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Abstract

Abstract

Multiphase flow is a fundamental physical phenomenon prevalent in nature
and industrial processes, and has very wide range of application, such as dust air,
debris flows, sandstorms flow, powder pneumatic conveying, separation and
collection of coal combustion and conversion, other applications where multiphase
flow problem occur include the fluidized bed reactor in the coal combustion,
petroleum processing industry spray combustion, solid propellant rocket nozzle
flow and materials industry.

In industrial applications, we often encounter the phenomenon of separation of
multiphase flow. Many industrial processes, such as coal and waste materials
combustion, mineral processing, food processing, soil remediation, waste treatment,
oil refining, apply the phenomenon of particle separation.

Several technologies, including fabric filters, dust collectors and cyclone
separators can be used for gas-solid separation. Some separators are not suitable for
many industrial applications, but Cyclones play a critical role in separation of solid
particles in a flowing fluid. Cyclones Separators are widely used in many industrial
sectors such as in the petrochemical and process industries to separate dust from gas
steams or for product recovery.

In the last decade, Cyclones separators have been the subject of several
experimental and numerical researches to improve and this involves trying to treat
several parameters involved in modifying the behavior of their efficacy. However,
due to factors, that affect the performance of cyclones and the gas-solid two-phase
flow is extremely complex and then involves many of the basic disciplines of fluid
mechanics, thermodynamics, heat and mass transfer, combustion and rheology.

With the development of computer technology and computational method,
numerical simulation has become one of the most promising methods for studying
gas-solid flows. Continuous improving of the numerical simulation methods has
important significance to further study of the complex mechanism and effect factors
of gas-solid flows. The present contribution aims to add more to the existing
knowledge on the functioning of cyclones which represents one of the most recent
applications of the technique of separation by centrifugal force. The main objective
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of the present research is to study the behavior of dense gas solid separator within
different type of cyclones. The research aims to provide a better understanding of
the effect of cyclone geometry. Two turbulence model and Eulerian-Eulerian
approach will be combined to study and describe the dense fluid flow and the
performance of cyclone. The effect of cyclone geometry, the effect of turbulence
model and the effect of solid concentration on the cyclone separators are
investigate.

The scope covered in the present research is outlined in the following
paragraphs:

(1) Firstly, the numerical simulation of gas and solid flow were performed
using conventional cyclone separator with four types of inlet configuration. In this
section, we used Renormalization group k-epsilon (RNG k-¢) and Reynolds stress
model (RSM) model in Fluent to study numerical simulation of gas and particle
flow in cyclone separator. The turbulent model is verified by comparing the RNG
k-¢ and RSM results in term of gas pressure field, gas and solid volume fraction.
The effects of turbulent model, solid inlet volume fraction and inlet geometry are
investigated based on the velocity components, pressure drop and cyclone
efficiency.

(2) In the second part simulations are relative to the square cyclone separator,
the flow behavior of gas and particles within a square cyclone separator is simulated
by means of computational fluid dynamics. The RNG k-¢ model and the RSM were
used to model gas turbulence, and Eulerian approach to model gas-solid two phase
flow. The flow behavior is examined in terms of tangential velocity components,
static pressure and pressure drop contour plots for flow field and solid volume
fraction. The effects of the turbulence model and solid volume fraction on the
square cyclone are discussed. The results indicate that the pressure drop increases
with increasing solid volume fraction, and increase with increasing inlet velocities
for two turbulence models, moreover, simulations were compared with pressure
field. For all runs, the RSM model gives a higher pressure drop compared to the
RNG k-g& model. The RSM model provides well the forced vortex and free vortex,
and captures better the phenomena occurring during intense vortex flow in the
presence of walls within cyclone separators. The results showed that square cyclone
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with different inlet geometries would increase the pressure drop and decrease the
separation efficiency as function of inlet angle o . Note that the effects of the
cyclone inlet configuration angle on pressure drop and collection efficiency are
opposite. Increasing the inlet width will save more driving power but leads to
reduced collection efficiency.

(3) Finally, The RNG k-g and RSM and Eulerian approach will be combined
to study and describe the dense fluid flow and the performance of cyclone in
horizontal cyclone separator. The effect of two turbulence model and solid inlet
volume fraction based on the distributions of the flows fields, and cyclone
performance were studied and the results illustrated that by increasing of solid
volume fraction the pressure drop in horizontal cyclone increases but the collection
efficiency decreases.

Keywords: Computational Fluid Dynamic; Cyclone separator; Dense gas-solid two
phase flow; Turbulence model; Solid volume fraction.
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Psi,Pso
AP
1.0z
Re

I

Nomenclature

Nomenclature

Cyclone inlet height, m

Cyclone inlet width, m

Exit solid diameter, m

Drag coefficient

Convection term

Cyclone diameter, m

Exit gas (or vortex finder) diameter, m

Turbulent diffusion term

Molecular diffusion

Solid particle diameter, m

Production by system rotation

Generation of turbulence Kkinetic energy due to buoyancy
Generation of turbulence Kkinetic energy due to mean velocity
Buoyancy production

Radial distribution function (.)

Gravitational acceleration, m/s?

Cyclone height, m

Cyclone(or cylindrical ) body height, m

Turbulent kinetic energy, m?/s

Mass flow rate, kg/s

Particle mass, kg

Pressure, Pa

Stress production term

Solid pressure, Pa

Solid pressure at inlet and outlet of cyclone, Pa
Pressure drop between separator inlet and gas outlet, Pa
Cylindrical coordinates

Reynolds number, dimensionless

Radius of free vortex

Exit tube length, m
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Suser User-defined source term

t Time, s

u,v,w Velocity components

u Velocity vector, m/s

Vin Inlet velocity, m/s

Vg, Vs Gas velocity, solid velocity, m/s

Greek letters

a Volume fraction (.)

a Cyclone inlet angle(°)

ok Inverse Prandtl number

a Swirl constant

By Interface momentum transfer coefficient
r Represents the circulation.

A Change in variable, final-initial
€ Turbulent dissipation rate (m?%/s°)
€ij Dissipation

s Solid shear viscosity

g Gas viscosity, kg/m-s

A Solid bulk viscosity

0 Granular temperature, m?/s
Djj Pressure strain

ds Exchange of fluctuating energy
n Collection efficiency

Py Gas density, kg/m®

Ps Solid density, kg/m®

T Stress tensor

® Angular velocity, rad/s
Subscript

g Gas

S Solid

q Gas or solid phase



Nomenclature

Abbreviation

CFD Computational fluid dynamic
CFBC Circulating fluidized bed combustion
DEM Discrete Element Method

DPM Discrete Phase Models

DRSM Differential Reynolds Stress Model
KTGF Kinetic Theories of Granular Flows
LDA Laser Doppler anemometry

LES Large Eddy Simulation

PDA Particle Dynamic Analyzer

RNG Renormalization group

RSM Reynolds Stress Model

VOF Volume of fluid
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Chapter 1 Introduction

1.1 Background of the research

Multiphase flow is a fundamental physical phenomenon prevalent in nature
and industrial processes, and has a very wide range of application, such as dust
air in cement plants, debris flows, sandstorms flow, powder pneumatic conveying,
separation and collection of coal during combustion and conversion, other
applications where multiphase flow problems occur include the fluidized bed
reactor in the petroleum processing industry, spray combustion, solid propellant
rocket nozzle flow and materials industry[1-3].The multiphase flows studied in
this work are composed of gas and particle two phase flow.

In the industry, we often encounter the phenomenon of separation of
multiphase flow. Many industrial processes, such as mineral processing, food
processing, soil remediation, waste treatment, oil refining, apply the phenomenon
of particle separation.

Several technologies, including fabric filters, dust collectors and cyclone
separators can be used for gas-solid separation. The different separators are
suitably used in many different industrial applications. Among them, cyclones
play a critical role in separation of solid particles in a flowing fluid. Cyclone
separators are widely used in many industrial sectors such as in the petrochemical
and process industries to separate dust from gas steams or for product
recovery[4-6]. The different geometrical cyclones, including horizontal cyclone
and square cyclone, are used in coal combustion and solids treatment[7-9]. Their
geometrical simplicity, relative economy in power, and flexibility with respect to
high temperature and pressure explain their suitability in industrial application.

In the last decade, cyclones separators have been the subject of several
experimental and numerical researches to improve its properties[8-14]. Also
different commercial codes for simulations of separators are emerged, including
FLUENT, CFX, BARACUDA, ANSYS, TRANSAT. Theses codes are very
efficient at predicting the behavior of cyclone separators. This involves trying to
treat several parameters involved by modifying the behavior of their efficacy.
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However, there are numerous factors, that affect the performance of cyclones and
the gas-solid two-phase flow is extremely complex and then involves many of the
basic disciplines of fluid mechanics, thermodynamics, heat and mass transfer,
combustion and rheology.

Until now the parameters that affect the performance of cyclone separators
and under which conditions, the appropriate approach of study to most of these
types of devices such as experiments, theoretical models, numerical simulation,
and the possibility of using these devices in new applications are still important
issues to be studied further.

Industrial development has greatly promoted the development of cyclones,
and has resulted in rapid advancement in recent years. The cyclone has
penetrated into many industrial sectors; gas-solid flow related to engineering
design has remained mostly based on the experience level in the past. With the
rapid development of computing technology and numerical simulation methods,
numerical study of gas-solid flow in cyclone separators has reached a new level
and has become the focus of much international academic research.

For a numerical simulation, the simulation codes have become an
indispensable tool for the study of physical phenomena of very complex
geometry. It requires a short time to find out some details that can be very
expensive in experimental cases. There are codes widely used by the researchers
and in industry.

1.2 State of the art of gas-solid cyclone separators
1.2.1 Cyclone separators: A state of the art review

Several investigations have been carried out in the last decade to improve
the cyclone performance. Among these, Stairmand presented one of the most
popular design guides which suggested that for the design of a high efficiency
cyclone, the cylinder height and exit tube length be, respectively 1.5 and 0.5
times the length of the cyclone body diameter and several researches have been
done in a Stairmand high efficiency cyclone[6, 15-21].

Bhattachary et al.[18] developed a systematic approach for building
numerical relationships, accurate to engineering requirement, between the
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geometrical and flow parameters of an industrial cyclone and the misplacements
that quantify its field performance. Firstly, CFD solution using multi-phase Large
Eddy Simulations of the complex flow within the cyclone is obtained, followed
by Monte-Carlo simulations of particle trajectories on this baseline CFD solution
under stochastically varying flow and particle parameters, to functionally relate
the misplacements to these parameters and by antecedence to the cyclone
geometry. This coupled CFD-Monte Carlo approach can be used to arrive at
improved designs of cyclone geometry and optimal operating process parameters
through numerical experimentation, leading to greater efficiency of separation
and throughput.

Oshitan et al.[19] applied the dry density-segregation in a gas-solid
fluidized bed to separate particulate iron ore. They founded that the density and
size-segregation is dependent on the air velocity, and the density-segregation
results in an iron concentration dependence on the height. Also the dry
density-segregation has a potential for the upgrade of the particulate iron ore.

Safikhani, Akhavan-Behabadi, Shams, and Rahimyan [20] obtained detailed
flow information by CFD simulation within three standard cyclone separators
with different geometries. They discussed the effects of different geometrical
parameters on pressure drop and cut-point.

Lim, Kwon and Lee[21]study the characteristics of the collection efficiency
for double inlet cyclone with clean air. They conceived and deisgn a double inlet
cyclone to evaluate the performance of double inlet cylone at various clean air
flow rates. In their study, the collection efficiency of the double inlet cyclone was
found to be 5-15% greater than that of the single inlet cyclone. Their study
represents the firs trial examining the effects of clean air introduction to a
cyclone and they ecvaluate.

Cyclone is a key part for the circulating fluidized bed (CFB) boiler which
has great effects on the combustion efficiency, the circulation rate and the
desulfurization efficiency by the circulation of the solid particles in the furnace.
The traditional circular cross-section cyclone was commonly use as conventional
cyclone separator for the CFB boiler. With the development of large CFB boiler,
the huge body of the conventional cyclone became a major shortcoming because
of the thick refractory wall that needs a long period to start the boiler.
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Compared with the traditional circular cross-section cyclone, a Square
cyclone has more advantages over the conventional cyclone, due to several
reasons such as convenience in construction, easier membrane wall arrangement,
shorter start-stop time, and easy integration into the boiler (Lim Jwon and
Lee)[21]. Several experimental investigations and numerical simulation have
been made to improve the square cyclone performance.

Among these, Darling[23] reports that Ahlstrom Pyropower Company
developed a square water-cooled cyclone separator with upward exhaust exit for
high temperature separation and applied to its compact CFB boiler design. Lu et
al.[24] developed and patented a water-cooled square cyclone separator and
applied it to CFB boiler design successfully in China. Su and Mao
[25]investigated another type of water-cooler square cyclone separator by PDA
experiment, which paces the gas exhaust at the bottom of the separator instead of
at the top.

A new kind of cyclone with symmetrical spiral inlet including (SSI) direct
symmetrical spiral inlet (DSSI) and converging simmterival spiral single inlet
(CSSI) was developed by Zhao et al.[26], and the effects of these inlet types on
cyclone performance were tested and compared. Experimental results show the
overall efficiency the DSSI cyclone and CSSI is greater by 0.15-1.15% and
0.40-2.40% than that for CTSI cyclone, and the grade efficiency is greater by
2-10% and 5-20%. In addition, the pressure drop coefficient is 5.63 for DSSI
cyclone, 5.67 for CSSI, and 5.55 for CTSI cyclone. Despite that the multiple inlet
increases the complicity and the cost of the cyclone separators, the cyclones with
SSlI, especially CSSI, can yield a better collection efficiency, obviously with a
minor increase in pressure drop. This presents the possibility of obtaining a better
performance cyclone by means of improving its inlet geometry design.

Other authors reported the application such a separator to commercial CFB
boiler[27]. A square separator with particle accelerating inlet was developed by
Tsinghua University. The author recently designed and patented a cooling type of
square cyclone separator with double inlets[28] and have provided some
improvements of both higher separation efficiency and lower pressure drop by
experiment[29]. Other authors find that the shape and structure of cyclone
determine its performance.
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The effect of the cylinder shape and size influence the shape of the
core-annulus interface inside the cyclone was numerically studied by Lee et
al.[30] which then determine the overall flow and collection characteristics.
Bernado et al.[31] calculated by CFD method the effect of inlet section angles in
relation to the cyclone body on the separation efficiency and found that the
efficiency is improved when the inlet section angle is 45< compared with the
normal inlet. Qian et al.[3] studied the experimental and numerical study of a
prolonged cyclone with an attached vertical tube at the bottom of the dust outlet
and found that the length of the vertical tube influenced the efficiency and
pressure drop.

A type of square cyclone separator with downward-exhaust exit was
developed and granted a Chinese patent. Its separation efficiency was shown as
good as that of the traditional cyclone of circular cross-section separator and its
particle cut-diameter was around 15 um[32]. The gas-solid suspension flow in a
lab-scale square cyclone separator with downward gas-exit was measured by Su
and Mao[25]. All of the above mentioned research results indicate that the square
cyclone separator used in CFB boiler has high collection efficiency[34].

1.2.2 Description and geometry of cyclone

Traditional cyclone separator has a circular cross section and tangential or
helical inlet and has been widely studied by many authors both experimentally
and numerically[22, 33-37]. Fig.1-1 shows the basic principle of cyclone
separator is forcing of the particle-laden gas into a vortex, where inertia and
gravitation forces effect particle separation. Among existing cyclones and diverse
cyclonic equipment, there is a basic model that at once has been used by industry
exhaustively: The inverse flow cyclone.

In this device, the fluid enters tangentially into the cylindrical chamber with
high rotational component. The flow descends rotating near the wall, until a
certain axial location where the axial velocity component reverses itself, thus
making the flow to ascend. This is referred to as the vortex end position. The
ascension proceeds near the cyclone axis and, since the flow rotation continues, a
double vortex structure is formed, as shown in the figure. The inner vortex finally
leads the flow to exit through a central duct, called the vortex finder. The vortex
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finder protrudes within the cyclone body, which serves to both shield the inner
vortex from the high inlet velocity and stabilize it. It also worth to mention that
inversion leading to this peculiar flow structure is apparently originated to the
pressure field inside the cyclone, and not directly influenced by the conical shape
or the geometrical length.

Vortex finder .&,

aI ) )

s
v

Downward

! L Upward
outer region

mner region

@

4) v

+“—r
B

(a) (b)
Fig.1-1: (a) Qualitative drawing of the principle of operation and flow patterns in cyclone.
(b) Main parts and dimensions of an inverse-flow cyclone: (1) cyclone body, (2) conical part,
(3) inlet duct, (4) exit duct, (5) vortex finder[36, 37]

In the gas-solid separation in cyclone, the solid particles, denser than the gas,
are subjected to a high centrifugal force, which directs them to the walls, where
they collide, lose momentum and become disengaged from the flow[36, 37] The
solids thus separated descend sliding on the conical wall and are collected or
extracted at the lower part. This mechanism obviously suffers from a number of
imperfections: small particles that follow the gas, particles that rebound and are
re-entrained and direct re-entrainment or by-pass at lowest conical section, near
the inversion zone, at the vortex finder lip, and all along the inner/outer vortex
boundary. All these factors add up to the variables that affect the centrifugal force
(mainly geometry and inlet velocity), to make the collection efficiency of cyclone
highly variable.
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Fig.1-2 Main inlet arrangements: (a) tangential, (b) scroll, (c) helicoidal, (d) axial[40]

Table 1-1 Relevant geometric dimensions of several standard cyclone designs[42]

Name/type Dc De S H h a b B
Muschelknautz E 680 170 311 934 173 173 58 228
Muschelknautz D 357 119 318 863 262 187 54 195

Storch 4 260 117 176 1616 909 260 38 91
Storch 3 192 107 200 821 462 167 60 92
Storch 2 225 108 239 1097 464 188 53 84
Storch 1 365 123 142 1943 548 100 100 64
Tengbergen C 337 112 145 930 187 100 100 112
Tengbergen B 210 112 224 604 324 179 56 112
Tengbergen A 277 112 157 647 180 135 74 202
TSN-11 348 136 242 959 219 184 54 154
TSN-15 266 158 350 1124 589 166 60 119
Stairmand high efficiency 316 158 158 1265 474 158 63 119
Stairmand high flow 190 141 165 755 283 141 71 71
Van Tongeren AC 325 100 325 1231 436 149 67 130
Vibco 286 11 124 720 228 111 90 66

Lapple GP 283 141 177 1131 566 141 71 71
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Actually, the centrifugal force (or any other parameter of the gas dynamics)
can only explain the separation of solids in dilute flows. It is well known that
above a certain solids loading, particle are collected as soon as they enter in the
device, forming dust strands that descent helicoidally along the walls. The
centrifugal force only acts upon the remaining dust, usually a small fraction of the
total solids mass flux[38-40].

There are several systems to insert the flow into the cyclone with a high
tangential velocity component; some inlet designs are shown in Fig.1-2. Most
frequent are the tangential and the scroll configurations. The scroll inlet is usually
designed to wrap around up to 180<of the cylindrical cross-section.

Higher arcs are not used, because they are ineffective and unnecessarily
increase pressure drop[43], although shorter ones are not unusual. Depending on
their use and particular properties of the dusts, many different cyclone designs
have been developed over the years. As an example, Table 1-1 shows sixteen
different designs of the same inlet area (0.01m?) performing the same duty at given
inlet velocity, as compiled in the monograph by Hoffmann and Stein[42].

1.2.3 Performance characteristics of cyclone separators

From an engineering point of view, cyclone performance is measured by
collection efficiency (the fraction of solids separated) and pressure drop. Those
two parameters are the direct outcome of the development inside the device, in
turn described by the velocity, solids concentration and pressure fields. Give the
wide range of solids loadings that cyclones are suitable to handle, the flow is
generically biphasic; interaction between particles and two ways coupling can
only be neglected for low concentrations of solids. In spite of this, traditional
cyclones models proceeded from clean-gas velocity measurements, through
explanation and correlation of the observed profiles, to arrive at relatively simple
formulations of measured efficiency and pressure drop.

A large amount of literature is available describing various theories related
to cyclone separator. Numerous scientists explore various methods in order to
describe theories of particle collection in cyclone separators, but it is generally
agreed that separator efficiency and pressure drop are the two main performance
characteristics of a cyclone separators.

The separation efficiency{#n}is the ratio of the mass fraction of solid
particles separated at the bottom of the cyclone and the total fraction of particle
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has it entrance. Its complement, based on the particle mass fraction at the outlet,
can also be used. This approach allows evaluation of separation efficiency based

on the overall mass flow[42]

n=ﬂ=1_ﬂ= M, (1-1)
m; m; m, +m,

where m. and m, are the masses of the lost and collected particles fraction
respectively, and where m; =m_+m,, the mass balance for particles over the
cyclone.

A more significant parameter is the partial separation efficiency. It can
detect the contribution of each particle group of different sizes. The global
separation efficiency here is the cumulative distribution function of the partial
efficiencies. It allows assigning a probability of particles separation according to
their sizes, by defining a cutoff diameter d., as the particle size assigns equal
probabilities to be separated or carried by the fluid stream, we can judge the
separation efficiency of cyclone. Cyclones assigns diameters smaller cutoff are
considered more effective.

The pressure drop is one of the two important parameters in the cyclone
separator. Many researchers[43-49] have developed different procedures to
estimate the pressure drop of cyclone. Most of the procedures, however, are
empirical and suitable only for pure gases, low solids mass and not very
satisfactory in generality applications. Additionally, the pressure drop of a
cyclone under the condition of dust-laden gases or high temperature gases is of
importance, and it is much different from that under the condition of normal and
pure gases.

Briggs[50] found that the pressure drop decreases with an increase of the
dust loading. Muschelknautz et al.[48], Yuu et al.[51], Hoffmann et al.[52] and
Luo et al.[55], not only verified Briggs’ findings but also discovered other
interesting phenomena from experiments. For example, Muschelknautz et al.[48]
and Luo et al.[53] found that pressure drops with the rise of the dust loading until
one turning point is reached at which the pressure begins to increase. For the
determination of the pressure drop of cyclones working at elevated temperature,
only very little experimental data have been reported, which are insufficient for a
correct evaluation of the temperature effect on the pressure drop. Bohnet et al.[54]
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that either the pressure drop or drag coefficient decrease with an increase of gas
temperature. Xu et al.[55] and Chen et al.[56] also confirmed such an
observation.

Generally, the pressure drop over a cyclone is the difference of static
pressure between the inlet and outlet, which can be written as:

AP = Psi - Pso (1-2)

The static pressure at inlet cross-section is uniformly distributed because
there is no swirling motion. It can be easily measured with a pressure tapping in
the wall. However, the static pressure at the outlet wall is quite different from its
cross-sectional average due to the strong swirling flow. The dynamic pressure
stored in the swirling motion can be significant. The determination of static
pressure downstream of cyclone, hence pressure drop, becomes more
complicated and difficult. In the past, this problem has been approached in
several ways. Stairmand[46] presumably measured the static pressure at the
outlet wall immediately downstream of cyclone as he ignored the influence of
swirl. Shepherd and Lapple[43] discharged the gas directly from the cyclone to
atmosphere (taking the downstream pressure as the ambient pressure). Meissner
and Ldfler[57] measured the static pressure after a flow rectifier. Hoffmann et
al.[52] observed that the static pressure at outlet wall is close to the static
pressure that would be measured after an ideal rectifier. Therefore, the static
pressure at the wall of the outlet tube minus the static pressure at the inlet gives
the true dissipation loss or the pressure drop of a cyclone. The latter three
methods have been widely used in research and engineering practices. In addition,
the pressure drop in this study is defined as Eq. (1-2) and taken in way similar to
that of Meissner and L&fler[57].

1.2.4 Parameters affecting the performance of cyclone

Various factors are observed to affect the cyclone performance and have
been reported in many articles. The geometry, flow regime and fluids properties
are three groups of parameters that affect the performance of cyclone separator.

The effect of cyclone inlet dimensions on the flow pattern and performance
have been numerical investigated by Khairy Elsayed and Chris Lacor[96] using
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the RSM for five cyclone separators studied. The results show that, the maximum
tangential velocity in the cyclone decreases with increasing the cyclone inlet
dimensions. No acceleration occurs in the cyclone space, the maximum tangential
velocity is nearly constant throughout the cyclone. Increasing the cyclone inlet
dimensions decreases the pressure drop. The cyclone cut-off diameter increases
with increasing cyclone inlet dimension (consequently, the cyclone overall
efficiency decreases due to weakness of the vortex strength). They reported that
the effect of changing the inlet width is more significant than the inlet height
especially for the cut-off diameter. The optimum ratio of inlet width to inlet
height b/a is from 0.5 to 0.7.

Zhao et al.[58] have numerically investigated the effect of cyclone inlet on
the performance of cyclone separator. They compared the performance of two
types of cyclone with the conventional single inlet and spiral doublet inlets using
Reynolds stress turbulent model. The results show that the new type cyclone
separator using adding spiral double inlets can improve the symmetry of gas flow
and enhance the particle separation efficiency. While their finding is for double
inlets cyclone, but it support the importance of the effect of inlet section
dimensions on the performance of cyclone.

The significant effects of the cyclone inlet dimensions on the cyclone
performance have been acknowledged by researchers[59]. For two inlets cyclone
separators, Zhao et al.[58] reported the possibility of increasing the cyclone
efficiency without significantly increasing the pressure drop by improving the
inlet geometry of cyclone. Many researchers have tested the effect of inlet
section angles Qian and Zhang[60] computationally investigated the effect of the
inlet section angles. The pressure drop of the cyclone decrease to 30% lower
value than that for conventional cyclone, if the inlet section angle becomes 45<
However, Qian and Wu[61] reported only 15% reduction in the pressure drop for
45< Moreover, researchers have carried out many investigations on the effect of
cylinder height and diameter, the cone opening size, the exhaust diameter, length,
insert depth, offset and turbulence intensity and boundary layer on the separation
performance.

An account of some important factors presented by Schnell and Brown[62]
is presented here. Inlet velocity is prime factor affecting the pressure drop and

-25-



Dissertation for the Doctoral Degree in Engineering, HIT

the cyclone efficiency. Efficiency increases with increase in velocity as
centrifugal force increases but this also increases the pressure drop, which is not
favorable. With decrease in viscosity, efficiency increases. This is due to
reduction in drag force with reducing in viscosity. Decrease in temperature will
increase the gas density. One may be tempted to conclude that this will increase
efficiency as viscosity decreases. However, increase in temperature also
decreases the volumetric flow rate and thereby decreasing efficiency.

Another important factor affecting the efficiency is particle loading or
concentration of particle. The collection efficiency and pressure drop are strongly
influence by inlet particle concentration. Guangcai et al.[63] found that there was
a small increase of collection efficiency with increasing particle concentration.
Sujeet Kumar Shukla et al.[64] correlated data from several literatures and
reported an increase in collection efficiency with particle concentration
increasing in the range of 2.3 to 228.8g/m°. With using optical counting
technique to measure particle size on-line, Mothes and L&ffer[65] found that the
grade efficiency curve remained essentially unchanged at varying particle
concentrations even though the overall efficiency increased[66].

1.3 Gas-solid two-phase flow modeling: A state of the art
review

Particulate solids are separated from gas streams for a variety of reasons. In
some instances, the interest is in the recovery of solids as a product, e.g.,
following a milling operation for which a combined classification and separation
is often required[67]. In other cases, the emission of fine particulate solids and
dust from a unit operation may be excessive and, therefore, a reduction and
control of particulate level is required for the protection of subsequent process
equipment or for the environmental emission[68-69]. Typical particulate effluent
from a pilot-scale fluidized bed combustor is shown, together with upper limits
of allowable emission to atmosphere, and of the inlet dust tolerance of high
performance gas turbines, Funk et al.[70]. An overview of the principles of
gas-solids separation is given many literature reviews.
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1.3.1 Turbulence model

For the turbulence flow in cyclones, the key to success of Computational
Fluid Dynamic lies with the accurate description of the turbulent behavior of the
flow[27]. To model the swirling turbulent flow in a cyclone separator, there are
number of turbulence models available in Fluent. These range from the
standard k-¢ model to more complicated Reynolds stress turbulence model
(RSM). Also large eddy simulation (LES) methodology is available as an
alternative to the Reynolds average Navier-Stokes approach.

Many researchers have investigated selection of a suitable turbulence model
for the highly swirling flows. The standard k-g, renormalization group k-epsilon
(RNG k-¢) and Realizable k-¢ models were not optimized for strongly swirling
flows found in cyclone separators[71, 72]. Both the standard k-¢ and
RNG k-¢ turbulence model give unrealistic distribution for the axial velocity
profiles (upward flow close to the wall)[33, 34], only the RSM is capable of
predicting the combined vortex in accordance with the experimental data. The
successful application of the RSM turbulence model for different studies in
cyclone separators has been reported by many researchers and has been reported
in many articles[8, 14, 58, 71, 73-75].

The RSM requires the solution of transport equations for each of the
Reynolds stress components. It yields an accurate prediction on the swirl flow
pattern, axial and tangential velocity; cut-off diameter and pressure drop in
cyclone simulations[30, 35, 76-77].

1.3.2 Gas-solid two phase flow model

Dispersed two-phase flows can be classified according to the importance of
interaction mechanism[78, 79]. Fig. 1-3 shows an elementary and practical sketch.
Generally, two different regimes are distinguished, depending on the existence of
mutual, significant interaction between particles: dilute and dense two-phase
flow.

The approximate borderline is a volume fraction a, ~10~, which translates
generically as an inter-particle spacing L/d, ~8. Within the dilute regime, all the

influence of particles on the gas can be neglected for o, <10°(L/d, >80), which
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is known as “one-way coupling”; for higher volume fraction, it needs to be
accounted for (“two way coupling”). Aside from obvious issues of volume and
continuity, the generic flow feature most affected is turbulence. In the dense
regime a, >107°, L/d, <8, inter-particles become of importance, both physical
collisions and indirect influence through the nearby flow field. The collisions can
lead to coalescence and break-up, which must be considered too. This regime is

called “four-way coupling”.

Interparticle spacing L/ds

100 10 1
Dilute-dispersed Dense-dispersed
two-phase flow two-phase flow

P v

One-way Two -way Fou r-way
coupling coupling coupling

T 1 1 T T T
108 106 10+ 0.01 0.1

Volume fraction og

Fig.1-3. Regimes of dispersed two-phase flow as function of the particle volume
fraction/inter-particle spacing[81]

Within this framework, numerical models have developed in two parallel
paths according to the manner in which the dispersed phase is treated, either by a
Lagrangian or by an equivalent Eulerian formulation. In the Lagrangian model,
particle trajectories are obtained by integrating the particle equation of motion. In
the Eulerian approach, conservation equations are written for the mass,
momentum and energy of the particle cloud as a continuum, and integrated to
predict volume averaged properties thorough the field.

The suitable choice is often problem-specific, generally speaking,
Lagrangian methods are more suited to dilute flows, free of numerical diffusion,
less influenced by other errors and more stable for large particle velocity

-28 -



Chapter 1 Introduction

gradients. Also, the treatment of realistic poly-dispersed particle systems is
straightforward. However, for highly loaded flows, limitations related to
computer storage, calculation times and convergence arise[80]. In those cases,
the Eulerian approach becomes more adequate. It seems also the right framework
for modeling particles’ mutual interaction[81], although Lagrangian methods
have been also applied[79, 82]. Additionally in practice, there are a large amount
of particles dispersed in fluid that makes the computational cost for Lagrangian
approach extremely expensive. As a result, the Lagrangian approach is limited to
only dilute flow typically having particle volume fraction less than 0.01%. The
Eulerian approach, which is the model that employ in our simulation, treats the
solid phase as a continuous medium where appropriate descriptions for the
average solid phase stress are obtained by employing the kinetic theory of
granular flow (KTGF).

1.3.3 Kinetic theory of granular flow

Kinetic theory of granular flow has been developed by many authors in last
decade[83, 84]. Lun et al.[85] has had some success in describing the momentum
and kinetic energy transferred by velocity fluctuation of the particles in the grain
inertia regime. In the work of Lun et al. [85], the effect of the interstitial fluid
was neglected in deriving the constitutive theory for the solid phase stress and
the solid turbulent energy flux from the Maxwell transport equation. Hence, the
theory is more appropriately referred to as the kinetic theory of dry granular flow.
In their later work, Safikhani [86] included the interstitial fluid effect into the
existing Kinetic theory of rapid granular flow. Their model introduced a
lubrication approximation for modeling interparticle collisions in the presence of
an interstitial fluid. The model took into account additional stresses exerted by
the fluid on the particle through long-range potential interactions by means of
fluid fluctuations.

Liu et al.[87] incorporated the kinetic theory of dry granular flow into a
two-fluid model of a laminar gas-particle flow in which they assumed that the
random motion of the particles in a fluid-particle system resembled the one
predicted for the dry granular flow. Chen et al.[88] were the first to incorporate
both the kinetic of dry granular flow and the gas turbulence into the two-fluid
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model. The effect of the gas turbulence on the particle fluctuating velocity and
the effect of the particle on turbulence modulation of the gas phase were
considered in their work. Both are crucial in accurately predicting dilute
fluid-particle flow, but are less important in dense fluid-particle flow[89]. A
one-equation turbulence model is used to describe the gas turbulence. Chu et
al.[90] extended the work of Safikhani et al.[86] and described the gas turbulence
as two-equation low Reynolds number k-¢ turbulence model. The Chu et al.[90]
model was originally validated with data[91] for 200pm polystyrene particles and
late validated with the data[92] for 70 and 200pm glass bead particles. Very good
agreement exists between measurements and model predictions for both gas and
particle mean velocities. However, Karagoz[92] showed that the model
predictions of Chu et al.[90] for 70um result in the particle fluctuating velocities
that were larger than experimental measurements. Karagoz[92] reasoned that an
additional loss of the particle fluctuating kinetic energy due to the lubrication
force exerted by the fluid on the particle was significant flow smaller particles.

1.4 The objectives of this research

The present contribution aims to add more to existing knowledge on the
functioning of cyclones which represents one of the most recent applications in
coal fluidized bed combustors.

The fast rate of development of CFD techniques in the past decade has made
it possible to conduct detailed simulations of multiphase systems, as reviewed by
Arastoopour[93], CFD has been used extensively to study the flow behavior of
several multiphase systems. For example, Benyahia et al.[94] and Sun and
Gidaspow[95] successfully used CFD codes to predict the flow patterns of the
riser. There are several approaches to numerical modeling of multiphase flows,
including Eulerian and Lagrangian approaches, which have been reviewed by
Sinclair[96]. In the Eulerian or two-fluid model approach, which is used in this
study, constitutive relations (closures) are expressed for each phase based on
different theories.

This research aims to gain a better understanding of the hydrodynamic
characteristics of dense gas-solid two-phase flows in various types of cyclone
separators. This thesis consists of five relatively detailed chapters, in which
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different topics of engineering interest are considered. A global view of the topics
covered is given in the table of contents. Below are a few notes, meant for
orientation, about the structure of this thesis.

(1) This first chapter introduces a gas-solid two phase flows state of the art
review. A description of the geometry and performance of cyclone separator is
presented.

(2) The second chapter describes numerical modeling. Chapter 2 provides a
general overview of the two-fluid model employed in the present work. Both the
Eulerian approach and Lagrangian approach are discussed and their basic
equations for the particle and gas phases as well as their numerical treatment and
also the turbulent modeling (RNG k-g and RSM) are presented in this Chapter.

(3) In the third chapter we analyze gas-solid separation in conventional
cylindrical cyclone separators and the modify inlet configuration. The effect of
solid inlet concentration and cyclone inlet geometry are also discussed.

(4) The fourth chapter investigates gas-solid separation in a different
geometry of square cyclone. In this part, we numerically simulate the separation
efficiency and pressure drop by CFD and discuss the effect on geometry of the
hydrodynamics of gas solid cyclone separators.

(5) The thesis is concluded in chapter five with separation and pressure drop
in horizontal cyclone separator development of cyclone separator. Horizontal
cyclone separators are studied and the effect of turbulent model and solid volume
fraction are presented in this case.

-31-



Dissertation for the Doctoral Degree in Engineering, HIT

Chapter 2 Description of numerical model

2.1 Introduction

Numerical modeling has an important factor for investigating gas-solid two
phases flow in cyclone separator, and have been investigated in last decade.
Additional details can be seen in the literature[97-109]. This chapter discusses the
numerical model of gas-solid two phase, the various approaches to modeling these
gas-solid two-phase flows in cyclone separator are then presented. Basically
governing equation for gas phase and two basic approaches to modeling gas phase
as RNG k-& model and RSM model are discussed in first section of this chapter.
Modeling of solid phases is discussed in more detail because of their importance in
separation cyclone in second section. According to solid property some comments
are made to guide the selection of an appropriate modeling approach. Two
approaches, Euler-Lagrange approach and Euler-Euler approach to predict
solid-phase flow, Euler-Euler approaches are discussed and their basic equations for
the particles phases as well as their numerical treatment are presented.

2.2 Turbulence modeling for the fluid phase

There is a large body of literature on CFD modeling of cyclone separators and
many of these studies have used the LDA experiments of Hsieh[98] to validate the
modelling. Most recent studies suggest that the turbulence in hydrocyclones is too
anisotropic to treat with a k-¢ model and at least a differential Reynolds stress
turbulence model (DRSM) such as the Launder et al. model[99] is needed to give
reasonable velocity predictions (Cullivan et al.[100]; Suasnabar[101]; Slack et
al.[77]). However, Suasnabar [101] was able to calibrate the k-¢ model to obtain
correct velocity predictions in simulations of Hsieh’s cyclone. Recent CFD Studies
by Delgadillo et al.[102] of Hsieh’s 75 mm cyclone however have shown that the
Launder et al. DRSM still under-predicts the tangential velocities used in
conjunction with the VOF[103] to resolve the air-core. Brennan[104] also found
that the Launder et al.[99] DRSM under-predicted the tangential velocities in a CFD
study of Hsieh’s cyclone used in conjunction with either the VOF or the mixture
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model[105], to resolve the air-core. Brennan[104] found that the DRSM velocity
predictions using either the Launder et al.[99] linear pressure strain model or the
quadratic pressure strain model[106] were essentially the same, but the DRSM
predictions using the Launder et al.[99] linear pressure strain model could be
improved by increasing the fast pressure strain constant from the default value of
0.6-0.9. Recent advances in computational power have made LES practical for
some engineering problems and LES has been applied to model cyclone separators.
Slack et al.[77] modeled single phase gas cyclones using LES and found good
predictions of the velocities although the LES needed a grid of about 600.000 nodes
compared to only 240.000 nodes for a DRSM simulation. Both Delgadillo et al.[102]
and Brennan[104] modeled Hsieh’s 75 mm cyclone using LES in conjunction with
the VOF model for the air-core in the studies referred to above and found that the
LES/VOF gave very good velocity predictions. In particular Delgadillo and
Rajamani found that the LES/VOF combinations gave the best predictions of the
air-core shape.

2.2.1 RNG k-g¢ model

The RNG k-g¢ turbulence model is derived from the instantaneous
Navier-Stokes equations, using mathematical technique called “renormalization
group” (RNG) methods. It presents several advantages that make it possible to use
the model in cases generally unsuitable to standard k-e model as the rotational flow
and the confined flow. The dissipation rate ¢ equation contains an additional term
improving the accuracy solution for rapid strain flows. It considers the effect of
rotation through a turbulent viscosity changes. The turbulent Prandtl numbers are no
longer constant but are calculated by analytical formulas. See Choudhury[110] for a
more comprehensive description of RNG theory and its application to turbulence.
The transport equations for the RNG k-g Model are given by:

Turbulenet Kinetic energy equation

%( gpgk)+V(agpgkug ) = V(agyeﬁVk)+agGk —Qy Py (2-1)
Turbulent dissipation equation
%(Ozgpga‘) +V(agpggug ) = V(ag,ueﬁvg)+ a, E[ClgGk —C;gpg} (2-2)
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where C,, is given by:
C.n*(1=n/n,)

C,.=C, + 2-3
2¢ 2¢ 1+ﬁ773 ( )
The model constant were assumed to have the following values,
$=0012,7,=4.38,C,=142C,, =168 C, A =0.0845
The effective viscosity is calculated through the following equation:
2 ~
d| 2K |1V (2-4)
\/a v-1+ v
\7 _ /ueﬁ (2_5)
U
C, =100

The turbulent viscosity g, is characterizes the intensity of energy dissipations
by:

2

t=pC,— (2-6)
&
n=s% (27
&

S is the strain rate.

2.2.2 Reynolds Stress Model

The Reynolds Stress model (RSM) is higher level turbulence model. It is
usually called a second order closure. This modeling approach was proposed by
Launder et al.[99]. In RSM, the eddy viscosity approach has been discarded and the
Reynolds stresses are directly computed. The exact Reynolds stress transport
equation accounts for the directional effects of the Reynolds stress tensor
components.

The Reynolds stress model involves calculation of the individual Reynolds
stresses, Fujusing differential transport equations. The individual Reynolds
stresses are then used to obtain the closure of Reynolds-average momentum
equation.

The exact transport equations for the transport for the Reynolds stresses, pfuj :
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may be written as follows:

%(agpgﬂ)+ai (a PyU U U ) 8?( |:,OgUinUk+ p(5kjui+5ikuj)}

Gy Dr jj

8 0 [— —6uj — du
—(uu uu, —+u.u, —- ué+g;ul 2-8
8X {uak( i J):| p(| kaxk j kéxkj ﬁ(g g ) ( )

ij

ou, ou; ou; ou;
+p[%+—’]—2y ZpQQ(ujumg,km+ujungkm)

%,_/ Fij

where C; is convection term, D; ; is turbulent diffusion term, D _; is molecular
diffusion, P; is the stress production term, G; is buoyancy production, @ is pressure
strain, ¢; is the dissipation, F; production by system rotation and S, Sis

user

user-defined source term.
Of these terms, C.,D

i» DL, Py and F; do not require any modeling. However

D

i @y, G and g have to be modeled for closing the equations. And the modeling

assumptions required to close the equation set are describe in the following.
The turbulent diffusive can be modeled by the generalized gradient-diffusion
model of Daly and Harlow[111]:

0 ku,u, Ouu,
Dr; =Cs a(ﬁ . : x J (2-9)
k |

However, this equation can result in numerical instabilities, so it has been
simplified in Fluent to use a scalar turbulent diffusivity], according to Lien and
Leschziner[112] an isotropic diffusive term is likely to give good results even for
the cases in fact anisotropic.

ouu.
D, , :ﬁ(&#J (2-10)
oo | o O%,

Lien and Leschziner[112] derived a value of o, =0.82 by applying the
generalized gradient-diffusion, Eq.(2-9), to the case of a planar homogeneous shear
flow. Note that this value of o, is different from that in the standard and
realizable k- models, in which o, =1.0.

According to Gibson and Launder[113], Fu el al.[114] and Launder[115] the
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pressure strain term can be modeling using the following decomposition:

cDij = CDij,l + (Dij,z +CI)ij,w (2-11)

where the first term @, as known as the return-to-isotropy term. It is the slow

pressure-strain term, and is modeled as:

e(— 2
Dy, E_Clpi(uiuj _Eé‘ijkj (2-12)

with C, =1.8.
The second term, @, ,, is the rapid pressure-strain term, and is modeled as:

®,,=-C, [(Pij +F, +G, —ci,.)—%aij (P+G—C)} (2-13)

with C, =o.60,F>=%F>kk,G:%Gkk and C=%Ckk.

The last term @,  represent the wall-reflection term, is responsible for the
redistribution of normal stress near the wall. It dampens the normal stress
perpendicular to the wall, while enhancing the stresses parallel to the wall. This
term is modeled as:

e(— 3— — e
O, = C{E(ukumnknm@j —Euiuknjnk —Eujukninkj@
(2-14)

’ 3 3 K32
+C, (q)kmyznknmé}J _EcDik,annk _Eq)jk,znink]q?

C3/4
where C/=05 C;=03 C =—*-, C,=009, x=0.4187 (von Karman
K
constant), n, is thex, component of the unit normal to the wall, and d is the

normal distance to the wall.
The production terms due to buoyancy are modeled as:

M, oT oT
G =f—"09—+09. — 2-15
i ﬂprt(g. ox 9 o (2-19)

where Pr, is the turbulent Prandtl number for energy, with a default value of 0.85.
In general, when the turbulence Kinetic energy is needed for modeling a
specific term, it is obtained by taking the trace of the Reynolds stress tensor:
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k=Zuu, 2-16
S, (2-16)
The dissipation tensor, ¢; , is modeled as:
& = %5” pe (2-17)

The scalar dissipation ¢ is computed with a model transport equation similar

to that used in standard k-¢ model:

T

0 7, 1 & & (s
a(agpgé‘)-i-V(agpgeui):VI:( O_t ng}+agcglg[ai +CsSGii]E_C£2agpg ?(2 18)

&

whereo, =1.0,C_ =1.44,C_, =1.92.
The turbulent viscosity g, is computed similarly to the k- models:
2
K (2-19)

1y =pCﬂ;

where C, =0.09.
Boundary conditions for the Reynolds Stresses are as follows. At the inlet:

Tul:gk for i=j
s (2-20)
uu, =0  for i=]j

At the wall Fluent applies explicit wall boundary conditions for the Reynolds

stresses by using the log-law.
Using a local coordinate system, the Reynolds stresses at the wall-adjacent

cells are computed from:

u_u
-=0.255 (2-21)

uz !
1098, - =0.247

=0.655, —

7‘_|pv\>|

=~ |ﬂCN|

where 7 is tangential coordinate, » is the normal coordinate, and A the

binomial coordinate.
Near the wall k is obtain by solving the transport equation. In the far field k is

obtained directly from Reynolds stresses using Eq. (2-16).

2.3 Gas-solid two phase flow model description

To predict particulate two-phase flows, two approaches are possible. One treats
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the fluid phase as a continuum and the particulate second phase as single particles.
This approach, which predicts the particle trajectories in the fluid phase as a result
of forces acting on particles, is called the Lagrangian approach. Treating the solid as
some kind of continuum, and solving the appropriate continuum equations for the
fluid and particle phases, is referred to as the Eulerian approach. The Lagrangian
approach has some advantages for predicting those particulate flows in which large
particle accelerations occur. It can also handle particulate two-phase flows
consisting of polydispersed particle size distributions. The Eulerian approach seems
to have advantages in all flow cases where high particle concentrations occur and
where the high void fraction of the flow becomes a dominating flow controlling
parameter. Only Eulerian approach is discussed and their basic equations for the
particle are presented.

The Eulerian approach is used for both the gas and particle phase within
cyclone separator. For simplicity, it is assumed that the gas phase is incompressible
and particles are spherical.

The concept of volume fraction is introduced here heuristically without
resorting to a rigorous treatment. With this approach, it is assumed that it is
meaningful to conceive a volume fraction of phase k, ¢, in any small volume of

space at any particular time. If there are n phases in total, this gives:

g, =10 (2-22)

In the framework of Eulerian particle modeling the particles are pictured as an
additional continuous phase. The Eulerian particle phase consequently obeys to a
similar set of conservation equations like as the gas phase. Thus, in an Eulerian
particle simulation the conservation equation can be written as followings.

Continuity equations for gas phase and solids phase are shown by:

8(a o, )
%Jrv-(agpgug):o (2-23)
—5(0(;1,05) +V~(aspsus) =0 (2-24)

Momentum equation for gas phase and solids phase are expressed by:
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o
E(agpgug)+v-(agpgugug) =-a,Vp, +V-(a,7,) - B, —U)+a,p,9 (2-25)

o
E(aspsus)-i_v'(aspsusus) = _asvpg _vps +V- (aSTS)'Fﬂ(Ug _us)+aspsg (2_26)

In addition to the mass and momentum conservation equations for the solid
phase, a fluctuation kinetic energy equation (Eq. 2-27) is solved to account for the
conservation of fluctuation of the particle phase through the implementation of the
Kinetic theories of granular flows[97]:

3| 0 =

E{a((xspﬁs)+V-(aspst9$)us}:(—Vpsl+rs):Vus+V-(kSV6’)—ys+¢s (2-27)
where ¢, is exchange of fluctuating energy between gas and particle and y,, the
dissipation of energy due to inelastic collisions).

The behavior of solid phases is achieved through the kinetic theory of granular
flows (KTGF), which is an extension of the classical kinetic theory of dense gases
[116],where the thermodynamic temperature is replaced by the granular
temperature, 6, defined as:

0=1u2
3

where u is the particle fluctuating velocity. The granular temperature expresses the
macroscopic kinetic energy. Kinetic theory based models introduce several
additional terms in the solids stress and therefore, modify equation momentum
conservation equations for solid phase. For a high volume fraction of solid particels
in cyclone separators, granular flow becomes incompressible, the frictional
interactions between solid particles must be considered. The theories of soil
mechanics may be used to estimate such friction contribution. The solid phase stress
can be written as:

s = (_ ps +ﬂsv'us)| + 4 {[vus + (VUS)T :I_g(v'us) I} (2_28)

where p, is solids pressure, g is solid viscosity and A is solid bulk viscosity.
Several different expressions have been derived for solids pressure, solids
shear viscosity and solids bulk viscosity, employing different approximations and
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assumptions while applying the kinetic theory of granular flows. Some of the

commonly used equations are described below.
Solids pressure is:

p, = a0, [1+2p,0, (L +e,) | (2-29)
where e, is the restitution coefficient of particles.
Solid shear viscosity is:

2 12 2
4 2] 10d, p, (9572') { 4 }
=_ d 1 s L S A I 1 2-30
/us 5asps sgo( +es)(ﬂ_) + 96(1+es)g0 +590as( +es) ( )
Solid bulk velocity is:
12
ﬂ’s :ﬂaspsdsgo (1+e)(gj (2_31)
3 T

Expressions for solids pressure and solids viscosity are depend on the radial

distribution function, and it is expressed by:
-1

9o = 1—[ % ]3 (2-32)
a

s, max

Dissipation of energy due to inelastic collisions can be expressed in the form

d

p

4 (0Y"?
7 :3(1—92)0532,05909(—(—} —V-USJ (2-33)
T
Energy exchange between the fluid and the solid phase is modeled as:
¢s = _3ﬂgsg (2-34)
The interface momentum transfer coefficient is expressed as:

B 3C,a,a,p, ‘ug — U

5 2 g% (2-35)

S

24

with Cy=—
Re

(1+ 0.15Re%%’ ) Re <1000

C,=0.44, Re=>1000
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2.4 Brief summary

This second chapter yields the numerical model of gas-solid two phase flows in
cyclone separator. Two approaches are possible to predict particulate two-phase
flows, one treats the fluid gas phase as a continuum and the particulate second phase
as single particles. This approach, which predicts the particle trajectories in the fluid
phase as a result of forces acting on particles, is called the Lagrangian approach.
Treating the solid as some kind of continuum, and solving the appropriate
continuum equations for the gas and particle phases, is referred to as the Eulerian
approach. Both approaches where cited and particular attention is given to Eulerian
approach which seems to have advantages in all flow cases where high particle
concentrations occur and where the high void fraction of the flow becomes a
dominating flow controlling parameter. The basic equations for the gas fluid and
particles as well as their numerical treatment where presented.

For strongly swirling flows the standard k-¢ turbulence model is known to have
limitations. In order to obtain values for the Reynolds stress terms, a turbulence
model, known as the RNG k-g, was selected in the following simulations. To
compare the results obtained with RNG k-g, another turbulence model, known as
RSM, was also selected. These two turbulent models have been selected in
combination with Euler-Euler on the platform of commercial CFD Software
package, FLUENT 6.3.23, to develop the following numerical calculation.
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Chapter 3 Numerical study of a cylindrical cyclone
separators

3.1 Introduction

Gas cyclone separators are widely used in industries to separate dust from gas
or for product recovery because of their geometrical simplicity and relative
economy in power consumption. Cyclones may also be adapted for use in extreme
operating conditions (high temperature, high pressure, and corrosive gases). Since
there are no moving parts, cyclones are relatively maintenance-free. Therefore,
cyclones have found increasing utility in the field of air pollution, the petrochemical
and process industries to separate dust from gas streams or for product recovery.
Until now, a considerable number of experimental and numerical investigations
have been performed either on small sampling cyclones or on larger industrial
cyclone separators[118-122]. In this chapter, the conventional cylindrical cyclone
where used with different inlet geometries of the cyclone separator, to study the
effect of turbulence model, solid volume fraction and the cyclone inlet geometry on
cyclone performance.

In this part, we used RNG k-g¢ and RSM model in FLUENT 6.3.26 to study
numerical simulation of dense gas and particle flow within cyclone separators. The
turbulent model effect is verified by comparing the RNG k-¢ and RSM results in
term of gas pressure field and gas-solid volume fraction. The effects of inlet
geometry are investigated based on the velocity component, pressure drops and
separation efficiency.

3.2 Description of numerical model
3.2.1 Configuration of cyclone separators

The cyclone is a device that separates particles from a carrier air stream by
means of centrifugal force acting on the particles. The essential geometry of an air
cyclone is depicted in Fig.3-1. Solid particles, initially entrained in the gas flow,
enter the tangential inlet near the top of the cyclone, and follow the downward
spiral of the air vortex. Centrifugal force and inertial effects act on the solid
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particles to move them outward toward the inner wall of the cyclone where they are
trapped in the boundary flow. Trapped particles eventually move down the inner
wall and are collected at the base of the cyclone while the gas flow reverses
direction near the base of the cyclone, and exits the through the vortex finder at the
top of the cyclone.

The cyclone separator considered in this simulation is the conventional cyclone
which consists of an upper cylindrical part, with a tangential inlet and lower part
with exit at the apex. A schematic diagram of a cyclone separator and four different
inlet configurations with the main dimensions is presented in Figs.3-1(a) and 3-1(b).
Table 3-1 shows the dimension of cyclone and the model parameters used for this
study.

Gas outlet

Inlet flow

T Is

Solid outlet

Fig. 3-1(a) Structure scheme of the cyclone
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Fig.3-1(b) Four different inlet configurations for cyclone separators
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Fig 3-1(c) A schematic and grid representation of the 3D cyclone used in this simulation
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Table 3-1 Dimensions of the cyclone and model parameter used in this simulation

Symbol Units Parameter Value
H m Cyclone height 0.8
h m Cylinder length 0.4
S m Exit tube length 0.125
D m Cyclone body diameter 0.2
De m Gas exit diameter 0.1
a m Inlet width 0.05
b m Inlet length 0.05
B m Solid outlet diameter 0.05
dg Lm Solid diameter 150
o, - Solid volume fraction 0.1
Py kg/m® Gas density 0.298
P kg/m? Solid density 2400
Hy kg/m-s Gas viscosity 1.491x10™

3.2.2 Turbulence model

Numerical methods have been developed to solve the equations presented in
previous Chapter, whose complexity is significantly increased due to the Reynolds
stress terms on the right-hand side of momentum equations. The RNG k-¢ and RSM
were used in this part. These models have been described in the Chapter 2.

3.2.3 Gas-solid two phase flows

Flows in cyclone separators are multiphase. The flow in conventional cyclone
in this study consists of gas and solid two phase flows and can be solved by a
number of CFD techniques. These include the full Eulerian multiphase approach,
simplified Eulerian approaches such as the Mixture and VOF models and the
Lagrangian approach. The full Eulerian multiphase flow approach, where a set of
continuity, momentum and turbulence equations for each phase is preferred for
systems with very high dispersed phase concentrations, where solid/solid
interactions carry a significant amount of the stress. The disadvantage of the full
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Eulerian multiphase modeling approach has been its high computational cost.
Further implementations in commercial CFD codes have until recently been limited
to using the k-¢ model for turbulence. In this chapter, the solid volume fraction is
0.1 corresponding to a high dispersed phase concentration and therefore a dense
two-phase flow regime. In the case of the dense regime, inter-particles becomes of
importance, both physical collisions and indirect influence through the nearby flow
field, also limitations related to computer storage, calculation times and
convergence arise. In those cases, the Eulerian-Eulerian approach, where a set of
continuity, momentum and turbulence equations for each phase are established,
therefore becomes more adequate. The gas phase is incompressible and particles are
spherical and mono-sized. The governing equations for the conservation of mass
and momentum for each phase and the constitutive relations are given in Chapter 2.

3.2.4 Boundary conditions

Computational mesh created in millimeter was scaled to meter using
transformation option available in the FLUENT. After checking the grid for quality
aspects, material properties and physical models are selected. The velocity inlet
boundary condition was used at the inlet and the inlet velocity was set as 20, 22, 25
and 30m/s. The pressure condition is prescribed at exit boundary faces. No slip
condition was adopted at the wall. The particle volume fraction was set as 0.1
values at the inlet and it was assumed that the particle had the same inlet velocity of
gas.

3.2.5 Grid independence

Fig.3-1(c) show a schematic and the surface grid of the 3D cyclone used in this
section. The tetrahedral computational grids were generated using GAMBIT grid
generators. The grid independence study has been performed for the test cyclones
with RSM turbulent model. Three levels of grid for each cyclone have been tested,
to be sure that obtained results are grid independent. Fig.3-2 shows the comparison
of static pressure for three different grids (99794 cells, 115327 cells and 126859
cells) with the case of cyclone angle & =0°, corresponding to conventional
cylindrical. As shown in Fig.3-2 the static pressure for grid with 126859 cells is
slightly higher compared to other two grids. However all the results show the same
trend, and to eliminate any uncertainty, the following simulations were performed
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using the grid with 115327 cells.

The grids used in the RNG k-¢ and RSM models have to be conforming to the
resolution requirements of the underlying turbulence model. Frequently, the RNG
k-¢ zone will be connected to the RSM zones by Non-Conformal Interfaces (NCI) to
allow a more refined grid in the k-¢ zone. A multigrid scheme is used to accelerate
the convergence of the solver by computing corrections on a series of coarse grid
levels. The use of this multigrid scheme can greatly reduce the number of iterations
and the CPU time required to obtain a converged solution, particularly to model a
large number of control volumes.

6000

—m— 99794 Cells

5000 —e— 115327 Cells
—A— 126859 Cells
< 4000 - . . B
o Solid volume fraction o, ;=0.1
(<]
5 3000 A
A
et
S 2000 -
2
]
¢n 1000 |
04
-0.10 -0.05 0.00 0.05 0.10

Radial X distance (m)

Fig.3-2 Static pressure of three grid levels
3.3 Results and discussion

3.3.1 Effect of turbulence model on cyclone separator

3.3.1.1 Effect on the flow field

The tangential velocity distribution is the dominant velocity component in the
cyclone. For the same reason the velocity magnitude contours are almost identical
to those of tangential velocity. The distribution of tangential velocity and the axial
velocity of cyclone separator are shown in following figures respectively. For both
the RNG k-¢ and RSM models, at different gas and particle inlet velocities the
following results were:
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RSM RNG k-¢
Fig. 3-3 Cross sectional gas tangential velocity for two turbulence model

The value of the tangential velocity equals zero at the wall and at the center of
the cyclone. The high speed gas enters the inlet and is accelerated up to 1.5-2.0
times that of the inlet velocity value, the cross sectional gas tangential velocity are
showed in Fig.3-3 for Reynolds Stress model and for RNG k-¢ model at different
inlet gas-particle velocity. Then the velocity decreases as the gas spins down and
reaches a minimum at the center of cyclone. There is as chaotic flow just below the
entrance of the vortex finder, as the gas flow collides with the follow-up flow, the
gas velocity decreases sharply at the outside surface of the vortex finder which
causers the short-circuiting flow phenomenon at the entrance of vortex finder, thus
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resulting in a higher pressure drop and a decrease in collection efficiency. The main
cause of the short-circuiting and which results in a high pressure drop cannot be
overcome by the altering gas and particle inlet velocity. Moreover to overcome this
problem, it is suggested that the inlet shape should be modified[101].

Furthermore Fig.3-4 shows the profile of gas and particle tangential velocity at
different inlet velocities for the RSM model, Fig.3-5 shows the profile of gas and
particle tangential velocities at different heights along the axis of the cyclone. The
flow field within the cyclone indicates the expected forced free combination of the
Rankine vortex. Additionally the axis of the vortex does not coincide with the axis
of the cyclone.
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v —e— Vin=20 m/s 12 —e— Vin=20 m/s
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Fig.3-4 Profile of gas and particle tangential velocities
at different gas-solid inlet velocities
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Fig. 3-5 A profile of gas and solid tangential velocities
at different heights along the axis of the cyclone
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Figs.3-6 and 3-7 present a contour plot of gas axial velocities respectively with
different gas and particle inlet velocities (15m/s, 20m/s, 25m/sand 30m/s) and
along the axis of the cyclone at four axial locations (from top to
bottom z =0.35m, z =0.45m, z =0.55m and z = 0.65m). Those figures show that the
forced vortex is a twisted cylinder for all models and are not completely in the
conical section. The results are qualitatively similar to those obtained by Cullivan et
al.[123] for hydrocyclone. The center of the forced vortex does not coincided with
the geometrical center of cyclone separators and some modified inlet shapes were
proposed[103]. They also show that the diameter of the forced vortex is larger than
of the diameter of the vortex finder.
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Fig.3-6 A profile of gas and solid axial velocities at different gas-solid inlet velocities
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Fig.3-7 A profile of gas and particle axial velocities
at different heights along the axis of the cyclone

Moreover the results show that the tangential velocity around the cylindrical
section of cyclone (Figs.3-4, 3-5, 3-6 and 3-7) present the RSM model almost

-50-



Chapter 3 Numerical study of a cylindrical cyclone separator

display an axial symmetry for different inlet velocities, while the RNG k-¢ model
display no axial symmetry.

Simulated results of velocity distributions reveal that the tangential velocity
field in a cyclone basically consists of a core of solid body rotation in the central
region and a free vortex in the outer region. From Rankine’s combined vortex flow
model, the flow field comprises the forced vortex region and the free vortex region.
We denote U, V and W as the gas velocity components with respect to the
cylindrical coordinate’s r, 8 and z, respectively. The velocity in the forced vortex
region (0<r <r,)is expressed by

V =or (3-1)
and that in the free vortex region (r>r;) is given by
V, =T = wr? (3-2)

where r¢ is the radius of the free vortex, w is the angular velocity, and I" represents
the circulation. The corresponding static pressure distribution can also be obtained

for the forced vortex region as follows

2
ol
P=po+— (3-3)
° 2rf

and for the free vortex region, it shows as follows

2
plrel 2 1
—p+ | S 3-3

where p, is the static pressure at the center of the cyclone.

In an actual operation, the gas-solid flow in a cyclone is turbulent. The
turbulence effects on the distribution of the gas velocity and static pressure in the
preceding model is, however, excluded. The strongly swirling turbulent gas-solid
flows in tangential inlet cyclones were accounted using RNG k-g turbulence model.
There are an upward flow region in the near-axial core region and a downward flow
region in the wall region in the wall region. Also the pressure increase radially in
the cyclone. The RNG k-¢ turbulence model is seen to predict the velocity and
pressure in the wall regime, but not so precisely in the near-axial core region
because of the inability of the model to simulate the nonisotropic turbulence of
strongly swirling flow.

For the engineering design of tangential inlet cyclone, the variation of the
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tangential velocity in the radial direction can be correlated in a form
v/ =cC (3-4)

where C is the constant and the vortex exponent f is related to cyclone diameter.
For most tangential inlet cyclone, g varies from 0.5 to 0.7 which is in agreement
with present simulations.

3.3.1.2 Effect on the pressure field

It was the first to detect that the standard k-¢ turbulent model was not able to
accurately simulate this kind of flow. In this part the comparative studies of two
turbulence models, the RSM and a variation of the k-¢ model based on RNG was
evaluated. Simulations were compared with pressure fields. For all runs, the RNG
k-¢ model showed great improvement over. However, as expected, the RSM
exhibited the best behavior.

Fig. 3-8 shows the profile of static pressure to the radius of the cyclone. It
presents the static pressure on the cylindrical part of cyclone, the result show that
the airflow causes depression for both RNG k-¢ and RSM turbulent model, as a
swirl was created at the center of cyclone and a slight increase in pressure of the
RSM model compared to the RNG k-g model.
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Fig.3-8 Profiles of static pressure for two turbulence models

Additionally, the static pressure decrease radially from wall to axis of the
cyclone, the pressure are increase by well for the RSM model near the walls. A
contour plot of static pressure shown in Fig.3-9 gives a clear illustration. This result
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is in good agreement with the investigation of Gimbum et al. [73]. The pressure
gradient is the largest along the radial direction, as here exist a highly forced vortex.
Although the pressure distribution showed acceptable agreement for the all models,
the pressure drop increases with increased inlet velocity and the RSM gives a higher
pressure drop compared to the RNG k-g model. Considering the RSM and RNG k-¢
turbulence models (Fig.3-10), it can be seen that the RSM model is more precise
than the RNG k-¢ model.
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Fig.3-9 Contour plot of static pressure for (left) RNG k-¢ model and (right) RSM model
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Fig.3-10 Profile of pressure drop as function of gas inlet velocity
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3.3.1.3 Contour Plot of Volume Fraction

Simulation results showed that the particle volume fraction increased and
reached annular bed condition instantly after startup under the action of
gravitational force. Figs. 3-11 and 3-12 present the contour of volume fraction of
gas and particle for (a) RSM and (b) RNG k-¢ model respectively at different cross
sectional height of cyclone (Fig.3-11) and at y-plane (Fig. 3-12).

Gas
Fig. 3-11 (a) Contour plot of gas and particle volume fraction
at different heights of the cyclone for RSM

Solid Gas

Fig. 3-11(b) Contour plot of gas and particle volume fraction
at different heights of the cyclone for RNG k-g& model
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Solid Gas
Fig. 3-12 (a) Particle and gas volume fraction for RSM as y-plan of cyclone
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Fig. 3-12 (b) Particle and gas volume fraction for RNG k-¢ y-plan of cyclone

These figures show the gas volume fraction increases in the top and the particle
increases in the bottom under the gravitational force. Also the results show that the
particle concentration along the radial direction of cyclone can be divided into two
regions: central region of cyclone area with low particle concentration and the wall
region with high particle concentration. The gas and particle flow to the wall,
leading to increased particle concentration near the wall and in the bottom of
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cyclone. Moreover the Fig.3-13 shows the particle volume fraction at the conical
and cylindrical part of cyclone for all truculence models.
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Fig.3-13(a) Profile of solid volume fraction at the conical part of cyclone.
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Fig.3-13(b) Profile of solid volume fraction at the cylindrical part of cyclone.

3.3.2 Effect of inlet geometry on the flow pattern and performance

3.3.2.1 Effect on the tangential and axial velocity

To evaluate the effect of increasing the cyclone inlet angle a on the tangential and
axial velocity profiles, the axial and tangential velocity profiles at different sections
and different inlet velocity for the four different inlet configurations of cyclones are
compared in Figs. 3-14, 3-15, 3-16 and 3-17, respectively. Two different cases were
considered for comparison of different inlet configurations. Figs. 3-14 and 3-16
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show a comparison among four different inlet configurations with different inlet
velocity. For this case, the gas and solid inlet velocity are 15, 20, 25 and 30m/s and
RSM is used as turbulent model. The second case is about the comparisons with
three different heights along axis of the cyclone (Figs. 3-14 and 3-16), for this case,
the heights are 0.45, 0.55 and 0.65m. Results are given for both axial (Figs. 3-14 and
3-15) and tangential velocity (Figs. 3-16 and 3-17).
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Fig. 3-14 Gas and particle axial velocities with different inlet velocity
for four different inlet geometries
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Figs. 3-14 and 3-15 present the profile of axial velocity for gas (left) and solid
ght) respectively at different inlet velocities and at different heights along the axis
the cyclone. As is clear from Figs 3-14 and 3-15 the variation of axial velocity is

limited close to the wall with changing the inlet configuration angle ¢ . The axial

velocity profiles for the four inlet configurations « are very similar except at the
central region which the magnitude peak increases with increase inlet configuration
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Fig. 3-15 Gas and particle axial velocities with different heights along the axis of cyclone
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The most important is the effect of cyclone inlet configuration on the tangential
velocity (proportional to the centrifugal force, which is the main force in the
separation process). Figs. 3-16 and 3-17 show the gas and solid tangential velocities
in cyclone separators. As shown in Figs. 3-16 and 3-17 increasing the cyclone inlet
configuration angle can increases the maximum tangential velocity.
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Fig. 3-16 Gas and solid tangential velocity with different inlet velocity
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Fig. 3-17 Gas and solid tangential velocity distribution
along the axis of cyclone with different heights

As shown in Figs. 3-14 and 3-17 this aspect is seems to be irregular for high
inlet velocity and also for the section not close to inlet cyclone. Cyclone with inlet
configuration angle a has the maximum tangential velocity in comparison with other
cyclones. This means that increasing the cyclone inlet angle will enhance the
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collection efficiency. Additionally with different inlet gas-solid inlet velocity the
value of the tangential velocity is zero at the wall and at the center of the flow field

3.3.2.2 Effect on the Pressure Drop of Cyclone

Accordingly, in order to examine the effect of the inlet geometry on cyclone
performance, Fig. 3-18 shows the results comparison of different inlet configuration
pressure drop curves as function of inlet velocity. The calculation of pressure drop
is made by the difference between exit and inlet area-weighted static pressure. RSM
model was used as turbulence model. As shown in the Fig.3-18, the comparison
shows fairly good agreement over the entire inlet angle o there are no experimental
data available for direct comparison. But there is some visible difference observed
for the case of high inlet angle a =30°. The explanation of this difference is not
clear at this stage but is considered possibly due to the inlet geometry. As might be
expected, for a given inlet flow velocity, the pressure drop generally increases with
increase of inlet velocity.

To validate the simulations and test the reliability of the cyclone inlet angle a,
some detailed simulations and experiments literature for comparison with our
numerical simulations where selected. This requires the full recuperation
information about the geometry of the cyclone on the physical parameters and
numerical simulations. The results obtained in this numerical simulation for
different inlet angle are then compared with available data for dilute phase. This
available data was performed by Wang et al.[10].

Wang et al.[10] used the RSM and stochastic Lagrangian model in the
commercial software package Fluent to study the gas—solid flow in a typical Lapple
cyclone separator. Physical experiments have also been conducted to validate their
numerical model. In such an experiment, air was blown into the inlet of the cyclone.
The inlet gas velocity and particle velocity were both 20m/s. the exit tube was open
to the air and the gas pressure at the top of the vortex finder was 1 atm. The solid
particle phase volume fraction was less than 10%. The material used was a typical
cement raw material. Its particle size distribution can be well described by the
Rosin-Rammler equation:

R(d) = exp[—(d /H)"} (3-4)

where d is particle diameter, and R(d) means the mass fraction of droplets with
diameter greater than d. The characteristic diameteraequals 29.90 pm and the
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distribution parameter n is 0.806. The particle density is ps=3320 kg/m?.

Fig.3-18 show the comparison between the simulation result and data from B.
Wang et al.[10], despite the high values of pressure drop due to the different
parameter (dilute and dense phase for example), as might be expected, for a given
inlet flow velocity, the pressure drop increases with increase of inlet velocity.
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Fig.3-18 Comparison within four inlet configuration and the numerical
and experimental data[10] with cyclone pressure drop

3.3.2.3 Effect on separation efficiency of cyclones

Cyclone designers have long known that the separation efficiency of tangential
inlet cyclones improves with increasing solids loading. Even so, the exact
mechanism for this improvement is still not established beyond doubt, in spite of
many investigations of the topic.

In order to examine the effect of inlet geometry on the separator efficiency,
Fig.3-19 shows the comparison results of separator efficiency as a function of inlet
velocity, with the RSM turbulence model and solid volume fraction of 0.1. The
overall efficiency can be seen to increase substantially with increasing inlet velocity
for all case. The separation efficiency of cyclone with inlet configuration angle
0=0° present high separation efficiency compare to 10°, 20° and 30< This indicates
that the inlet configuration of the cyclone plays an important role in the collection
efficiency similar to that in conventional cyclone separator for dilute flow.
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Fig.3-19 Separator efficiency for different inlet geometries
as function of inlet velocity

3.4 Brief summary

The flow behavior of gas and particles has been simulated based on the
Eulerian—Eulerian two-fluid modeling approach with KTGF in the conventional
cyclone separator. A numerical simulation using CFD, based on the RSM and RNG
k-¢ model was studied in this chapter. Comparison of the results given by the
velocity component, pressure fields and volume fraction can describe the turbulent
flow.

Four cyclones of different inlet configuration have been simulated using RSM,
to study the effect of cyclone inlet configuration on the cyclone separator
performance and the field flow.

Based on the presented numerical simulation, results of this part are
summarized as follows:

The tangential and axial velocities around the cylindrical section of the cyclone
show that the RSM almost have an axial symmetry for different inlet velocities.
However, the RNG k-& model displays no axial symmetry.

High pressure near the wall of the cyclone due to centrifugal force creates a
depression on the axis of the cyclone. The results of this study indicate that the
pressure drop increases with increasing inlet velocities for both the RSM and RNG
k-¢ models, moreover the RSM gives a higher pressure drop compared to the RNG
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k-¢ model. Additionally, the RSM model provides well for the simulations of both
the forced and free vortex.

The magnitude peak of tangential velocity in cyclone and pressure drop
increase with increasing the cyclone inlet configuration angle. The separation
efficiency of cyclone increases with inlet velocity, decreases with increase of inlet
angle configuration, and it is significantly influenced by the inlet angle. This
indicates that the inlet configuration of the cyclone plays an important role in the
collection efficiency similar to that in conventional cyclone separator for dilute flow.
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Chapter 4 Numerical study of square cyclone
separators

4.1 Introduction

The cyclone separator is a key component in the operation of the circulating
fluidized bed (CFB) boiler, which has great effects on the combustion efficiency, the
circulation rate and the desulfurization efficiency, by the circulation of the solid
particles of the furnace. The traditional circular cross-section cyclone was
commonly used as a conventional cyclone separator for the CFB boiler. With the
development of large CFB boilers, the huge body of the conventional cyclone
became a major shortcoming because of the thick refractory wall that leads to the
requirement for a long period to start the boiler.

Compared with the traditional circular cross-section cyclone, a square cyclone
has many advantages over the conventional cyclone, due to convenience in
construction, easier membrane wall arrangement, shorter start-stop time, and easy
integration with the boiler[21].

All of the above mentioned researches results indicate that the square cyclone
separators used in CFB boilers have high collection efficiency. However, the present
contribution in this chapter aims to add more to existing knowledge on the
functioning of square cyclones which represents one of the most recent applications
of the technique of separation by centrifugal force.

CFD has a great potential to predict the flow field characteristics and particle
trajectories inside the cyclone as well as the pressure drop[28]. The complicated
swirling turbulent flow in a cyclone places great demand on the numerical
techniques and the turbulence models employed in the CFD codes. CFD was widely
used to investigate flow field inside conventional cyclones. Raoufi et al.[124] used
computational fluid dynamics to simulate and optimize vortex of conventional
cyclones. Although many numerical works have been conducted on conventional
cyclones, there is a little numerical study of square cyclones.

As numerical investigations of square cyclones could have an important role in
the better understanding of their flow parameters, this Chapter is intended to obtain
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detailed flow information by CFD simulation within square cyclones in the case of
downward gas-exit without a vortex. The square cyclones are modeled at different
flow rates and flow fields are evaluated inside these square cyclones. Contours of
pressure profiles and solid volume fraction within the cyclone are shown. Tangential
velocity components profiles in different sections and different inlet flow are also
investigated.

In the following sections the dense flow behavior of gas and particles within a
square cyclone separator is simulated by means of computational fluid dynamics
will be treated in detail. The RNG k-¢ model and the RSM were used to model gas
turbulence. The dispersed two phase flow behavior of gas and particles has been
simulated based on the Eulerian-Eulerian two-fluid modeling approach with KTGF
in the square cyclone separator. The flow behavior is examined in the term of
tangential velocity components, static pressure and pressure drop contour plots for
flow field and solid volume fraction. The effects of the turbulence model, solid
volume fraction and the inlet geometry on the square cyclone will be discussed.

4.2 Numerical simulation methods
4.2.1 Geometry configuration of four squares cyclones

Traditional cyclone separators have a circular cross section and a tangential or
helical inlet and have been widely studied by many authors both experimentally and
numerically. Fig.4-1 shows the geometry of the square cyclone used in the studied
cases, which is close to that of Su and Mao[25] without vortex finder. The
dimensions of square cyclone and the model parameters are shown in Table 4-1. As
seen in the figure the cyclone separator model, which has a square cross-section,
and was made up of a square body without vortex finder a rectangular inlet
connected to the cyclone body and cylindrical downward gas-exit.

Note that in this present chapter the simulation were performed with 5 different
square cyclones. Fig. 4-1 and Table 4-1 show only the square cyclone used in this
section, the four other cyclone have more detail in Section 4.3.4 of this Chapter.
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Table 4-1 Dimensions of the cyclone and the models parameter used in the simulation

Notation Parameter Value(s) Units
H Cyclone height 1.05 m
h Square body height 0.75 m
D Square body width 0.40 m
S Gas exit tube length 0.55 m
De Gas exit diameter 0.16 m
a Inlet height 0.06 m
b Inlet width 0.06 m
dg Solid diameter 150 um
Ps Solid density 2400 kg/m®
as Solid volume fraction 0.1, 0.01 and 0.05 -

4.2.2 Turbulence model

For the turbulent flow in cyclones, the key to success of CFD lies with the
accurate description of the turbulent behavior of the flow[28]. To model the swirling
turbulent flow in a cyclone separator, there are number of turbulence models
available in Fluent. These range from the standard k-&¢ model to more complicated
RSM. Also LES methodology is available as an alternative to the Reynolds average
Navier-Stokes approach. In this part RNG k-¢ and RSM were used to model gas
turbulent flow.

4.2.3 Gas-solid two phase flow model

Flows in cyclone separators are multiphase. The flow in square cyclone in this
study consists of gas and solid particles. Two phase flows can be solved by a
number of CFD techniques. These include the Eulerian Approach, simplified
Eulerian approaches and the Lagrangian approach. In this study, the inlet solid
volume fractions & are 0.1 and 0.01 corresponding to a high dispersed phase
concentration and therefore a dense two-phase flow regime. In the case of the dense
regime, interparticles becomes of importance, both physical collisions and indirect
influence through the nearby flow field, also limitations related to computer storage,
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calculation times and convergence arise. In those cases, the Eulerian approach
where a set of continuity, momentum and turbulence equation for each phase is
therefore becomes more adequate. The conservation and transport equations for
phase where developed in Chapter 2.

4.2.4 Boundary condition

The velocity inlet boundary condition prescribed at inlet boundary faces. At the
inlet, all velocities and volume fractions of both phases were specified. The pressure
was not specified at the inlet because of the incompressible gas phase assumption.
At the outlet, only the pressure was specified atmospheric No slip condition was
adopted at the wall.

4.2.5 Grid independence studies

The tetrahedral computational grids were generated using GAMBIT grid
generator. The grid independence study has been performed for the square cyclone.
Three levels of grid have been tested, to be sure that the obtained results are not grid
dependent.

—=— 99681 Cells
04 —e— 118298 Cells
] —A— 129922 Cells

with o, =0.1

Axial velocity (m/s)

r 111 1.~ 11T 1T 1T
00 01 02 03 04 05 06 0.7 08 09 10 11
Axial location z (m)

Fig.4-2 Axial velocity of gas distribution along z-axial direction
at the three different grid sizes

Three levels of mesh 99681, 118298 and 129922 cells have been used. As
shown in Fig.4-2, the grid with 99681 cells gives a high axial velocity near the inlet
and a low axial velocity close at the bottom in the axial direction, while the grid
with 118298 and 129922 show the same trends in the axial direction. Thus, for
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excluding any uncertainly, computations have been performed using the 118298
cells grid.

4.3. Validation of the numerical model

In order to validate the obtained results, it is necessary to compare the
prediction with experimental data. The comparison performed with the
experimentally measurements of Su and Mao [25] and CFD model of Shams et al.
[125] are present as follow.

Su and Mao employed a three-dimensional Particle Dynamic Analyzer
(3D-PDA) to measure the gas—solid two-phase flow in a lab-scale square cyclone
separator with downward gas-exit under several cases. The separator used by Su and
Mao was a square one and its edge length its edge length was 120mm, body height
180 mm. The diameter of the vortex finder and the exhaust exit were both 60mm.
The height of the vortex finder was 90mm. The distance between the bottom of the
vortex finder and the top of the exhaust was 60mm. The separated particles were
collected by a discharge bin. The exhaust gas went through the downward exit to
open air by an induced blower. The particle used was glass beads of mean diameter
30-40 pm and of density 2400 kg/m®. The data use there is the velocity distribution
at the plane located at 120mm from the top of cyclone.

Shams et al used a CFD method to predict and evaluate the flow field inside a
square cyclone. In their study, the RSTM is used to simulate the Reynolds stresses,
the Eulerian-Lagrangian computational procedure is implemented to predict particle
trajectory in the cyclone. The simulations are performed for two cyclone types with
different geometries have been studied experimentally by Su and Mao [25] and
Wang [10]. The second case study by Shams is present there, this case studied has
exhaust gas through downward exit, and the particle used was glass beds of mean
diameter of 30-40 pm and density of 2400 kg/m>. The simulations are performed at
inlet velocities of 20, 25.3 and 28.32m/s.

The present simulations are compared with measured and CFD simulation of
z-velocity distribution of Su and Mao and Shams et al.[125] at the cross-section
located at 0.7m from the bottom of cyclone and at 120mm from the top for two
available data. As shown in Fig. 4-3, the present simulation matches the
experimental velocity profile with overestimation of the z-velocity in left side of
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cyclone, and underestimation of the z-velocity in right side. Considering the
complexity of the turbulent swirling flow in the square, the agreement between the
present simulation and measurements is considered to be quite acceptable.

z-velocity (m/s)
5 & & A NV o v~

V¥ Suand Mao[25]
v Shams et al.[125] v
v
v
\AY
%V
Y

-12

020 015 -0.10 -005 0.00 005 0.0 015 020
x distance (m)
Fig. 4-3 Comparison of the z-velocity between the experimental data from Su and Mao [25],
the numerical data from Shams et al. [125] and the current model result at 0.7 m from the

cyclone bottom, the inlet velocity is 22m/s and solid volume fraction ¢y =0.1.

4.4 Results and discussions

4.4.1 Comparison of turbulence model

In the first step of this chapter, the simulations are performed for the square
cyclone without angle (a =0°). A schematic of the geometry of a square cyclone
separator and its corresponding numerical grid is shown in Fig. 4-1. As indicated in
Fig.4-1 the exhaust gas through a downward exit open to the air, and the
surrounding pressure is at 1 atm. To solve the equations listed in Chapter 2, we need
appropriate boundary conditions for the velocities of the gas and the solids phases,
pressure, and the granular temperature. Initially, the volume fraction of particles in
the square cyclone separator is provided and the gas velocity inside the square
cyclone separator is set to zero. At the inlet, a uniform distribution is assumed for
the velocity components, kinetic energy of turbulence, and energy dissipation rate
of the gas phase. All velocities and volume fractions of the gas and solid phase are
specified. The particulate material has a density and diameter of p, = 2400 kg/m3
and dg =0.150 um respectively and solid volume fraction of «,=0.1 was used.
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The simulations are performed at inlet velocity of 14, 18, 20, 22, 24 and 28 m/s and
the RNG k-¢ model and RSM are selected as turbulent model to simulation
gas-solid two-phase flow in square cyclone separator.

4.4.1.1 Velocity distribution
The gas and particle phase velocities vectors at the cyclone cross-section
z=0.85m are shown in Figs. 4-4 and 4-5 for RNG k-& and RSM model respectively.

Gas phase solid phase
Fig. 4-4 Velocity Vector for gas and particle at the cross section
at z=0.85m for RNG k-¢ model

Gas phase Particle phase
Fig. 4-5 Velocity vector for gas and particle at the cross section
at z=0.85m for RSM model

For both two model the gas-solid flow entered the square cyclone at inlet
velocity and directly impinged on the corner wall facing the inlet. There was an
eddy at the corner facing the inlet. The flow turned its direction sharply and the
particles impacted the wall strongly. Some of the impacting particles rebounded
from the corner wall and were carried away by the gas flow. Some of them were
deposited and fell down along corner surface. Moreover the corner is one of the
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major regions to cause pressure drop and was found to be beneficial to particle
separation mainly because the strong fluctuating flow consumed much of the kinetic
energy of both the particle and gas.

4.4.1.2 Pressure fields

In this part the comparative studies of two turbulence models, the RSM and a
variation of the k-¢ model based on RNG k-¢ was evaluated. Simulations were
compared with pressure fields.

Fig. 4-6 and Fig.4-7 show the profiles of pressure drop and static pressure
respectively. Fig. 4-6 shows that the pressure drop increase with increasing inlet
velocity and a slight increase in pressure of the RSM model compared to the RNG
k-& model.

3500
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[8)]

o

o
1
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[EY
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o

o
1

Pressure drop (Pa)
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14 16 18 20 22 24 26 28
Velocity inlet (m/s)
Fig. 4-6 Profile of Pressure drop

Fig. 4-7 shows the profile of static pressure according to the height of cyclone
at part of cyclone z=0.60 m. The results show that the airflow causes depression as
a swirl at the center of cyclone, similar to the conventional cyclone. Also the static
pressure decreases radial from wall to axis of the cyclone and the pressure is
increased for the RSM model near the walls, Fig.4-8 contours of static pressure
gives a clear illustration of this phenomenon. Although the pressure distribution
showed acceptable agreement for all models the RSM gives a higher-pressure drop
compared to the RNG k-& model.
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Fig.4-7 profile of static pressure in x-coordinate
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Fig.4-8 Contour plot of static pressure with two different
turbulence models at x-plane of cyclone

4.4.1.3 Solid volume fraction

Simulation results showed that the particle volume fraction increased and
reached annular bed condition instantly after startup under the action of
gravitational force.
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Fig.4-9 Profile of solid volume fraction with x-coordinate
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Fig. 4-10 Contour plot of solid volume fraction at x-plane of cyclone

Fig. 4-9 present the profile of particle volume fraction for RSM and RNG k-¢
model at H=0.65m height of cyclone along the x-radial direction. The results show
that particle concentration along the radial direction of cyclone can be divided into
two regions: the central region of the cyclone area with low particle concentration
and the wall region with high particle concentration. The gas and particle flow to
the wall, leading to increased particle concentration near the wall of cyclone.
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Fig.4-10 shows the particle volume fraction at the x-z plan section of cyclone for all
turbulence models, moreover these figure show that volume fraction distribution is
not symmetrical.

4.4.1.4 Separation efficiency

In addition to pressure drop, separation efficiency is also considered an
important parameter in the evaluation cyclone performance. Generally, an increase
in inlet velocity will increase the separation efficiency of the cyclone; this will also
increase the pressure drop. Some available data in literature review were selected to
compare the obtain results, experimental computing conditions should be
mentioned.

As mentioned earlier in the literature review, the new inlet type, which is
different type of inlet from that used by former researchers was developed and
experimental study by Zhao et al.[26]. Zhao et al. research were performed under
the following conditions: the solid particle used were talcum powder obeyed by
log-normal size distribution with skeletal density of 2700kg/m3 , with a
concentration of 50g/m*, mass-mean diameter of 5.97 m and geometric deviation of
2.08. The mean atmospheric pressure, ambient temperature, and relative humidity
during the tests were 99.93kPa, 293K and less than 75%, respectively. Noted that
the cyclone with conventional single inlet Model A, with inlet velocity of 12, 16, 20
and 24 m/s were selected and presented there in the term of collection efficiency for

our comparison.

The data from Wang et al.[10] has been presented above in Section 3.3.2.2, in
this section were are interested in the collection efficiency both numerical and
experimentally studied by Wang et al.[10].

As shown in Fig.4-6, the pressure drop increases with the inlet velocity.
Fig.4-11 shows the comparative measured separation efficiency of the square
cyclone as a function of inlet velocities compared to the results of Wang el al.[10]
and Zhao et al.[26] for a conventional cyclone. As can be seen in Fig.4-11, the
influence of inlet velocity on separation efficiency for dense particle concentration
is apparent. In a conventional cyclone it is usually expected that an increase in inlet
velocity will increase separation efficiency. This has been found by both
experimental and numerical studies to be the case by Zhao et al. [26] and Wang et al.
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[10].The results presented here demonstrate that with an increase in inlet velocity a
square cyclone will have an increased separation efficiency in a similar manner to a
conventional cyclone. The results presented here also demonstrate that the
collection efficiency of the square cyclone differs depending on the model used. The
collection efficiency of a cyclone modeled with the RSM model is higher than that
modeled with RNG k-¢ model.
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Fig.4-11 Separation efficiency of the cyclone at different inlet velocity

4.4.2 Effect of solid concentration on square cyclones

The following section examines simulations perform in three cases with
different solid volume fractions: Case A with solid volume fraction 0.01; Case B
with solid volume fraction 0.05 and Case C with solid volume fraction 0.1. RSM is
selected in these cases as turbulent model to simulation gas-solid two-phase flow in
square cyclone separator with three different inlet volume fractions.

4.4.2.1 Flow fields

Experimental measurements of the velocities in square cyclone separator
without a vortex finder do not exist to validate the velocity prediction at present, but
the predicted velocity field is seen to be similar to the conventional cyclone
separators. Only the tangential velocity components are presented her since the
contour of the velocity magnitude within the cyclone are almost identical with those
of tangential velocity. Additionally within the cyclone the tangential velocity is the
dominant velocity component. It should be noted that the tangential velocity
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distribution inside a square cyclone basically agrees with the rotational flow that
consists of inner forced and outer free vortexes. In this part the tangential velocity is
investigated in the different heights of cyclone and different inlet velocities.
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Fig.4-12 presents the gas and solid tangential velocities at different inlet
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velocities (a) Case A and (b) case B and (b) Case C respectively. The results show
that the tangential velocity magnitude increased by increasing the inlet velocity for
three cases studied, the values of tangential velocity equals zero on the wall and at
the center of the cyclone and have negative value for low inlet velocity for all cases.
Additionally, for all cases the tangential velocity distributions are not symmetrical.

Figs. 4-13 show the profiles of the tangential velocity along the radial
orientation at different heights of the square cyclone for all cases. For different
volume fractions the tangential profiles show that inside the square cyclone the
swirling flow consist of an outer free vortex and inner forced vortex close to center,
these results are seen to be similar to those in conventional cyclones. Moreover, in
the inner region the tangential velocity is relatively similar at different heights of
square cyclone for both two cases. The tangential velocity distribution in the outer
region is rather similar at different height of square cyclone for Fig.4-13(a) and is
completely different for those in Fig.4-13(b). Note that increases of solid inlet
volume fraction also effect the tangential velocity distribution.

4.4.2.2 Pressure fields

One of the most important parameters in the investigation of cyclone
performance is the pressure drop in the cyclone. Figs. 4-14 present the radial
profiles of static pressure at z=0.60m from the bottom of cyclone for different
cases studied. The static pressure shows the low pressure zone in the center of the
cyclone for each inlet velocity and for different cases studied.
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Fig. 4-14 (a) Profile of static pressure with different solid volume fractions
as function of different inlet velocity: Case A
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Fig. 4-14 (c) Profile of static pressure with different solid volume fractions
as function of different inlet velocity: Case C

As seen in the Fig. 4-14, within the square cyclone the static pressure decreases
radially from wall to axis. Moreover, the Figure of Case C gives higher static
pressure compared to the Cases A and B. Comparison between pressures drops of
the square cyclone in three cases are presented in Fig.4-15 respectively with
different cases studied. The pressure drop increases with increased inlet velocity
and for high solid volume fraction the results gives a higher-pressure drop compared
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to those in low solid volume fraction. The pressure drop increase proportionally
with inlet solid volume fraction.
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Fig. 4-15 Profile of pressure drop with different inlet velocity

4.4.2.3 Collection efficiency

The results of collection efficiency with three different inlet solid volume
fractions are present in Fig.4-16 as function of gas inlet velocity. For a different
inlet solid volume fraction, a tendency of collection efficiency increase with
increasing with inlet velocity is observed. Because the tangential velocity inside the
square cyclone separator increases with the increasing inlet gas and solid velocities,
which leads to the increase of centrifugal forces, therefore, the collection efficiency
increases accordingly. As can be seen from Fig.4-16, the influence of inlet solid
volume fraction on collection efficiency is obvious; the collection efficiency for
Case C which is higher than other cases.
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Fig.4-16 Cyclone collection efficiency for different cases studied
4.4.3 Effect of inlet configuration on square cyclone separators

As numerical investigations of square cyclones could have an important role to
better understanding of the flow parameters, this part is intended to obtain detailed
flow information by CFD simulation within square cyclones. A square cyclone
investigated by Su and Mao [25] is simulated numerically, with the variation of
different inlet geometries. The square cyclones are modeled at different flow inlet
velocity and flow fields are evaluated inside these cyclones. Profiles of pressure and
collection efficiency within the square cyclones are shown. Tangential velocity
profiles and velocity vectors in different sections are investigated.

Three dimensional CFD simulation was carried out for the square cyclone
separator with the above four types of inlet configurations. Equations were solved
numerically by the finite volume method using the commercial CFD code Fluent
6.3.23, in which the control volume method was used to discretize the transport
equations.

As mentioned earlier in Section 4-2, the simulations were performed on five
square cyclones separator with different geometries, which four have been simulate
there with different inlet geometries configuration angle o. These cyclones had a
reversed flow tangential inlet. The geometry and dimensions of cyclones are shown
in Fig.4-17 and Table 4-2.
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Fig. 4-17 (b) yx-plane geometry for four types of inlet configurations of square separator
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Table 4-2 the dimensions of the cyclone used in the simulations.

Notation Units Parameters Values
H m Square cyclone length 0.38
h m Exit tube length exit gas 0.23
S m Vortex finder length 0.09
D m Square cyclone width 0.12
De m Gas exit diameter 0.06
a m Inlet height 0.06
b m Inlet width 0.02
o ° Inlet angle 0, 10, 20 and 30

Table 4-3 Models parameters used in the simulations.

Notation Units Property Value(s)
d, um Solid diameter 150
P, kg/m® Solid density 2400
& / Solid volume fraction 0.1
Py kg/m® Gas density 1.225
Hy kg/m-s Gas viscosity 1.789x10°
V., m/s Inlet velocity 15, 20, 25 and 30

The gas-solid turbulent flow and separation processes in square cyclone
separators are numerically modeled by the CFD method. The RSM is used to
simulate the gas flow and the flow behavior of gas—solid phases was predicted using
the Eulerian—Eulerian two-fluid model approach with kinetic theory of granular
flow to obtain the flow patterns in square cyclone separator.

The velocity inlet boundary condition was used at the inlet and the inlet
velocity was specified as the experimental value. The pressure outlet boundary
condition was used at the outlet. The standard wall function was adopted.

Different grid meshes were tested before the final simulation and the four
square cyclones have total number of 150214 cells for «=0°, 152322 cells
for o =10°, 154189 cells for o =20°, and 154914 cells for « =30°, respectively.
For all four square cyclone the tetrahedral grid was used, Fig.4-16(c) show a
generated mesh in 3D grid. Model parameter uses in this section are shown in Table
4-3.
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4.4.3.1 Flow fields

Fig.4-18 shows the profile of gas and solid z-velocity for different inlet
geometries at heights along axis of the cyclone.

In the square cyclone separator, the vertical velocity is important for the
particle collection in a cyclone. The z-velocity distribution in near wall region is
downward and has a greater amount in the right side. In the center of the cyclone,
upward z-velocity distribution is observed in the numerical result, as shown in Fig.
4-18 the largest downward velocity was not near the wall of the separator, For
different inlet configurations angle « the z-velocity distribution at the wall facing
the inlet, was much larger than that toward the inlet, as shown by Fig.4-18 with

different height along of square cyclone, and the square with inlet angle o =30°
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was also more larger than other angle « . But at height fare from inlet cyclone (0.11

and 0.12 m of height) the distribution of the z-velocity was different, where both

gas and particles had upward velocity close to the center part of the cyclone. The

re-circulation flow was due to the change of the pressure distribution.
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Fig. 4-18 Profile of gas and solid velocity along the axis of the cyclone at three axial
locations for different inlet geometries at, inlet velocity is 20m/s
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The largest downward z-velocity was at the right wall of the square separator
at height z=0.110m andz=0.120m. The velocity at the left wall was relatively
much smaller for four different angles « . This implied the right wall gave more
contribution for particle collection than the left wall did, especially the front corner
at the right wall.

4.4.3.2 Pressure fields
It is difficult to understand the cyclone separation behavior without some
information about the flow field. CFD is a very useful tool to obtain details of the

flow inside a cyclone.
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Fig. 4-19 Profile of static pressure for different inlet angle
at different height along axis of square cyclone

The profiles of static pressure in square are shown in Fig.4-19 for four inlet
configuration angle and with different height along the axis of cyclone, a low
pressure. For all the cases the low pressure zone in the centre of the square cyclone
is seen to be similar to the conventional cyclones. One of the most important
parameters in the investigation of a cyclone performance is the pressure drop in the
cyclone. But for angle more than 0<the static pressure is as lower in the center of
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the square as in section close to inlet.

Fig.4-20 shows the comparison of pressure drop in on the square cyclone with
the four different inlet configurations angle o as function of inlet velocity. For four
different inlet configurations angle o, the CFD predicts the effect of the inlet
velocity on the cyclone collection efficiency with an acceptable deviation.
Comparison between the different inlet configurations angle o shows that the
pressure drop in square cyclone increase with increased inlet angle a of cyclone
geometry, as shown in Fig.4-20, the cyclone with inlet a=30<have high pressure
than other angle the numerical simulation has better agreement with experimental
data.
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Fig.4-20 Pressure drop for four different inlet configurations

4.4.3.3 Separation efficiency

In order to examine the effect of inlet geometry on square cyclone efficiency
characteristics, Fig.4-21 shows the comparison results of separation efficiency with
four different inlet configuration, as a function of the inlet velocities (Vin=15, 20,
25 and 30 m/s). For the four different inlet configurations, a tendency of overall
collection efficiency inlet velocity is observed. Obviously, the separation efficiency
of the square cyclone with inlet angle a=0<is greater than that of square cyclone
with angle a>0< This indicates that the inlet configuration type plays an important
role in the collection efficiency. As shown in Fig.4-21 the collection efficiency
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decreases with increase inlet section. The effects of the cyclone inlet configuration
angle o on pressure drop (Fig.4-19) and collection efficiency are opposite.
Increasing the inlet width will save more driving power but leads to reduced
collection efficiency.

Moreover, the collection efficiency from Fig.4-16 and Fig.4-21 show that
given two different cyclone geometries and being processed under the same
conditions, it will yield different collection efficiency curves. This demonstrates the
influence of the geometry especially the vortex finder on the efficiency of the
cyclone. As can be seen from Figs.4-16 and 4-21, the collection efficiency of square
cyclone with vortex finder (Fig.4-21) is higher comparing to the square cyclone
without vortex finder presented in section 4.4.2.3(Fig.4-16) especially for high inlet
velocity.
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Fig.4-21 Cyclone collection efficiency as a function of inlet velocity

4.5 Brief summary

A numerical simulation by CFD, based on the RSM and RNG k-¢ model was
used to study the flow in square cyclone separators with a downward gas-exit within
two cases. The case where a square cyclone have not vortex finder were initially
performed and other case that has four types of cyclones with different inlet
configurations were simulated with the condition similar in first section.
Comparison of the results given by tangential velocity component, pressure fields
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and volume fraction can describe the turbulent flow within a square cyclone.

Firstly the tangential velocity profiles show that inside the square cyclone
without vortex finder, the swirling flow consists of an outer free vortex and inner
forced vortex close to center. These results are similar to those seen in a
conventional cyclone. Additionally, this study indicates that the pressure drop and
separation efficiency increase with increasing inlet velocities for both the Reynolds
stress model and the RNG k-& model. Moreover, the Reynolds stress model gives a
higher-pressure drop distribution and high separation efficiency compared to the
RNG k-¢ model. The Reynolds stress model provides well for the forced vortex and
free vortex, and the lower pressure in center of square cyclone is seen to be similar
to that of a conventional cyclone. Moreover, comparison of the pressure drop for
two cases in a square cyclone show that the pressure increases considerably by
increasing the solid volume fraction. However these numerical simulations results
need to be validated in future work by the experimental data.

Secondly, the flow in a square cyclone separator is numerically simulated for
four types of inlet geometries. The results showed that square cyclone with different
inlet geometries would increase the pressure drop and decrease the separation
efficiency as function of inlet angle. Note that the effects of the cyclone inlet
configuration angle o on pressure drop and collection efficiency are opposite.
Increasing the inlet width will save more driving power but leads to reduced
collection efficiency.
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Chapter 5 Separation and pressure drop in horizontal
cyclone separator

5.1. Introduction

Gas-solid two-phase flows are commonly found in many engineering
applications and natural processes and contributions to the understanding of the
behavior of such flow systems can significantly enhance the design and, in turn, the
productivity of such processes. Numerical studies on gas-solid two-phase flows
have become one of the most important approaches recently[129-138].

Cyclone separators are simple inertial separators with no moving parts. The
major areas where cyclones have been used include the mining industry,
construction materials industry, food industry and power utility industry. The
cyclone separator is used by these industries for separation of component that make
up a multiphase stream. Examples of the function that cyclone performs include
particle classification and separation in the mining and construction industries; hot
gas cleaning for chemical feedstock, and fluidized bed combustion system in
chemical and power industries; and spray dried products recovery in food
industries.

The separators are becoming increasingly popular in the power industry
because of the power industry’s growing interest in the circulating fluidized bed
combustion (CFBC) system and the integrated coal gasification systems. The
cyclone is an integral part of CFBC system, and its performance at high operating
temperature and pressure attributes to the overall performance of the CFBC system.
Cyclones are also used for cleaning gas in the combined coal gasification cycles.

The two most important parameters that determine the overall performance of
cyclone separators are the collection efficiency and pressure drop. The collection
efficiency determines whether the cyclone can effectively meet the dust removal
requirement for the application. In an industrial application both the grade
efficiency of the cyclone and overall efficiency are determining factor during the
system design, to see if cyclone can be effectively incorporated in the system to
handle particle removal. The pressure drop determines whether the cyclone can be
economically viable for the application. The two factors that the pressure drop
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requirement affects are the energy requirements and the initial capital cost for fluid
mover: fan or pump.

Cyclone separators have been used extensively during this century as a major
gas cleaning device. The standard designs available now were perfected decades
ago on the basis of practical experience and insight but often without quantitative
application of the principles of engineering practice. Although these approaches
have worked well in certain circumstances, they may not always lead to the best
possible designs. Now, increasing demands and competition require the use of good
mathematical models describing the operation of cyclones, as well as their use, with
modern tools of optimization to give the best designs. In this chapter dense
gas-solid two-phase turbulent flow where simulated using Fluent software. The two
turbulence model and Eulerian approach with kinetic theory for granular flow will
be combined to study and describe the dense gas-solid flow and the performance of
cyclone in horizontal cyclone separator. The main objective of this part lies in the
implementation of the 3D mesh of the horizontal cyclone and the numerical
simulation of the separation of dense gas-solid flow.

5.2. Mathematical model and numerical solution method

5.2.1 Gas-solid two-fluid model

In general, two methods are used to simulate particle in gas—solid two phase
flow i.e. discrete element method (DEM) and Eulerian-Eulerian two phase flow
model. The DEM approach traces individual particles while the gas-phase flow
continuum is described by the Navier—Stokes equation. This method is highly
accurate, but requires mesh adaptation and is expensive. The Eulerian approach is
used for both the gas and particle phase within horizontal cyclone. For simplicity, it
is assumed that flow is isothermal. The gas phase is incompressible and particles are
spherical and mono-sized. The governing equations for the conservation of mass
and momentum for each phase and the constitutive relations are given in Chapter 2.

5.2.2 Turbulence model

We have seen that the gas solid flow in cyclone is turbulent so many choices of
models available to us. Given the anisotropy of the system, the k- model standard
IS not appropriate. There have several turbulent models in FLUENT code and two
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models are used in this part that we seemed adapted to our case study. The
simulations are performed with the RNG k-&¢ models with options "swirl dominant
flow" and RSM. Indeed, the first simulates the typical flow cyclones and the second
takes into account all the Reynolds tensor and thus allows a good analysis of the
results. The details of those two models are described in Chapter 2 and see Fluent
User guide for more details about a choice of turbulent models.

5.2.3 Geometry of horizontal cyclone separator

A schematic of the geometry of a horizontal cyclone separator and its
corresponding numerical grid is shown in Figs.5-1, 5-2. The horizontal cyclone
separator investigated consists mainly of a cylindrical body, horizontal gas exit and
downward solid exit. The set of governing equations presented in Chapter 2 is
solved by a CFD code (FLUENT 6.3.23). Table 5-1 lists the parameters used in
these simulations.

= ]

Gas outlet Dc
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Fig. 5-1 Geometry and dimension of cyclone
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Fig. 5-2 3D geometry and generated grid used in this simulation

Table 5-1 Parameters and cyclone dimension used in these simulations

Notation Units Property Value(s)
Py kg/m® Gas density 1.225
Mg kg/m-s Gas viscosity 1.7894e-05
Vin m/s Flow inlet velocity 15, 20, 25, 30
d, pum Solid diameter 150
P, kg/m® Solid density 2400
as - Solid volume fraction 0.1, 0.05
L m Cylindrical body length 0.44
Dc m Cylindrical body diameter 0.32

a m Inlet length 0.16
b m Inlet width 0.1
De m Gas outlet diameter 0.2
| m Solid outlet length 0.2
c m Solid outlet width 0.04
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5.2.4 Boundary conditions

A velocity inlet boundary condition is used at the cyclone inlet, meaning that a
velocity normal to the inlet is specified. Velocity inlet, particle concentration and
other parameter are show in Table 5-1. A pressure flow boundary condition is used
at the outlet. Gas exhaust exit tube is open to the air, and the surrounding pressure
and temperature are 1 atm and 290 K respectively. The no slip boundary condition is
used at the other boundaries.

5.3 Results and discussion

5.3.1 Flow fields

Fig.5-3 present velocity streamlines with inlet velocity of 20m/s at five
different cross-sectional locations: Plane 1 (y=0.05m), plane 2 (y=0.13m),
plane 3(y=0.17m), plane 4 (y=0.29m) and at plane 5 (y =0.33m). The velocity
was performed for several different gas and solid inlet velocity. Because the results
show similar profile that it’s not important to reported all of them. Flow behavior in
the horizontal cyclone separator can be observed for both the RNG k-g and RSM,
respectively and with inlet velocity of 20m/s.

A recirculation zone exists beneath the inlet region is seen clearly in the
velocity streamline plot in Fig.5-3(a) because of the collision among flow, part of
gas flows inward and exhausts out quickly from the region right beneath the inlet
region, which forms a short-circuiting flow. Another recirculation zone exist has
seen at plane 4 (Fig.5-3(d)) due to the enlarging dust box and the friction from
particles accumulating walls.

From the streamline distribution, it was seen that the suspension flow field in
the horizontal cyclone separator consisted of the strong swirling flow of high
velocity at the center and weak swirling flow of low velocity near the wall, and
local eddies existed at the position close to inlet section as shown in Fig. 5-3(a) for
both RSM and RNG k-& model. The central flow field can be regarded as forced
vortex region, while the flow near the wall can be regarded as quasi-free vortex.
Hence, the flow in the horizontal cyclone separator had the characteristics of
Rankine vortex, which was very advantageous for particle separation. The strong
swirling flow in the center gave rise to centrifugal force and threw the particles to
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the outer quasi-free vortex region, where particles were likely to be collected due to
the weak swirling intensity.

Additionally, Fig.5-3 shows the evolution of the vortex core in a
cross-sectional plane of the horizontal cyclone. It describes a nearly circular path
around the geometrical center, rotating in the same direction as the flow.
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Fig. 5-3(b) Velocity streamline of RNG k-g model (left) and RSM model (right) at plane 2
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Fig. 5-3(c) Velocity streamline of RNG k-¢ model (left) and RSM model (right) at plane 3
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Fig.5-3(e) Velocity streamline of RNG k-¢ model (left) and RSM model(right) at plane 5
5.3.2 Tangential velocity

Fig.5-4 shows the gas tangential velocity profile at different locations along
axial direction of horizontal cyclone and for different gas-solid inlet velocities. Note
that the tangential velocity profile is shown across the diameter and is nearly
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symmetrical about the center of the cyclone separator. For different position

(y=0.05, y=0.17 and y=0.34 m), the tangential velocity has a positive sign and on

the other side (180 degrees in the circumferential direction) has a negative sign.
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Fig.5-4 Profile of gas and tangential velocity at different y distance
along axial distance of cyclone with different inlet velocity
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Fig.5-5 Contours plot of solid volume fraction for RNG k-g& model
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As shown in Fig.5-4, high tangential velocity occurs in the near-wall region.
This high velocity in the near-wall region decays rapidly toward the center. Notice
also that the magnitude of the peak in the tangential velocity has decreased
considerably from y=0.17m to y=0.34m along axial direction of cyclone. This
indicates a high decay of the tangential velocity in the axial direction as well as in
the circumferential direction, especially near the inlet, as shown in Fig.5-4

5.3.3 Volume fraction

Fig.5-5 shows the contour plot of volume fraction for RNG k-¢ of horizontal
cyclone at different cyclone location for different inlet velocity. Gil and Cortes
found that that in dense flow, the particles ejected radially towards the outer wall
causing the increase of the effect of wall friction. This normally increases the
pressure drop, but the weakness of the rotational movement in the same effect of
friction, reduced. The distribution of solid volume fractions near the walls of the
cyclone and in a plane at three different planes (y=0.05m, y=0.17mand y =0.33m) is
illustrated in Fig.5-5. It may be noted that high concentrations are close to the walls
corresponding to separate particles and especially in the zones where velocities are
reduced. For high inlet volume fraction the concentration near the walls is almost
60%. It is also observed at higher concentration of solid in plan y=0.33mfor
different inlet velocity corresponding to the outlet solid part and the solid
concentration have different distributions according to inlet velocity

5.3.4 Pressure drop

Note that the pressure drop over a cyclone is the difference of static pressure
between the inlet and outlet, which can be written as in Equation (1-2). Fig.5-6 and
5-7 show the profile of pressure drop for two turbulence model and with different
inlet solid volume fraction respectively.

As shown in Fig.5-6, the pressure drops in horizontal cyclone show an
approximately linear increase with increasing inlet velocity. The predictions
approached by RNG k-g and RSM model are different, RNG k-g predict a higher
pressure drop compare to RSM model. However both of turbulent model a same
tendency that is the pressure drop of the horizontal cyclone separator increases with
increase of the inlet velocity.
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Fig. 5-6 Pressure drop as function of inlet velocity RNG k-¢ and RSM
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Fig. 5-7 Pressure drop as function of inlet velocity with different solid volume fractions

Note that the CFD has a great potential to predict the flow field characteristics
and particle trajectories as well as the pressure drop inside the cyclone. The CFD
code FLUENT with the RSM turbulence model predict very well the pressure drop
in conventional cyclone and may be useful for cyclone design. However behind the
accuracy of the complicated RSM model it does require much expensive
computational effort compared to the RNG k-g model. In horizontal cyclone present
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there, the CFD with RNG k-g turbulence model also yield a reasonably good
prediction on cyclone pressure drop. The RSM turbulence model also predicts the
cyclone collection efficiency better than RNG k-g¢ model, respectively for the
cyclone of a different geometry.

Generally the cyclone pressure drop decreases with increased wall friction
coefficient, concentration of solids or length of the apparatus. Fig.5-7 shows the
pressure drop of cyclone with two different inlet solid volume fraction for RSM
model, as shown in figure the pressure drop increase with increasing of inlet
velocity, high solid volume fraction predict higher pressure drop compare to low
inlet volume fraction.

5.3.5 Collection efficiency

The collection efficiencies as function of inlet gas velocities are shown in Fig.
5-8 for different turbulence model with solid volume fraction of 0.1. As can be seen
from Fig.5-8, the influence of inlet velocity on collection efficiency for RNG k-¢
and RSM turbulence model, and particle concentration is obvious. Because the
tangential velocity inside the cyclone separator increases with the increasing inlet
gas velocity, which leads to the increase of centrifugal forces, therefore, the
collection efficiency increases accordingly.

As shown in Fig.5-8, the results show that the efficiency the horizontal cyclone
increases with increasing inlet velocity. With the increase of the inlet velocity, the
performance of the separation will be enhanced and the efficiency will be improved.
The predictions which are achieved by RNG k-& model and RSM model are not all
the same. The efficiency predicted by RNG k-& model is lower. However, both the
two model shows that, with the increase of the inlet velocity, the efficiency
improved, which is the tendency of the separation efficiency is the same.

The collection efficiencies for two different inlet solid volume fractions are
shown in Fig.5-9, the simulation were performed using RSM turbulence model. As
seen in Fig.5-9 the collection efficiency increase with increasing inlet velocity and
decrease with increasing of solid volume fraction. Generally, the published
literatures dealing with the influences of particle concentration on gas flow and
particle separation showed the following results[65]: the gas flow inside the cyclone
separator was primarily changed by the separated particles sliding down the wall in
stream as a result of the angular momentum exchange among gas, particles and
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Fig.5-8. Separation efficiency of the horizontal cyclone
for RNG k-g and RSM model as function of inlet velocity

97

96

95

94

93

92 ~

Separation efficiency (%)

91 +

90 T T T T T T T T T T T T T T T T
14 16 18 20 22 24 26 28 30

Inlet velocity (m/s)

Fig.5-9 Separation efficiency of the horizontal cyclone
with two different solid volume fractions.

Especially the tangential velocity of the gas inside the cyclone separator
decreased distinctly with the increasing particle concentration as shown by velocity
measurements using a Laser Doppler Velocimetry (LDA)[138] and by flow field
simulation[139]. Thus, it might assume that the collection efficiency of cyclone
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separators diminishes with the increasing particle concentration due to the smaller
centrifugal forces in the cyclone separator. However, measurement results show that
the collection efficiency improves steadily with the increasing particle
concentrations although the centrifugal force decreases due to the smaller tangential
gas velocities at high particle concentrations. Muschelknautz[39] tried to take this
phenomenon into account by his mechanistic treatment on limited particle transport
at high concentrations. Any material in excess of this concentration was ‘dumped’ to
the cyclone separator wall, essentially without being classified, the remainder
continued to the separation space proper, where it was separated roughly as if the
cyclone separator was operating at low concentration. However, the collection
efficiency measurements indicated that the improvement of separation performance
at higher concentrations was due to particle agglomeration[66]. Derksen et al.[138]
thought that the presence of solid particles in gas caused cyclone separator to lose
some swirl intensity. The turbulence of the gas flow got strongly damped. Swirl
intensity and turbulence had significant influence for the way the different size
particles get dispersed in the gas flow, and the collection efficiency got affected in
an opposite sense: negatively by the loss-of-swirl, positively by the reduced
turbulence.

5.4. Brief summary

The flow behavior of gas and particles has been simulated based in
Eulerian—Eulerian two-fluid modeling approach with kinetic theory of granular flow
for horizontal cyclones separators. The effect of two turbulence model and solid
inlet volume fraction base on the distributions of the flows fields, and cyclone
performance was studied and the result illustrated that the pressure drop in
horizontal cyclone increase with increasing of solid volume fraction but the
collection efficiency decrease with increasing of solid volume fraction. And the
same result was observe for two turbulence model which RNG k-g& show better
separation efficiency than RSM model opposite to the pressure drop.
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Summary and Conclusion

Gas-solid separation has received considerable attention in recent years in the
removal of dust from the environment. Dust abatement covers a wide range of
equipment designs. A simple design of a cyclone separator is usually an initial
separation step followed by more efficient means to remove air borne particles
Cyclone separators are widely used in industrial applications. The separation
efficiency and pressure drop are the most important parameters to evaluate the
performance of processing system. In the simulations presented in this thesis, the
dense gas-solid flows separation within a different type of cyclone separator is
simulated by means of computational fluid dynamics. The Reynolds stress model
and RNG k-epsilon two turbulence models and Eulerian approach were combined to
study and describe the dense gas-solid flows and the performance of cyclone. The
flow behavior is examined in the term of tangential velocity components, static
pressure and pressure drop contour plots for flow field and solid volume fraction.
The effects of the turbulence model, cyclone geometry and solid volume fraction on
the cyclone were discussed. And the conclusions derived from this research are
presented below for different cases studied.

1. The first type of cyclone separators used in this study is the conventional
cyclone separators with a various type of inlet angle. Based on the presented results,
the following conclusions may be drawn. Results show that for different inlet
gas-solid velocities, an axial symmetry was observed for RSM around the
cylindrical section of cyclone for both tangential and axial velocities. However, the
RNG k-e& model displays no axial symmetry. Additionally high pressure near the
wall of the cyclone due to centrifugal force creates a depression on the axis of the
cyclone.

The results indicate that the pressure drop increases with increasing inlet
velocities for both the RSM and RNG k-¢ models, moreover the RSM gives a higher
pressure drop compared to the RNG k-g model. Additionally, the RSM model
provides well for the simulations of both the forced and free vortex.

The axial velocity profiles for the four inlet configurations are very similar
except at the central region which the magnitude peak increases with increase inlet
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configuration angle. Additionally the magnitude peak of tangential velocity in
cyclone and pressure drop increase with increasing the cyclone inlet configuration
angle.

2. Flow gas and solid separation in square cyclone separators with a downward
gas-exit within different types of square cyclone were simulated with the condition
similar to those in first section. The effect of turbulence model, inlet configuration
and solid concentration based on velocity component, pressure and volume fraction
were investigated in this part.

Firstly, for both turbulence models use the results indicated that the pressure
drop and separation efficiency increase with increasing inlet velocities, and are
higher for RSM compare to RNG k-¢ model. Also the RSM provides well for the
forced vortex and free vortex, Moreover the lower pressure in center of square
cyclone is seen to be similar to that of a conventional cyclone. Additionally
comparison of the pressure drop for three different solid volume fractions in a
square cyclone show that the pressure increases considerably by increasing the solid
volume fraction.

Secondly the flow in a square cyclone separator is numerically simulated for
four types of inlet geometries. The results showed that square cyclone with different
inlet geometries would increase the pressure drop and decrease the separation
efficiency as function of inlet angle a. Note that the effects of the cyclone inlet
configuration angle a on pressure drop and collection efficiency are opposite.
Increasing the inlet width will save more driving power but leads to reduced
collection efficiency.

3. Separation and pressure drop in horizontal cyclone separator was
investigated in last part of this research. The effect of two turbulence models and
solid inlet volume fraction on the horizontal cyclone were investigate based in flow
vector axial velocity and performance characteristics of cyclone. The result
illustrated that the pressure drop in horizontal cyclone increase with increasing of
solid volume fraction but the collection efficiency decrease with increasing of solid
volume fraction. And the same result was observe for two turbulence model which
RNG k-¢ shows better separation efficiency than RSM model opposite to the
pressure drop.
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Main innovative findings from the present research

In this thesis, the dense gas-solid flow separation of cyclone was simulated
within different geometries by means of CFD. The RNG k-¢ and RSM two
turbulence models and Eulerian—Eulerian approach with kinetic theory for granular
flow will be combined to study and describe the dense gas-solid flow. The effect of
cyclone geometry, solid volume fraction and turbulence model on collection
efficiency and pressure drop were studied. The main innovative findings in this
research can be summarized as follows:

- CFD has a great potential to predict the flow field characteristics as well as
the pressure drop inside the cyclone. The simulation results of cylindrical cyclone,
square cyclone and horizontal cyclone found that the CFD code FLUENT with the
RSM turbulence model can be more reasonable to predict the separation efficiency
and pressure drop in cyclones of a different geometry and may be useful for cyclone
design. However behind the accuracy of the complicated RSM model it does require
much expensive computational effort compared to the RNG k-g¢ model. CFD with
RNG k-¢ turbulence model also yield a reasonably good prediction on cyclone
pressure drop.

- Dense gas-solid flow separation within different type of geometries was
studied, and the effects of geometry on cyclone collection efficiency and pressure
drop were tested and compared. Results indicate that the inlet configuration plays
an important role in the cyclone collection efficiency and cyclone pressure drop.
Moreover the corner is one of the major regions to cause pressure drop and was
found to be beneficial to particle separation. This presents the possibility of
obtaining a better performance cyclone by means of improving its geometry design.
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