E+00 4.8 0 4.5 0.05
5 0.06 5 0.05 5 0.2
6 0.24 6 0.25 6 0.4
7 0.51 7 0.4 7 0.52
8 0.73 8 0.55 9 0.6
9 0.82 9 0.65 10 0.65
4 0.00E+00 4.8 0 4.5 0.05

*Pressure Drops and Cut-off diameter data are arma# in section 4.2 and 4.3
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Abstract

Cyclone separation is one of the largely recognimedhods of removing particulate in air, gas orewvatream without
help from filters. Cyclone is favorite separatioavite in various industries due to its simplicitgexpensive design and
minimum operational cost. In this research, theedfje is to maximizing the performance of miniatwerocyclone. The
performance of aerocyclone can be analyzed byoiteation efficiency and pressure drop. In pastligs, expensive and time
consuming experiment were conducted in order tdyaaahe performance of cyclone, but ComputatioRaiid Dynamics
(CFD) software that being implemented in this reseahas successfully solve the problem. FLUENT isommercially
available CFD code that utilizes the finite volufoemulation to carry out coupled or segregateduatons. For the turbulent
flow in a cyclone the key to the success of CFB ligth the accurate description of the turbulertiawéor of the flow. The
simulation starts with meshing of miniature cyclovia Gambit software. The meshed cyclone was thmansferred into
FLUENT software for simulation, where all the boanygl condition is programmed in the software. Afsémulation was
completed, the data was then extracted and comlvertthe function of cyclone collection efficieneynd pressure drop. The
results show the influence of inlet velocity andt éxbe size on cyclone performance and significamiclusion were made. The
performances of turbulence model used in the sitiulavere then compared.
Keywords: Cyclone; CFD; Inlet Velocity; exit tubis; pressure drops; collection efficiency

1. INTRODUCTION When engineers want to design a cyclone,
there are two important parameters that need to be
Cyclone separation is one of the largelyconsidered. These parameters are collection effigie
recognized methods of removing particulate ingas of particle and pressure drop across the cyclome. A
or water stream without help from filter. Theseaccurate prediction of cyclone pressure drop iy ver
particulates are removed through spinning, oftemmportant because it relates directly to operatiosts.
turbulent, flow of fluid plus a little help from gvity. Higher inlet velocities give higher collection
The device is called a cyclone. A conventionakfficiencies for a given cyclone, but this alsoreases
cyclone looks like a cylindrical or conical wheriglh the pressure drop across the cyclone (Gimbun et al.
velocity air rotating within it. At the top of theyclone 2004). Particle size distribution is also strongly
(wide end) air flow as vortex and end up at theavar influence the collection efficiency. Cyclone colien
end or the bottom of the cyclone. The air flow therefficiencies can reach 99% for particles biggentba
goes out through top in a straight stream via cesfte um (Silva et al. 2003). Their simple design, low
the cyclone, meanwhile denser particle in the mogat maintenance costs, and adaptability to a wide rafge
stream have too much inertia to follow the tightveu operating conditions such as sizes and flow ratseem
of the stream and strike the outside wall, fallthgn cyclones one of the most widely used particle reghov
to the bottom of the cyclone where they can beevices. By using suitable materials and methods of
removed. Within the conical section of the cycléime construction, cyclones may be adapted for use in
rotational radius of stream is reduced whenever thextreme operating conditions: high temperatureh hig
flow move nearer to the narrow bottom end, thupressure, and corrosive gases (Gimbun et al. 2004).
separating smaller and smaller particles. The butle CFD is an acronym for Computational Fluid
flow at the top end often labeled as major flonDynamics, or the art of using a computer to predict
meanwhile the outlet flow at bottom where dustow gases and liquids flow. CFD has a great paknti
container is placed often labeled as minor flow. to predict the flow field characteristics and paeti



trajectories inside the cyclone as well as the qunes Fluid flows have long been mathematically
drop (Griffith & Boysan, 1996). The numerical described by a set of nonlinear, partial differainti
techniques and turbulence models that employed gfluations, namely the Navier-Stokes equations, but,
CFD is capable to solve the complicated swirnngaxceptin a few simple situations, theoretical sohs to

turbulence flow in cyclone. the Navier-Stokes equations are still very diffictd
find. Even with the advent of the modern digital
1.1 CFD Approach computers, direct numerical solutions to the Navier

Stokes equations for the fluid flow of engineering
Cyclone simulation began in 1982 Withinterest is still not easy. A practical way of siating

pioneering work of Boysan et al. which used an axidt/d flows in “engineering applications is to use

symmetry model and a hybrid model of turbulencéurbmence models and solve for the mean fluid aiglo

composed of a combination of the k-s model and thand pressure. It is important to note that mosd fllows

algebraic stress model. After that, Pericleous 7198 i3 cyclones operate in the turbulent fluid flow ireg,

ted . i del with turbul whilst some small cyclones may well be operatethe
presented a new axis-symmetry model With tUrbulenGe, qision flow regime where fluid flow structurese

prediction which included the simplification of jittarent from those which exist in a fully devetmb

Prandtl's ~mixture length theory to simulatey,rmylent flow and therefore different proceduresyre
hydrocyclones. Duggins and Frith (1987) presentegmpioyed for the modelling of the transition flow.

the failures of the k- model in simulating swirling However, the problem has been limited to a disoussi
flows and proposed a new turbulence model using Gk fully developed turbulent fluid flows in cycloseFor
combination of the k-s model and the mixture lengtlhe steady and incompressible fluid flow in cyclente
model to introduce the anisotropic behavior of théollowing Reynolds-averaged Navier-Stokes equations
Reynolds stress. Madsenadt (1994), using a version are employed:

of the algebraic stress model of turbulence, pitesken

a new simulation of cyclones solving the gas plmse Navier-Stokes Equation

the Flow-3D computational code e developing the

Lagrangian model for the particles. Meier and Mori_ ;o' ap | @ [ (6u’ 6u/)] + % (1)

(1996), presented a new model of turbulence of tHE o T T o 7

gas phase considering the anisotropic behaviohef t o _

Reynolds stress by using a combination between the Continuity Equation

k-e model and the mixture length theory of Prandtl.

The results were validated by four test cases fitwen ul

literature and proved to be satisfactory. — =0 (2)
This study represents the prediction ofox"

miniature aero-cyclone collection efficiency, prass I P

. . '] where the superscripts | = 1, 2, 3 indicate the
d_rops gnd 50% particle CL.H'Off d'a”.“etef using CF'.%omponents in the Cartesian co-ordinate system,
simulation. At the same time, the influence of exmi’ p, _ andy are the fluid velocity, pressure, density

tube dimension, turbulence mod_els and inlet veJocit, 4 1 olecular viscosity, respectively, and
toward these three parameters will be concludeddas

on the CFD predictionFinally these prediction data i T
will be verified with experimental data from Kimén t~ = —PU'U ©)
Lee experimental studies.

axi | axt

is known as the Reynolds stress tensor which

MODELLING APPROACH represents the elects of the turbulent fluctuations
the fluid flow. The overbar represents a Reynolds
2.1 Governing Equation for Fluid Flow inside a average and the dash represents the fluctuatirtg par
Cyclone For convenience, the overbars on top of the meada fl

velocity ui and the pressurp have been removed in



equations (1) and (2) and in the remainder of this The Q, is an angular velocity and botk,,

paper. However, the Reynolds-averaged Navieh,,,. are permutation tensors. Of the various terms
Stokes equations (1) and (2) are not closed urdess :

model is provided which ties the Reynolds stresd these exact equations, , D ;, R, and F; do not
tensor 7V to the global history of the mean fluid require any modelling. Howevem; ;, ¢, and ¢

velocity ui in a physically consistent fashion. need to be modelled to close the equations. Tre®nea
is simply because the averaging procedurefafu,

will generate a lot of unknown variables and it
2.2 Turbulence modelling becomes impossible to solve them directly.

Reynolds Stress models (RSM) solve for The turbulent diffusivity transport term is
individual Reynolds stresses and for the turbulerffodelled using a simplified form of the generalised
dissipations. The Reynolds Stress model assumes théfadient diffusion hypothesis as:
the factors within it contain no dependence on the _

Reynolds number of the flow. However it should be p, =2 ﬂa(du'j)
noted that this is not always true especially atlenate i ox, | o, 0x
Reynolds numbers. The central concept of the

Reynolds stress model is that the stress tengais R

determined locally within the cell. The ReynoldseSs

turbulence model yields an accurate predictiormofls whereP = 0.5 is the turbulence production due to
flow pattern, axial velocity, tangential velocityndh shear, and the constants &se= 1.8 andC; = 0.6.
pressure drop on cyclone simulations (Reddy, 2003;

Fraser, 2003; Fredrikkson, 1999).

The Reynolds stress model involvesThe pressure strain term is modelled as

calculation of the individual Reynolds strespadu’/,

using differential transport equations. The indiad ——

Reynolds stresses are then used to obtain closure P[&i{ +%]=_qf[u, ,__gﬂ_k}_cz[ﬂ_gﬁp}
L) v tH v

the Reynolds-averaged momentum equation. Th a
exact transport equations for the transport of th

ﬁxj o,

Reynolds stressegu; may be written as follows:

E‘ﬂr‘ﬁ-r’ﬁ- "'+a_-1"ﬂw"”f _.Fz—a—_[puirg.uﬁ p(_a@.ui + )] The dissipation term is assumed to be isotropiciand
A 4 k 4 k

£ — . ‘ _ 5 approximated by:
Thuederivative ¢ _Conysetion Ly = Tutblentdiffusion
_,. 0udu _2
- &=t l=2g,
TR MG T [Tl ax Tax | Hox, ox,
X _ X ) PO 9% M The scalar dissipation rate is computed with a rhode
R, =Stressproduction @ =Pressurestrain & =Dissipatin transport equation similar to the one in the stashéa
¢ model.
-2 ka (u'_ U:n Er F ui’u:‘n g_km) The difficulties ass_ociated yvith the use of th_endmd
. ’ J LES models, particularly in near-wall regions, has

Fi =Productiorby systemrotation lead to the development of hybrid models that gtem



to combine the best aspects of RANS and
methodologies in a single solution strategy.
example of a hybridechnique is the DES (Spalart
al., 1997) approach. This model attempts to treal-
wall regions in a RAN$ke manner, and treat the re
of the flow in an LESike manner. The model w:
originally formulated by replacing the distar
function d in the Spalamimaras (-A) model with
a modified distance function.

The SA oneequation model solves a sing
partial differential equation for a variakV which is

related to the turbulent viscosity. The variaV is
identical to the turbulent kinematic viscosity epte
the near-wall (viscouaffected) region. The mod
includes a wall destruction term that reduces
turbulent viscosity in the log layer and laminab-
layer. The transport equation for DES

2
. 1] 9 & %
S (P, 1= G+ — | ] (4 F) 4+ Tl — | |-,
a " T ij-{(ﬂ ﬁ)axd,} ”p[axj” *

1 ¥

The turbulent viscosity is determined

3

s __X _Vv
= vty fvl_m' X=V
wherev = p/ is the molecular kinematic viscosif

The production ternts,, is modelled a

_ S &= v _ X
Gv = Cblps‘/! S= S+k2—dz fv27 fv2 =1- 1+/\/fvl

Sis a scalar measure of the deformation rate te
which is based on the vorticity magnitude in the
model. The destruction term is modellec

2 s ¥
v 1+Cy
}:;:Cmgfw(g] . fw=8|:gﬁ+c1%3:| . g=r+Cw2'r6—r'_

The closure coefficients for SA modake:

0, =01355, (= 0622, c:r,:%: C,=71.
cwl=%+'1+c~” L C,,=03.C,=20. k=04157.
T,

¥

In the SA model the destruction ter(eq. 4) is

~ 2
proportional tc(V/d) . When this term is balanct
with the production term, the eddy viscosity becs

proportional tod®. The Smagorinsky LES mod
varies its sub-gridgcale (SGS) turbulent viscos
with the local strain rate, and the grid spacing

G2
described byVSGSa A whereA = max{Q\x, Ay, Az).
If dis replaced witl\ in the wall destruction term, tt
SA model will act like a LES model. To exhibit bc
RANS and LES behavioud in the SA model is
replaced by:

d =min({d, C,.4)

whereCgesis a constant with a value of 0.65. Then
distance to the closest wed in the SA model is

replaced with the new length sced to obtain the
DES. The purpose of using this new length is th:
boundary layers wherA far exceedsd, then the

standard SA model applies sind =d Away from

walls whered _CdeA, the model turns into a simg
one equaon SGS model, close to Smagorinsky’s
the sense that both make the mixing ler
proportional toA. The Smagorinsky model is t
standard eddy viscosity model for LES. On the o
hand, this approach retains the full sensitivity
RANS model predictins in the boundary layer. Tt
model has never been applied to predict the st
tank flows in the past and so this is an objectivthe
current study.

The finite voll(fr%e method has been usec
discretize the partial differential equations ofe
modé using the SIMPLE method for press-
velocity coupling and the Second Order Upw
scheme to interpolate the variables on the surédu
the control volume. The segregated solution algor



was selected. The Reynolds stress (RSM) turbulence « Cyclone wall set as standard wall function
model was used in this model due to the anisotropic
nature of the turbulence in cyclones. Standardrflue
wall functions were applied and high order

discretization schemes were also used. The siroulati ' ﬁ " f-—
is then solved with a coupling of unsteady anddstea * () L ! ‘
state solvers in FLUENT. To calculate the trajae®r T._-’ x]—<

of particles in the flow, the discrete phase model
(DPM) was used to track individual particles thrbug
the continuum fluid.

- —— D]

FM+
T A ——

2.3 Cyclone dimension and modelling strategy

Ny
CFD simulation can only be operated with ) ]

completely meshed miniature cyclone design. The  Figure 1. Configuration for cyclone | & II
cyclone simulated in this study is based on Kim and
Lee (1990) miniature cyclone specification. Two
cyclones were used in this study which only diffens
the exit tube diameters, so the effect of vortexidr
dimension can be analyze. Three different flow gate
is chosen by Kim and Lee (1990) in their experiment
which are 8.8, 12.4 and 18.4 liter/min. These flow
rates are also utilized in this simulation in order
observe influence of inlet velocity toward cyclone
performance.

Material chosen for this simulation is dioctyl
phlatlate (DOP) with density 980 kgmDOP enter
the cyclone with air, some of it collected at boito
trap while others escaped at top of the cyclonéleTa
1 and Figure 1 show the configuration of Kim aneLe
(1990) cyclone. The grid used in this study was
generated by pre-processor software, GAMBIT 2.4,
contains contains approximately 36000 cells. The gr
was made of a high quality pure hexahedral mesh to
minimize the turbulent diffusion during the _ _
simulation. Figure 2: Coarse grid cyclone mesh

Boundary conditions specify the flow and thermal
variables on the boundaries of physical model. They
are, therefore, a critical component of FLUENT
simulations and it is important that they are sfpeti
appropriately. The boundary types that were set for
this experiment are as follow:

* Inlet set as velocity inlet

» Outlet top set as particle escaped

» Outlet bottom set as patrticle trap




Cyclone Dimensions (cm)
Body Exit Tube X Y S h H B
Diameter, | Diameter,
Ds
D¢
| 3.11 0.8 0.71 1.29 3.6 4.5 9.5 1.5
1 3.11 1.36 0.71 1.29 3.6 4.5 9.5 1.5

Table 1: Dimension of cyclones | & Il based on Kéniee (1990).

2.4 Detailson CFD Setting

The details on CFD setting is shown in table 2.

Boundary Condition
Inlet
Outlet Top

Outlet Bottom
Cvclone Wall

Viscous
Turbulence

Discrefizati

Pressure

Pressure-velocity Coupling

Momentum

Turbulence Kinetic Energy

Revnold Stresses

Discrete Phase Modelling

(DPM)

Assumption

Maximum number of

Velocity
Outflow

(particle escape)
Outflow (particle trap)
Standard wall function

Revnold Stress

Model (RSM)
Detached Eddy
Simulation (DES)

Presto!

2% Order Upwind
2 Order Upwind
2% Order Upwind
2 Qrder Upwind

Sphere Particle

10000

Steps (phase integration)

Table 2: Details on CFD setting.

3.0 RESULTSAND DISCUSSIONS

The objectives of this study are to understand
the influence of inlet velocity and exit tube dinsem
to miniature aerocyclone performance (collection
efficiency, pressure drop) from data predicted DC
simulation. At the same time, performance of two
different turbulence model implemented in CFD can
be analyzed, from view of prediction accuracy. Both

turbulent models prediction accuracy can be
determined by comparing simulation data with
experimental data made by Kim & Lee (1990). This
section will present the result obtain from simwalat

in the function of cyclone collection efficiency dan
pressure drop and result justification.

3.1 Cyclone Collection Efficiency

Cyclone collection efficiency is a great
indicator of cyclone performance. These mini

cyclones are operated under ambient temperature
where temperature change is neglected. Many
applications of cyclone are operated at normal
temperature such saw dust and grain dust removal
from air. Kim & Lee (1990) presented their

experimental data under room temperature, so the



simulation is set at room temperature. There a@ tw
set of cyclone collection efficiency data presented
where both set differ only in exit tube dimension.
Cyclone 1l has larger exit tube diameter than ayelo
I, so the exit tube dimension influence on cyclone
collection efficiency can be observed. The coltatti
efficiency versus particle diameter is plotted fdr
different inlet velocities, which are 8.8, 12.4 atRi4
litre/min. Figure 3 shows the comparison betweel
Kim & Lee (1990) experimental data and CFD
prediction for Cyclone | ( B= 0.8 cm) for 3 velocity
inlet. Most of the measurement data are seen |1
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projected a so-called “S”- shape curve, with little

scatter. Early observation that can be made is the

collection efficiency is seen to increase as eitier

particle size or flow rate increases. Figure 4 shive
comparison between Kim & Lee (1990) experimenta
data and CFD prediction for Cyclone 11{£1.36 cm)
also for 3 different inlet velocity.

Basically, the two cyclones show the same
trend of collection efficiency. Both cyclones
demonstrate that collection efficiency increase i
either inlet velocity or particle size increase.
Increasing inlet velocity increases the centrifugate
and therefore efficiency, but at the same time

Collection Efficiency
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decreases the pressure drops. From Air Pollution
Control Technology Handbook by Schnelle & Brown
(2002), increasing gas flow rate through given agel

(b)

will have effect on collection efficiency such as:

0.5
(@)

where Pt is penetration and Q is volumetric flovera
Particle penetration is equal to Ij{particle removal
efficiency) and inlet velocity can be determined by
dividing volumetric flow with inlet vane area (a.b)
The efficiency curve becomes sharper as inlet flov
rate increases. Collection efficiency curve is seer
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sharper as the air flow rates increases, as shown ¢
figure 3 & 4. Shape of collection efficiency cunfes
a fixed flow rate is seem to remain roughly the sam
regardless of cyclone body size and exit tube size.
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Figure 3: Simulated collection efficiencies for Kign

Lee cyclone | (P =1 atm, T = 273 K8 0.8 cm) for
different inlet velocities, (a) for 8.8 Ipm, (b)rfd2.4
Ipm and (c) for 18.4 Ipm. .
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Figure 4. Simulated collection efficiencies for KignLee cyclone | (P = 1 atm, T = 273 KB 1.36cm) for
different inlet velocities, (a) for 8.8 Ipm, (b)rf@2.4 Ipm and (c) for 18.4 Ipm..

Separation of solids from the gas is due tdigh settling velocity will reach the wall and fine
classification in the vortex due to centrifugaldes. particles with a high settling velocity will reathe
The centrifugal force field established by swirlingwall and finer particles may drag to inner vortex
flow inside the entire cyclone. When centrifugalc® where they are classify according to cut size and
acts on a particle, it causes a radial settlingaigl.  efficiency grade curve. Main volumetric flow rateda
This settling velocity is superimposed by an alk@ah  the clarification area will determine whether atjuée
component. It is obvious that very coarse partigld  is separated at the wall or not.



From exit tube size prospect, it is observed thgterformance is as expected. Besides, RSM has been
particle collection efficiency is found to decreag¢h  favorite numerical approach among researchers since
increasing exit tube size. This observation casdsn its introduction. Meanwhile, DES prediction did
in figure 5 ¢ = 18.4 Ipm) where the larger De/D hasfollow the‘'s’ shape curve but not as precise and
lower collection efficiency. For most cyclone desig collection efficiency seldom reach 1 as it supposed
application the ratio of the exit tube to cycloreipis when reaching particular particle diameter. DES
kept roughly the same, so the change in partide siinability is due to its incompatibility simulatinthe
with quite big magnitude is not widely recognized.multiphase separation occurred inside the cyclone
The influence of exit tube size toward collection _ ) _ _
efficiency is seen significant as it manipulate Hoot Separation of particles in the cyclone is due to
inner and outer spiral flow pattern. If diametertié the centrifugal force caused by the spinning gas
exit tube is large, the flow pattern may not bergha stream; this force t_hrows_ particles outV\_/ard to _the
so the particle may likely exit at the top outlétheut ~ cyclone wall. Opposing this outward particle motion
reaching the bottom part of the cyclone. Small exi¢ @n inward drag force caused by gas flowing towar
tube size will induce a well defined outer spifaf the axis of the cyclone prior to discharge. The
and small and long inner spiral flow forcing largercentrifugal force developed inside the cyclone
number of particle to travel via bottom part of theAccelerates the settling rate of the particlesrethye

cyclone, thus increasing the chances of the pesti  Separating them according to specific gravity ie th
fall into bottom trap. medium. Denser particle is flung to the outer vell

the cyclone where the settling velocity is at de/ést
and progresses downwards along the cyclone wall in
spiral flow pattern until it exits at the bottomnen For
— De/D=0437 smaller particles, the drag force maybe sufficient
- - -De/b=0257 move the particle towards the center of the cycldine
the inward drag force is strong enough, and pasicl
reach the central flow region where the flow is
ascending, they will most likely escape togethahwi
the outgoing gas. However, the centrifugal forcé wi
\ . \ increase, as the particle is moving towards theusad
0 2 ! 5 B 1 of the outlet pipe due to the increased tangential
Particl Diameter, um velocity. Thus the force on a particle may balaate
some radius where the particle theoretically stigps

Figure 5: Simulated collection efficiencies for Kign radial movement and revolves in an orbit with

Lee cyclone Il (P = 1 atm, T = 273 K,= 18.4 I[pm, constant radius. Shephred et al. (1939) wrote that

De= 1.36 cm). Data point from Kim and Lee (1990). particle can also change path due to secondargteffe

such as turbulence eddies or collision with other

Both turbulence model predict the expected sparticles. At the bottom cone, a reverse vortexrseg

curve of cyclone collection efficiency, where RSMto form creating a low pressure zone flowing upward

shown excellent agreement with Kim & Lee (1990)long the axis of the cyclone, through vortex finde

experimental data. Fraser (2003) describe thand exit at the overflow.

Reynolds Stress turbulence model yields an accurate

prediction of swirl flow pattern, axial velocity, -

tangential velocity and pressure drop on cyclone

simulations. The thoroughness of this model

numerically solving as much as 7 equations, the

1

Collection efficiency
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3.2 Cyclone Pressure Drop

Pressure drop across the cyclone is a great imdioat predicting multiphase (air & particle) condition e
cyclone power usage. Pressure drops provide drivirgyclone.

force that generates gas velocity and centrifugadef The pressure drop was found to decrease with
inside the cyclone. An accurate prediction of puess increase on exit tube diameter. If exit tube sige i
drop will directly determine operating cost of aenlarged until it reaches the diameter of cycloogybh
cyclone. In this study pressure drop of a cyclosie ithe pressure drop will increase again. Kim and Lee
calculate as pressure difference between inlespres (1990), describe that the reduces in pressure drop
and top outlet pressure. Basically, many reseaschewhen the exit diameter become larger happens due to
found that cyclone pressure drop is directlysignificant portion of pressure drops occur inside
proportional to inlet velocity. The Air Pollution exit tube. When the exit tube diameter too latge,
Control Technology Handbook by Schnelle & Brownsudden increase of pressure drop indicates thagene

( 2002) gives the correlation between pressur@ drdoss occurs in the annular gap between exit tulde an

and inlet velocity of the cyclone as: cyclone wall.
Generally, two factors that induce pressure
AP =L pg VE Ny drops across the cyclone are the wall friction el
2g

contraction of the inner vortex on entering thetewr

finder. Two parts in the cyclone contribute theatot
whereAP = pressure drop pressure drops across the cyclone. The first gart i
Pg = gas density . pressure lost in the separation zone, caused by the
Vi = inlet gas velocity ._friction between gas and solid surface. Separation
N = pressure drop expressed as number of the In%ne pressure loss contributes about 80% of total
velocity heads pressure drop, depending on tangential velocitg, th

. : radius and the mean axial velocity, the surface,are
The simulations of both RSM and DES modelsa d wall friction. Another 20% of pressure drops is

sholw th? ;?Pqe agr?ﬁment. Przssqtrr(]a }grOp&OE boé ntributed by pressure loss occurs in vortex firate
cycione aré both compared wi m €€ exit tube section, which being manipulated in this

(1990) for two different inlet velocities as shown .
table 3. It should be noted RSM prediction of botrg:dy' The pressure loss of vortex finder can be

. : etermined by relationship between tangential
model shows excellent agreement with experiment locity, the radius and the mean axial velocitgsit
data for both cyclones while DES prediction shown, o of:alcyclone.
fair agreement with experimental with error lesanth
30%. This is due to incompatibilities of DES modtel

Cyclone-I Pressure Drop (Pa)

Inlet Velocities RSM Model DES Model Experimental
12.4 31.236 37.65 27.4

18.4 69.32 72.33 60.279
Cyclone-Il Pressure Drop (Pa)

Inlet Velocities RSM Model DES Model Experimental
12.4 16.44 21.4 13.7

18.4 52.7 49.8 43.59

Table 3: Fluent predictions for cycldr& Il pressure drop. Experimental data obtainehfrKim
and Lee (1990).



3.3 Particle 50% Cut-Off Size
Both model RSM and DES prediction shows excellent

Several methods for estimating cycloneagreement with experimental data, even though DES
efficiency have been developed. Most of thesstill lacking in precision compared to RSM due t® i
methods utilize a particle size term called a 50 %mhcompatibilities. The cut 50% cut off diameter
particle cut size. 50 % particle cut size can bindd decreases when velocity increases, and at the same
as particle diameter taken when collection efficken time demonstrate thagglincreases with increases exit
equals to 50%. Thesglcut size corresponds to a sizediameter. The latter observation supports that
where 50% of particles smaller theg, @nd 50% of efficiency curve become stiffer with increasingeinl
particles larger then sgl will be collected. 50 % velocity. Somehow, if the flow rate is fixed, efBocy
particle cut size is usually utilized in order tangpare curve cease to change even with change in exit
an increased number of the data sets with thearies diameter. So it is possible to alter the diametetige
systematic ways. As in this study, the effect oit exwithout deteriorating sharpness just by simply
tube diameter can be studied using dable 4 shows adjusting the exit tube diameter.
the comparison between 50% cut-off diameter
between CFD prediction and experimental data by
Kim & Lee (1990).

Cyclone-l 50% Cut-Off Diameter

Inlet Veocities RSM M ode DESModel Experimental
8.8 5.97 6.5 6.1

12.4 4.5 5.4 4.2

18.4 2.4 4.0 1.806
Cyclone-11 50% Cut-Off Diameter

Inlet Veocities RSM Mode DESModel Experimental
8.8 6.8 5.9 6.6

12.4 5.3 5.3 5

18.4 5 4.8 4.5

Table 4: Fluent predictions for cycld@® cut-off diameter. Experimental data obtainednfr
Kim and Lee (1990)

4.0 CONCLUSIONS smaller. With respect to exit tube size, particle

collection efficiency is found to increase whentexi

tube size become smaller. It is believed that tkie e
The CFD code predicts very well the collectiontube size largely influencing the flow field insitlee
efficiency, pressure drop and cut-off size of Kim &cyclone, including the pattern of the outer and the
Lee experimental miniature cyclone. Two turbulencénner spiral flows. Pressure drops simulation shown
models were used in this study, the RSM and DE$hat the pressure drop across the cyclone to be
The RSM model was found to be much closer toependent on cyclone flowrate. As exit tube incesas
experimental data compared to DES model. DE&e pressure drop was found to be decreased. Also,
liability was due to its incompatibilities in sinating when exit tube size increased until as large akbogc
multiphase condition of cyclone separation, in thidody, the pressure drops increase again. Cut-off
case between gas (air) and solids (DOP particlegjiameter was simulated to clearly shows the
Simulation data revealed that increases inlet wigioc relationship betweensgland the cyclone exit tube size
will make efficiency curve stiffer, or thesglbecome diameter which directly proportional.



Notation

a Cyclone inlet height (m)

b Cyclone inlet width (m)

D Cyclone body diameter (m)

De Cyclone gas outlet diameter (m)
H Cyclone height (m)

h Cyclone cylinder height (m)

S Cyclone gas outlet duct length (m)
B Cyclone dust outlet diameter (m)
Py Gas density (kg/m3)

u, v Inlet velocity (m/s)

Re Relative Reynolds number

Co Drag coefficient

Ty Particle response time

Pp Particle density (kg/m3)

lq Gas viscosity (m2/s)

d, Particle diameter (m)

r Radius (m)

Ve Tangential velocity along the path (m/s)
® Angular velocity (rad/s)

m Mass (kg)

Fe Centrifugal force (kg m/s2)

Fq Gravity force (kg m/s2)
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