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ABSTRACT
Many types of particulate matter collectors are used in the industry to separate 

particulate matter from the gaseous streams. Among various type of particulate 

collectors, cyclone separators are one of the most extensively used gas cleaning 

equipment because of they are inexpensive; easier to fabricate, and could be designed 

to stand under harsh operating conditions.

Due to this extensive usage in the industry, many theoretical and experimental 
studies have been carried out and empirical models were developed to predict 
cyclone separator’s most important operational parameters. These models have many 

limitations of illustrating flow behavior properly due to the complex nature of the 

cyclone gas-solid flow behavior. Computational Fluid Dynamic (CFD) simulation 

could be useful to predict cyclone performance as an alternative approach.

This work represents a CFD simulation of a Lapple cyclone separator using 

OpenFOAM software. Cyclone simulations have been carried out using turbulence 

models associated with the Reynolds Average Navier Stokes (RANS) equations. 
Multiphase Particle in Cell (MPPIC) method was used for the particle modeling, in 

which particle interactions with other particles were represented by models. The 

perditions of simulations have been compared both mutually and to literature in 

terms of cyclone pressure drop, gas-solid flow pattern and collection efficiency.

RANS model fairly predict the gas-solid flow pattern of the cyclone. Pressure drop 

and collection efficiency of cyclone well fitted to the experimental results in the 

literature.

Optimum values for inlet gas-solid velocity and particulate loading rate for the 

Lapple cyclone were obtained by RANS analysis. Pressure drop variation with gas- 

solid inlet velocity which has been obtained by this analysis could be useful to 

minimize the energy requirement while maintaining the required collection 

efficiency.
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1 INTRODUCTION
Cyclone separators are one of the most extensively used gas cleaning equipment in 

the process industry. The main reasons for the wide spread use of cyclone separators 

are that they are inexpensive; easier to fabricate, and could be designed to stand 

under harsh operating conditions. Cyclones utilize centrifugal forces and inertia to 

separate solid or liquid particles from a carrier gas. It yields fast separation and 

requires less space over slow gravity settling chambers.

Particle removal efficiency of cyclone greatly varies with many operational and 

geometrical parameters. The most important performance variables are usually gas 

pressure drop and solid separation efficiency. Flow and particle behavior inside the 

cyclone is complex and not possible to be fully understood using measuring 

techniques.

Swirling flow and particulate behavior of cyclones could be reasonably visualized 

using Computational Fluid Dynamic (CFD) model. Furthermore, this understanding 

is useful to optimize the cyclone design for industrial applications. Advancement of 

computer processing power and memory capacity during last two decades made 

discover of fluid flow behavior by means of CFD more effective and easier. This was 

an initiation of new chapter of studding fluid flow behavior. Cost effective full scale 

dynamic fluid flow pattern could be obtained using CFD, which is not possible to 

obtain from inexpensive measuring technologies.

Most of the researches have been based on commercially available expensive 

software packages. In this work, open source software package “OpenFOAM” was 

used to study the gas-solid flow in a typical Lapple cyclone separator.

Cyclone simulations have been arranged using turbulence models associated with the 

Reynolds Average Navier Stokes (RANS) equations. The simulations results were 

compared mutually and with experimental data in literature in terms of cyclone 

pressure drop, gas-solid flow pattern and collection efficiency.
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2 LITERATURE SURVEY
2.1 Overview of Particulate Collectors

Many types of particulate matter collectors are used in the industry to separate 

particulate matter from the gaseous streams, utilizing various technologies for the 

purpose. Wet scrubbers, cyclone separators, gravity settling chambers, bag filters, 

electro static precipitators and venturi scrubbers are common types of widely used 

particle separators. Size range of collected particles and form of collection varies 

with the collection technology. Therefore, most suitable type of particulate collector 

should be selected and designed according to the case by case.

Most commonly used process industrial applications of collectors are separating 

particulate product from the gas solid mixture, purifying the exhaust emissions from 

particulate generating applications, recovering product from spray drying, recovering 

catalyst after reactions, and cleaning of process streams before release into the 

environment.

Table 2.1 : Overview of particulate collectors

Type of equipment Minimum Approx,
particle size efficiency

(%)

Typical gas Gas pressure 
velocity (m/s) drop (mm 

H2Q)(nm)
Dry collectors 

Settling chamber 
Baffle chamber 
Louver 
Cyclone
Multiple cyclone 
Impingement 

Wet collectors 
Gravity spray 
Centrifugal 
Impingement 
Packed

50 50 1.5-3 5
50 50 5-10 3-12
20 80 10-20

10-20
10-15
10-70

50-150
25-50

10 85
95 10-205

10 90 15-30

10 70 250.5-1
5 90 10-20 50-100

50-200
25-250
none

250-750

95 15-305
90 0.5-15

0.5 to 5 90Jet 10-100
50-200Venturi 

others 
Fabric filters 
Electrostatic precipitators

0.5 99

0.2 99 50-1500.01-0.1
5-252 99 5-30

Source: Coulson and Richardson [1]

Among these separators, cyclone is enormously popular in industrial applications due 

to its geometrical simplicity, low fabrication cost and low maintenance cost.
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2.2 Cyclone Separator

2.2.1 Principals of cyclonic separation

Cyclones, centrifugal separators, inertial separators and cyclone collectors are 

different terms to identify cyclone separator in the industry. A cyclone is basically a 

conical shape settling chamber, which utilizes centrifugal forces and inertia to 

separate particles from the gas stream. Gas-solid flow enters the cyclone through the 

tangential inlet, where the flow is forced into a cyclic movement down the cyclone. 
At the cyclone bottom, gas turns upward and spiral up around the center axis and exit 
through the vortex finder [10]. An impression of the gas flow in the cyclone is 

shown in Figure 2.1.

t Gas
out

!

i
i

,, Solids
out

Figure 2.1 : Flow pattern of the reverse-flow cyclone 

Source: Coulson and Richardson [1]
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While the gas-solid flow travels inside the outer vortex, solid particles start to settle. 
Firstly, heavy particles easily move towards the cyclone wall due to the inertia and 

then they travel down to the dust collector bin. Then the medium size particles move 

towards the wall at terminal velocity. Centrifugal force acting on medium size 

particle is higher than the drag force. These particles should be reached the wall 

within the gas residence time on outer vortex, to be collected. All other fine particles 

escape through the gas outlet, as centrifugal forces and gravity forces on fine 

particles are not sufficient to overcome drag forces acting on them [2].

Separation force in the cyclone may vary from 5 to 2500 times gravity depending on 

its design [3]. Considering the classic cyclones, separation is limited to large particles 

and they are not suitable to remove particles with the diameter less than 5 pm [3]. 

However collection efficiency of fine particulate matter could be improved further by 

design improvements and employing agglomeration effect [3].

Multi-cyclone is designed to collect fine particulate matter at higher efficiency, 
which contains a set of mini-cyclones operate in parallel.

On

✓

Kti r+i

I
i
i
i
J

Figure 2.2: Multicyclone 

Source: Perry and Green [3]
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2.2.2 Advantages and disadvantages of cyclone separators

Compared to the other separation devises, advantages of cyclone separators are as
follows [2].

■ low capital investment

■ low maintenance requirements because there are no moving parts
■ collected product remains dry
■ space requirement is relatively small

■ could be constructed from easily available materials such as plate steel, casting 

metals, alloys, aluminum, plastics, ceramics, etc.
■ could be used for both solid and liquid particulates

■ could be used for any harsh conditions such as high temperature, high pressure 

and chemically abrasive conditions.

Disadvantages of cyclone separator over other separation devices are listed below.

■ low efficiency for particles below the cut point diameter under low solid loading
■ cyclone separators are not sufficient to meet environmental regulations
■ not effective to remove low density fine particles

■ pressure drop thorough the flow is high compared to other separators including 

bag filters and low pressure scrubbers

■ unable to handle sticky or tacky materials

■ high efficiency units may experience high pressure drops

2.2.3 Typical industrial applications

The industrial cyclone has a unique position among various types of gas-solid 

separators. Moreover, cyclones could be utilized for solid-liquid separation and 

liquid-liquid separation. Industrial applications of cyclone separators could be listed 

as follows.

■ purification of process streams before release into the environment
■ recovering of catalyst form the fluid catalyst cracking process in oil and gas 

industry
■ recovering of particles in the fluidized bed reactors

5



■ recovering of product from spray drying

■ using as a pre cleaner when final cleaning is expensive. Eg. Bag filters, Electro 

static precipitators

■ recovering of product from grinding, crushing and calcining process
■ collecting of wood dust from sawing

■ separating of sludge from treated waste water

2.3 Cyclone Gas Solid Flow Behavior and Collection Efficiency 

2.3.1 Tangential gas velocity

The gas stream, which foams a vortex such that tangential gas velocity component 

(Vct) increases with reducing radial distance (r) from wall to vortex finder radius. Ter 

Linden [4] had obtained an empirical equation for tangential velocity of a cyclone.

Vct~r~n (2.1)

Where,

Vct = Tangential gas velocity component (m/s) 
n = vortex exponent 

r = radial distance from center axis (m)

The tangential gas velocities of some regions of cyclone may reach to a higher value 

than inlet gas velocity.

At the absence of wall friction, ideally 4n’ should be equal to 1 for free vortex and (— 

1) for forced vortex [3]. From the measurements where performed by Shepherd and 

Lapple [5]. It was found that magnitude of 4n’ is varying from 0.5 to 0.7 over a large 

section of cyclone radius.

Ter Linden [4] has proposed a value for vortex component (n), which was proved to 

be accurate even in later studies with advance measuring techniques [6]. He proposed 

that the magnitude of n should be 0.52 for the vortex component. Further he stated 

that could be applicable only for the section, starting from the radius of vortex finder 
to the cyclone wall. However the tangential gas velocity approaches zero at the wall 

due to wall friction.

6



Gas outlet

C.
C

Legendeo -
c 60 - Tangential velocity, V, 

-------Radiol velocity,Vf
* 40 -
~ 20 -
'§ 0 -

-20 -£

Oust outlet

Figure 2.3 : Variation of tangential gas velocity and radial velocity in the cyclone

Source: Ter Linden [4]

An empirical expression for the vortex finder in a cyclone with the diameter D at 
temperature of 283K developed by Alexander [7] is given below.

n = 0.67D0,14 (2.2)

Where,
D = diameter of cyclone, m

Temperature correction to the vortex component is expressed as;

l-Tli
(2.3)

1 -n2

Where,
iii = vortex component at 283K
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ri2 = vortex component operating temperature 

Ti= 283K

T2 =operating temperature (K)

2.3.2 Axial and radial gas velocity

The axial velocity of cyclone is directed downwards closer to the wall and directed 

upwards at the center. The radial velocity is small compared to tangential velocities. 
It is directed outward at the center and directed toward center all over other areas [3]. 
Radial velocity distribution of cyclone is illustrated in Figure 2.4.

■
1

V
!\Vw\

;

/v
/\

Vv
-1

i

(I :/
\/

Figure 2.4 : Variation of axial velocity component in the cyclone 

Source: Ter Linden [4]

2.3.3 Pressure distribution

Considering the cyclone, total pressure is sum of the static and velocity pressure. 
Total pressure becomes high at the cyclone wall and it gradually reduces towards the

8



center. Applying fNavior-Stokes' equation in the radial direction with assuming 

steady state flow, it can be simplified to obtain following expression.

- = P ^ 
dr ^9 r
dP

(2.4)

Where,
P = total pressure
pg = density of gas
r = radial distance from center axis

Static pressure along the center line of the cyclone may drop below the atmospheric 

pressure due to strong swirling flow conditions.

i!

W

Figure 2.5 : Static pressure (-) and Total pressure (—) variation through the cyclone

Source: Ter Linden [4]

2.3.4 Pressure drop

Pressure drop of cyclone separator is a major concern, because that is directly related 

to the energy consumption. Generally higher efficiencies can be obtained by 

increasing the pressure drop through the cyclone with the cost of higher energy

9



consumption. Therefore, proper balance between collection efficiency of particles 

and running cost of the system generate an economical design.

There are several approaches to calculate pressure drop through the cyclone. 

Shepherd and Lapple approach is easy to use compared to advanced methods and it 
gives accurate results [2],

Shepherd and Lapple method [5],

(2.5)
*>}

Where,
Hv = the pressure drop, which is given in terms of number of inlet velocity 

heads
K = constant, a function of cyclone design and operating parameters

Ideally K can fluctuate; however K value is set to be 16 for a cyclone that is used as a 

dust separator with a standard tangential inlet [8].

Static pressure drop can be expressed by following equation.

\paV?Hv (2.6)A P =

Where,
A P =static pressure drop (N/m2)

Vt = gas inlet velocity (m/s)

pg= gas density (kg/m3)

2.3.5 Collection efficiency

Overall particle collection efficiency is generally described as percentage mass 

fraction collected by the cyclone. Since this value is related to the particle size 

distribution, fractional collection efficiency (q) is used to define cyclone collection 

efficiency. The fractional efficiency is; mass fraction percentage collected compare 

to injected mass of particles with same size.

Many research studies have been carried out to develop models and empirical 
equations to predict particle collection efficiency of cyclone. These research and

LIBRAV VH
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experiments show wide verity with respect to operating conditions such as 

temperature, pressure, inlet gas flow rate, and mass injection rate [6].

Particles which enter to the cyclone are subjected to centrifugal forces. Large 

particles will reach cyclone wall quickly, due to its inertia. However other particles 

move towards the down with the gas flow under the forces such as centrifugal force, 
drag force and gravity. They will reach to terminal velocity (Vt) when opposing drag 

forces equal to the centrifugal forces. Particle should reach cyclone wall at a time 

period which is less than residence time of gas in outer vortex to be collected.

Residence time of gas in the outer vortex can be given by following equations.

2nDNeAt = (2.7)
Vi

Where,

At = residence time of gas (s)

Ne = number of effective revolutions in the outer vortex

(2.8)

Where,

Hc = inlet height (m)

Zc= height of conical section (m) 

Lc- height of cylindrical section (m)

Terminal velocity that will just allow particle to be collected in time At could be 

written as follows.

* At
(2.9)

Where,
Vt = terminal velocity (m/s) 

Bc = cyclone inlet width (m)

Assuming stokes regime flow and sphere particles, Terminal velocity could be 

expressed as follows.
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_ d.p{pp-Pg)Vivt = (2.10)
18 \lR

Where,

dp= diameter of the particle (m)

R = radius of the cyclone body (m) 

pg= density of gas (kg/m3) 

pp= density of particle (kg/m3)

\x= viscosity of gas (kg/ms)

Substituting of equation 2.9 into 2.10 and eliminating terminal velocity term, we can 

obtain an equation for the smallest particle size (dp\ which will be 100% collected in 

the cyclone.

iV29HBC (2.11)
nNeVi(pp pg)

Lapple (1940) has proposed a semi empirical equation to find out 50% cut diameter. 

It is given by;

' V29\iBc
dpC — (2.12)

2nNeVi(pp-pg)

Where,
dpc= diameter of the particle collected with 50% efficiency (m)

2.4 Design of Cyclone 

2.4.1 Standard designs

In the literature, five commonly used cyclone separators designs can be found. There 

dimensions of inlet, vortex finder, cone height, cone tip diameter and cylindrical 

body height given as fractions of cylindrical body diameter. Following table 

summarizes commonly used cyclone designs in the industry.

12



Table 2.2 : Standard cyclone dimensions

Cyclone type High efficiency Conventional High throughput
Adapted by Stairmand

(1951)
Swift Swift Stairmand

0951)
SwiftLapple

(1951)(1939) (1939) (1939)
Diameter of body, D/D 1.0 1.0 1.0 1.0 1.0 1.0
Height of inlet, Hc/D 0.5 0.44 0.5 0.5 0.80.75
Width of inlet, Bc/D 0.2 0.21 0.25 0.25 0.375 0.35
Diameter of gas exit, 0.5 0.4 0.5 0.5 0.75 0.75Dc/D
Length of vortex finder, 
(Hc + Sc) /D 0.5 0.5 0.625 0.850.6 0.875

Length of cylindrical 
body, Lc/D 1.5 1.4 2.0 1.75 1.5 1.7

Length of cone, Zc/D 2.5 2.5 2.0 2.0 2.5 2.0
Diameter of dust outlet, 
Jc/D_______________ 0.375 0.4 0.25 0.4 0.375 0.4

i
* I) [<JBc jL_„ T

tGos out

—r-
Gos

be Iin 1 l

Sc
7r-orHBc= 0c/4 

D#= pg/2 
Hc* Dc/2 
Lcs 2D<
Sc* Qe/8 
Ze= 20c 
Jc * orbitiory, 

usually Dc/4

Oc

?c

Figure 2.6 : Lapple cyclone separator 

proportions

Source : Perry and Green [3]

Section A-A

Jc

Oust | out
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2.4.2 Factors affecting the cyclone performance

There are numerous factors that affect the cyclone performance. They could be 

mainly categorized into four sections as given below [9].

■ Cyclone dimensions

- Cyclone diameter
- Inlet height and inlet width

- diameter and length of vortex finder
- height of cylindrical section
- height of conical section
- diameter of the cone tip

■ Properties of particles
- Density

- Shape

- Diameter
- Particle size distribution

- Rate of mass loading
■ Properties of gas

- Gas velocity at the inlet

- Density
- Viscosity

- Temperature
- Pressure at the inlet

■ Other factors
- Wall roughness
- Eccentricity of vortex finder

2.5 The Computational Fluid Dynamics Approach for Cyclone Gas-Solid 
Flow Simulation

Computational modeling of fluid dynamic applications has been increased with the 

advancement of computer processing power and memory capacity during the last 

decades. In Computational Fluid Dynamics (CFD), partial differential equations that 
define the fluid flow are approximately transformed into the algebraic equations.

14



Better solutions could be obtained by solving these algebraic equations iteratively 

using advanced computers. Furthermore, verification of these models is necessary 

before utilizing for flow prediction of equipment optimizations.

One of the leading CFD simulation of cyclone was performed by Boysan et al [11]. 

They concluded that standard k -e model is not sufficient to predict swilling flow in a 

cyclone as it leads to excessive turbulence viscosities and unlikely tangential 
velocities. Their model was solved in an axisymmetric Eulerian framework to reduce 

the computational power.

Since then many investigations have been carried out to predict gas-solid flow field 

and efficiency of cyclone separators. Bernard et al [12] have simulated a cyclone 

operating at high temperatures using Algebraic Stress Model (ASM). Using the same 

model, the grade efficiency curve of Stairmand cyclone was predicted by Hoffmann 

et al [13].

Hoekstra et al [ 14] have simulated the Stairmand high efficiency cyclone employing 

Reynolds Average Stress Model (RANS) and LES, and they have compared the 

models with the results which were obtained using Lessor Dropler Anemometry 

(LDA). Later on, many researchers have used his LDA measurements to verify their 

gas field of cyclone models.

Zhou and Soo [15] have simulated the cyclone using k -€ model and compared with 

their LDA measurements. Combined vortex of cyclone was closely predicted with 

the k -€ model.

B.Wang et al [16] have investigated the gas-solid flow of Lapple cyclone using 

Reynolds Stress Model (RSM). The predictions were in good agreement with 

measured results by same authors. Lagrangian model has been utilized to forecast 

particle trajectories and collection efficiency.

N. Fathizadeh and A. Mohebbi [17] have investigated effectiveness of removing 

black powder particles from natural gas. They have modeled and performed system 

optimization analysis on Stairmand high efficiency cyclone using Large Eddy 

Simulation (LES). The simulation result has revealed that the increase of gas flow up 

to design value enhances the collection efficiency.
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3 MATHEMATICAL MODEL
3.1 The Governing Equations for the Gas Phase

All laminar and turbulent fluid flows are governed by the conservation laws of
physics. Those conservation laws are;

■ mass of a fluid is conserved

■ rate of momentum change of a fluid particle, equals to the sum of forces acting 

on it (Newton’s second law)

■ rate of energy changing of a fluid particle, equals to the sum of rate of heat 

addition and rate of work done on it a fluid particle (First law of 

thermodynamics)

These laws on fluid flow can be represented by Navier-Stokes equations as follows

[18].

Mass conservation equation for a compressible gas which is flowing in unsteady state 

turbulent flow is given below. This is also known as continuity equation.

dft + div{pU) = 0 (3.1)

Where,

U = three dimensional mean velocity of flow 

p = mean density of gas

For turbulence flow, mean velocity component and fluctuating velocity components 

could be written as follows. 
u = U + u'\u = U + u'\v = V + v';w = W + w'

U = U + V + W] 

u' - u' + v' + w';

Where,
u = three dimensional velocity
u'= three dimensional instantaneous fluctuating velocity component

16



Reynolds equations 

Momentum equation along ‘x’ axis;

+ diV^UU^ = -1 + div(n grad U) + [- 3ip <a^

] + SMx

Momentum equation along ‘y’ axis;

^ + div(pVU) = - g + div{pgrad V) + (*^

] + $My

Momentum equation along ‘z5 axis;

® + div(pWU) = - g + div{g grad W) + [- »'w') (d(p,,'lv')
(dfaw7*)

dy
(d( pu'w')

(3-2)dz

dy

(d(pv'w')
(3.3)dz

dy

] +^Mz

Scalar transport equation;

(3.4)dz

dCfP + div(p<t>U) = divCTc grad O) + [~^V) (3(PvV) (80wV) +dy dz

(3.5)•Sep

Where,
cp = a property of a flow
O = the mean of the property (p

Navier-Stokes equations could be solved using three main approaches. They are large 

eddy simulation (LES); Reynolds average Navior Stokes approach (RNAS) and 

direct numerical simulation (DNS).

Direct numerical simulation approach is applied to solve all equations that produce 

results. However it is not practical to use DNS with present computeraccurate
capacities, since it requires a very fine mesh. Computational cost is proportional to 

Re3.
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3.1.1 Reynolds Averaged Navier Stokes (RANS) Approach 

Turbulent flow analysis approach in RANS simulation divides flow into two parts; a 

mean component and a fluctuating component. This is known as Reynolds 

decomposition.

uiuj terms are called Reynolds stress tensor. They denote correlation between 

fluctuating velocities and add more variables to the Navior Stokes equations. Closure 

models are used to define these terms, in terms of mean quantities. These closure 

models are called turbulence models.

The standard k-e model

One of the well-known turbulent model is k-€ model which is used for simulation of 

gas flow in cyclone. It is a two equation model and it solves two additional transport 

equations related to turbulent kinematic energy (k) and its rate of dissipation (€).

The standard k-€ model equations by Launder and Spalding [19].

k2
= Pcn7 (3-6)

Where,
pt = eddy (turbulent) viscosity 

0^ = dimensionless constants 

k = turbulent kinetic energy 

s = dissipation of turbulent kinetic energy

Standard transport equations for k and €;

^ + div(pkU) = div grad /c) + 2pefy. Eu - pe (3.7)

1 + div(psU) = div (jj* grad e) + 2Cl£|2pcEl7. % - pC2£ j
(3.8)

=0.09,dimensionless adjustable constants in the above equations are C(l

- 1,44 and C2£ = 1-92. These values could be changed to
Five

<7k = 1.0 , aE = 1*3,6i£ 
obtain best fitted turbulence model for given application.
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mnHsnyoSk^^
Boussinesq et al [20] have proposed equation to link Reynolds stress terms in to 

mean flow rates of decomposition. Following equation is used in k-€ model to
calculate Reynolds stress.

u (!2l dU]\ 2 . 2—J --pkSij = 2--pkSij—pu[u.j = (3.9)

Where,

Sij = Kronecker delta

Sij equals to 1, if i=j and equal to zero when i=£j.

3.2 Modeling the Particle Phase

Lagrangian and Eularian approach could be used to model particulate phase in the 

gas flow. Eularian approach is only applicable to the high concentration flows, where 

it is assumed that the flow is continuous. Lagrangian approach is suitable for diluted 

concentrations, where it can be used to model particles behavior individually or as 

parcels. Each property of a particle is a function of its position and time. Writing 

momentum and energy conservation laws of a particle is termed as Lagrangian 

approach.
Multiphase Particle in Cell (MPPIC) method [21] is used for the particle modeling, 

which is an in-built collisional model in OpenFOAM. Particle interactions with other 

particles are represented by models, which applies mean values calculated on the 

Eularian mesh.

3.2.1 Governing equations of Multiphase Particle in Cell (MPPIC) method 

Probability distribution function (PDF), 0 is used to describe particle phase.

^ + V.(0Up) + Vllp. (0/0 = 0 (3.12)

Where,
A = particle acceleration, m/s 

Up = particle velocity, m/s

Particle phase numerical solution 

That is used to represent 
density, velocity, and position.

obtained by dividing distribution into parcels, 

finite number of particles with known properties such as 

Use of parcels has significantly reduced the

was
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computational load. Local properties could be obtained by integrating probability 

distribution function (0)

Particle volume fraction;

” Iff 0flpdnp dppdiip 

Average density of particles;

epPp = III 0ttpPpdnp dppdup

(3.103)

(3.14)

Mean velocity of particles;

up = g= J / f 0fipPpUpdnp dppdup (3-15)

Where,

S2p = particle volume at position x and time t, m3 

Paricle pahse and gas phase coupled using particle acceleration term as follows.

A = Dp(ua-«p)~+a-^; (3.16)

Where,

Dp = diameter of the particle 

t = particle stress [22]

Ppse; (3.17)T" "" ,
max[dcp-ep,€(l-dp)]

Where,
0cp = close pack volume fraction 

Ps, 6 and P are constants

Particle phase and gas phase momentum exchange rate ‘F’ could be written as 

follows.
F = f f f WpPp [dp(u3 - up) - J] MpdPpdUp (3.11)
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4 COMPUTATIONAL FLUID DYNAMIC MODEL 

(OPENFOAM)
4.1 Geometry and Mesh Preparations 

For the computer simulation Lapple cyclone was selected since it i 

the industry. And also verification data for Lapple cyclone could be found 

literature. Calculated dimension values are given in table. 4.1. Cyclone diameter (D) 

is 0.2 m.

is very common m 

in the

A
Gos orf

— r“*Got t!
*cin I I

Table 4.1 : Dimensions of Lapple cyclone S<
T

Item Ratio Dimension
Lt

(m)

Diameter of body, D/D 1.0 0.2 De-
Height of inlet, Hc/D 0.5 0.1

0.05Width of inlet, Bc/D 0.25

0.1Diameter of gas exit, D/D 0.5

Length of vortex finder, (He 

+ SC)/D
0.1250.625

0.42.0Length of body, Lc/D
0.42.0Length of cone, Zc/D

0.050.25Diameter of dust outlet ,JC/D

Dust

Figure 4.1: Lapple cyclone

. Blender is anGeometry of the cyclone is prepared using Blender® sofhvare[39]

3D content creation program, which is developed and maintained by a
open source 

non-profit organization, 

prossecin

were generated with 

However concidering time

Mesh generation was done by the OpenFOAM® pre

. Three meshesing facility. OpenFOAM has inbuilt mesh generation fasility

containing 23,444, 52,236, and 272,340 hexahedron cells.

taken for solving very fine meshes and resanable accurate
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results of medium size mesh, medium size 

Furthermer B.Wang et al [16] have obtaied accurate results compared to test carried- 

out by himself with the use of mesh containg 45,750 cells for same geometry.

mesh was use for the simulation.

(b)(a)

Figure 4.2 : 3D view of a) Cyclone geometry and b) CFD mesh of cyclone

4.2 Boundary conditions

Cyclone separator body 
wall. Functions applied for boundaries of RANS models are given in following table.

Table 4.2 : Functions applied for boundaries of RANS

segregated into three main boundaries: inlet, outlet, andwas

Boundary nameApplied Boundary Function
WallOutletInlet
fixed value (0,0,0)calculatedfixed valueVelocity(u) calculatedfixed value ( 0)calculated

calculated 
fixed value

Pressurefp) wall modelcalculated
Turbulent viscosity (nut) wall modelcalculated

zero gradientkinetic energy (k)________ _
Rate of dissipation (epsilon^

wall modelfixed value

22



4.3 Particle injection models 

4.3.1 Based model

This model was prepared according to the test experiments conducted by B.Wang et 
al [16]. Their experimental results were used to validate developed CFD models.

Both inlet gas velocity and particle injection velocity were set to be 20 m/s for the 

based model. Particles were generated from cement raw material grinding. Rosin- 

Rammler distribution could be used to describe particles generated from grinding. 
Characteristic diameter was set to be equal to 29.90 pm and the distribution 

parameter was 0.806. Solid mean flow rate was 0.03 kg/m3. Density of cement raw 

material was taken as 3320 kg/m3. Pressure at cyclone separator outlet was equal to 

the ambient pressure.
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5 RESULTS AND DISCUSSION
5.1 RANS Simulation Results and Discussion

5.1.1 Overall flow pattern

RANS simulation has predicted the overall 

literature. Gas flow enters the cyclone through the tangential inlet, where the gas 

flow is forced into a cyclic movement down the cyclone. At the bottom of cyclone,

gas turns upwards and spirals up around the center axis and then exit through the 

vortex finder.

gas flow pattern as described in the

: Gas flow path generated by RANS simulationFigure 5.1 :

inside the cyclone generated by RANS simulation is shown in 

ion of gas flow is indicated by a color scheme. Inlet gas
Path of the gas flow 

the figure 5.1. Velocity variatio

velocity was kept at 20 m/s.
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5.1.2 Gas velocity profile

Figure 5.2 shows the detail velocity distribution of the gas flow inside the cyclone.

Cross sections of different levels clearly illustrate the magnitude of the velocity at 
respective locations.

Velocity profile of cyclone chained using RAMS simulation (at 20 m/s 

inlet gas velocity

of magnitude of gas flow velocity inside the cyclone.

section A-A flow velocity . .
w • velocity recorded in that area was about 35 m/s. A

entering to the cyclone. Maximu tionAA
has created at the right side of section A-A

Figure 5.2:

Figure 5.2 shows the variation
rapidly increased just after thewas

According to the

. From there, a part of
low velocity zone
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the gas flow is added to the inlet-flow and the 

spiral movement. As
rest is directed downwards creating a 

part of the flow is added to the inlet-flow, the high velocity
zone has been created at the left side of section A-A.

According to the literature gas flow of the inlet area could be accelerated up to 1.5 to

2 times of the inlet velocity. This fact is clearly visualized in the cross section A-A of 

cyclone.

Considering the area below the vortex finder, the magnitude of velocity has become 

comparatively small closer to the vertical axis and the wall of the cyclone. A high 

velocity zone has created in between above two areas, at a distance similar to the 

radius of vortex finder, from the center. Velocity of that area reached up to about 30 

m/s, which is 1.5 times of inlet gas velocity.

As the gas moves out from the vortex finder, velocity of gas has again reduced. Gas 

flow velocity at the particulate collecting bin has also reduced.
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5.1.3 Tangential gas velocity profile obtained

Tangential gas velocity 

direction from cyclone axis

using RANS model
component of cyclone has increased along the radial

UP to a distance equal to diameter of vortex finder, and 
there it obtained the highest value. From there on wards it reduces. Image of cyclone 
vertical cross section (figure 5.3) clearly indicates the areas where tangential velocity 

exceeds the inlet velocity.

obtained using RANS simulationtial velocity profile of cyclone
(at 20 m/s inlet gas velocity)

Figure 5.3: Tangen

•*>* \ 
U

5 LIBRARY
&o
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i
i0-

-0.11 -0.06 -O.O!
Distance from cyclone vertical axix (m)

■ Experiments

0.04 0.09

—RANS

Figure 5.4 : Averaged tangential gas velocity compared with the experiments

Figure 5.4 illustrates averaged tangential gas velocity values obtained during stable 

simulation period with the results obtained from B. Wang et al [16] experiments.

Tangential gas velocity values obtained after more than fifty flushes of the 

simulation. During that time velocity profile patterns were similar.

Volume of the cyclone separator is 0.01675 m3. Inlet gas flow rate at 20 m/s is 0.10 

m3. Therefore approximately six complete volume flushes happen within a second.

Figure 5.5 is
figure 5.2) of cyclone rep.ra.or.. 9.5 e,!«., 10* Mr H.5e. This .how. to, 

cyclone separator velocity pattern orientation variation with the time.

is visualized tire gas velocity magnitude of the cross section B-B (refer
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attem at different time instance of the cross 

f RANS simulation
; Gas velocity magnitude p

section B-B (figure 5.2) o
Figure 5.5 :
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5.1.4 Axial and radial gas velocity profiles obtained

Axial gas velocity component of cyclone

cyclone separator ,l„„g ,hc VOTica| ^ and ^ ^ ^ ^ fte ^ 

The radial velocity is sm.il compared to tangential velocities.

using RANS model 
separator is upward in the middle of the

d Radial (Right side figure) velocity profile ofFigure 5.6: Axial (Left side figure) an
cyclone separator obtained using RANS simulation
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'gure shows axial, radial and tangential gas velocity variation along (he radius of 

the cyclone. Axial and radial gas velocities „ comparative* low magnilu<ie

compare to tangential velocity. Therefor tangential velocity is the Hnmin,„, velocity
which creates the pressure distribution pattern in the cyclone Velocities at the wall 

reduce rapidly due to boundary layer effect.

Velocity (m/s)
30-|

---- Ux
—Uy 
---- Uz25-

20-

15-

10-

5-

0-

-5-

-10-

-15-

-20-

-25-

0 20.180.14 0.150,1 0.12-30 0.(0.04 0.(0.02 Distance (m)

velocities at the crossradial(Uy) and tangential (U*) g
Ion B-B (figure 5.2) of RANS simulation

as
Figure 5.7: Axial(Uz) 

section
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5.1.5 Pressure distribution

Figure 5.6 shows the pressure distribution pattern obtained from the model. A
negative pressure zone has created at the

center, which is the lowest pressure inside 
the cyclone. This negative pressure zone has appeared throughout the vertical axis of 

the cyclone. A high pressure zone is created near to the walls. Furthermore pressure 

area is high (cross section A-A). This make high pressure 

and low pressure zone close by at the bottom of the vortex fmder.

at the right side of the inlet

zone

relative to the atmosphere pressure obtain
; Pressure profile of cycloneFigure 5.8

using RANS simulation

sibility of short-circuiting part of the gas solid 

ventional spiral path. This results the re-
there is a posDue to this occurrence, 

flow without 
contamination of the purified gas fl

moving along its con

p/ A

V*
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Pressure distribution pattern of ipattern of the cyclone simulation illustrates the
suggested by Ter Linden [4], which is explained in the section 2.3.3.

5.1.6 Pressure drop

Effect of gas-solid inlet velocity on the cyclone pressure drop was analyzed using six 

simulations. Particles were injected to the cyclone i

velocity. Except gas-solid flow velocities, all other parameters 

constant. Solid mean flow rate was 0.03 kg/m3.

Table 5.1. Cyclone pressure variation with inlet gas-solid flow velocity

pattern

same velocity as the gas 

were maintained

in a

Inlet gas-solid flow 
velocity (m/s)

Pressure drop (Pa)

15 792
18 1092
20 1380
23 1809

222025
321630

ressure drop with inlet gas-solid flow velocity 

with the test results of B.
: Variation of cyclone p

f RANS simulation
Figure 5.9 

Simulation results o 

Wang et al [16].

closely matches
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Collection efficiency of cyclone

Effect of operational parameters variation 

Wh,le maintaining all othet pa* fecriM h base ^ ^ 

was vaned to obtain optimum collection efficiency of the cyclone.

Verification of the RNAS model

5.1.7

5.1.7.1
on performance of cyclone

done by comparing the results of the model 
obtained foi gas-solid velocity vs. collection efficiency with test results of B. Wang 

et al [16].

was

btain using RANS simulation
Figure 5.10: Particle simulation of Lapplecycl°ne0
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Effect of Inlet gas-solid velocity ya^1tjion

Table 5.2: Variation of collection efficiency with inlet gas-solid flow velocity

Inlet gas-solid flow 
velocity (m/s) Collection efficiency %

15 92.5
18 95.4
20 96.4
23 96.4
25 96.1
30 94.7

100
:98 -m96

— 94
&c 92 
w
£ 90oi ■ B.Wang et 

al [16]-Tc
.2 88
t5 RANS1—.2— 86
u

84 :

82

80 32.527.522.517.512.5
The inlet gas velocity (m/s)

flection efficiency variation with inlet gas-solid flow 

velocityFigure 5.11 : Cyclone co

approximatelyobtained from the model are 

locities below 25 m/s. The X2 statistic for the data 

It obtained at 30 m/s shows

According to the figure 5.8, results 

similar to the test results at low ve 

for analytical and test results 

deviation from the experimental results.

Collection efficiency has increas 

maximum efficiency at

is 98.67. However resu

locity and has recorded the 

is slightly reduced
ed with the increasing ve 

the efficiency
with

20 m/s. Then
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increasing inlet gas-solid velocity. Therefore optimum inlet gas-solid velocity could 

be taken as 20 m/s.

Effect of particulate loading rate variation

Table 5.3. Variation of collection efficiency with particulate loading rate

Particle loading rate Collection efficiency %
750 mg/s (0.007kg/m3) 89.6
1518 mg/s (0.015kg/m3) 92.0
3000 mg/s (0.030kg/m3) 96.4
6000 mg/s (0.060kg/m3) 97.2

100 1
98

S' 96
94

c.2 92 
| 90

o 88 
| 86 

3 84

1'

-i-■

82 i
c ~

80
0.0650.0550.0450.025 0.035

Particulate loading (kg/m’)
0.0150.005

Figure 5.12 : Cyclone collection efficiency variation with inlet particulate loading

of collection efficiency with the increase ofFigure 5.9 shows a rapid increase 

particulate (solid) loading
with the increase of particulate loading rate. Therefore optimum particulate 

loading rate could be taken as range 0.045 - 0.06 kg/m3.

up to about 0.03 kg/m3. Then the efficiency slightlyrate

increases
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6 CONCLUSION
6.1 Gas flow field simulation

It can be concluded that RANS model reasonably predict the gas-solid flow pattern 

of the cyclone. Pressure drop and collection efficiency of cyclone with respect to 

different inlet gas velocities were well fitted to the test results. The y2 statistic for the 

data for analytical and test results of collection efficiency is 98.67.For these 

comparisons experimental results given in [16] were used.

6.2 Particle collection and optimization

Collection efficiency of cyclone was increasing with the inlet gas velocity up to 

around 20 m/s and beyond that it was slightly reducing. Optimum cyclone inlet 
velocity for cement particles is around 20 m/s for Lapple design. Furthermore 

pressure drop variation of the cyclone with the inlet velocity was increasing rapidly 

with the inlet velocity. Therefore depending on the separation efficiency necessity 

inlet velocity below 20 m/s can be recommend.

Collection efficiency of cyclone increased with the mass loading. At the 0.03 kg/m3 

it reached to the highest value and remained slightly increasing trend in the 

simulation. This slight increase could be occurred due to the sweeping effect.

Suggestions for future work

Effect of particle shape on a cyclone performance could be developed and used for 

cyclone parameter optimization for different shapes. In this research it has been 

assumed that all particles are in spherical shape.

Cyclone fine particle collection efficiency could be analyzed and optimized by 

injecting water droplets.

6.3
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APPENDIX I

Rosin-Rammler particle distribution

Rosin & Rammler (1933) particle size distributions model is widely used to describe 

particle size distribution of grinded materials.

e'n(0'2)(*io)1 - x > 0, 
x < 0,

/(x; Fso, m) = -
0

V.

Where,

X =Particle size

Pso = 80th percentile of the particle size distribution 

771 =Parameter describing the spread of the distribution

The inverse distribution is given by:

P m ffa(l f)
f(F-,P80,m)= j^° V ^ F > 0, 

F < 0,

Where,

F= Mass fraction

Parameter estimation

of the Rosin-Rammler distribution could be resolute by refactoringThe parameters 

the distribution function to the form

, , , / — ln(0.2)\
ln(— ln(l — F))) — mln(x) +ln ^ J

Hence the slope of the line in a plot of
In (x) yields the parameter 771 and Pso is determinedln(~ln(l-F))) versus

/-ln(0.2)\*
I gintercept J

£( 1 9 JAN m

Fso —
by substitution into

w^u.lON^fi
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