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The present work is dedicated to the study of multiphase turbulent and three-dimensional rotational flow in dust cyclones, a contribution
to air pollution control. Cyclones are widely used devices for the separation of constituents from solid-gas mixtures in industry. In order to
improve the filtration efficiency of cyclones, and to reduce the pressure drop, parametric numerical simulation studies using the Fluent
code have been conducted to characterise the effects of the parameters affecting the operation of these devices through their performance
indicators. In this work, the effect of inlet velocity and the particle size on the turbulent flow air in the cyclone is presented. Numerical
simulation of the flow by Fluent code using three numerical models: the first based on the dissipation of kinetic energy by viscosity (RNG)
K-epsilon and standard K-epsilon as well as the last based on the solution of Reynolds stress equations (RSM), combined with the
multiphase mixing model, gave interesting results in terms of the pressure and flow field in the separator, the variation of inlet velocity, and
the variation of particle size. Validation with experimental and empirical results showed the advantage of the Reynolds stress turbulence
model (RSM) over the standard K-epsilon and RNG K-epsilon. The RSM model better captures physical phenomena in an intense vortex
flow in the presence of walls. But it is characterised by a very long calculation time and requires large machine resources. An alternative to
this model is RNG K-epsilon model, which offers a reasonable calculation time with acceptable results (maximum deviation of 5 %) for
speed values below 10 m/s. In the absence of numerical resources, certain empirical models such as those of First (for the evaluation of
pressure drop) and Iozia and Leith (for evaluation of efficiency) may well be useful for the dimensioning of the cyclone.

1. Introduction

The industry is currently subject to environmental and hy-
giene requirements (international regulations limit the dust
content of workplaces to 5 mg/m> of air for respirable dust)
[1]. It turns out that cyclones do a good job of removing dust
from exhaust gas. In addition, they can satisfy the need
to separate the components of a mixture for individual

component operation [2-6]. These advantages have enabled
this technique to be extended to a number of industrial fields,
including the food industry, the hydrocarbon industry, the
cement industry, the mechanical industry, foundry (air fil-
tration, iron trapping, etc.), the waste treatment industry, soil
decontamination, combustion (burner and combustion
chamber), heat exchangers, the biomass, and biotechnology
[2, 4,7, 8]
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The proper definition of the work of a cyclone is defined
by the product of the centrifugal forces acting on the par-
ticles suspended in an air stream [4, 7]. As the particles have
a higher density than the gas, they are forced toward the
wall of the cyclone, where, once deposited, they are
transported down the cone, to the outlet where they are
collected [4, 9]. The clean gas, now free of some of its dust
load, rises through the center of the cyclone, escaping
through the outlet tube, which passes through the roof [10].
Imagine that the gas enters through the inlet at the top of
the cyclone (tangentially), then spirals downward (first
vortex) until it reaches the point where the diameter of the
cone is equal to the diameter of the outlet in the roof
(vortex finder) (Figure 1). Finally, the gas rises through the
center, creating a second vortex in the opposite direction to
the first, and then escapes through the hole through the
roof [4, 9, 11, 12].

The cyclone separator, which has many advantages such
as simple structure, high separation efficiency, low energy
consumption, and easy operation, has been widely used in
engineering processes to separate dispersed solid particles
from suspension by centrifugal and vortex action [4].
However, the common cyclone shows a low efficiency for
fine particles [13]. Many attempts have been conducted to
improve the separation performance of cyclone separators
by optimizing the structure dimension, such as vortex
length [14, 15], vortex finder shape and diameter [16-18],
inlet type, including single, double inlet and more than two
inlets [19-21], tangential, and spiral inlet [20], inlet di-
mension [22], different inlet section angles in relation to
the cyclone body [23-25], symmetrical inlet and a volute
scroll outlet [26], cone tip diameter [27, 28], cyclone height
[29], conical length [18, 30, 31], diameter and length of
vortex finder [32, 33] and hopper length [9]. There are also
various kinds of cyclone separators developed to improve
the separation efficiency, such as Lee type [34], semi-
spherical cyclone [35], dynamic cyclone [36], square cy-
clone [37], CFC cyclone [38], and the new generation of
cyclone separators presented as multichannel cyclone
separators [39-43]. The multichannel cyclone separator’s
structure has some essential external and internal elements,
including upgraded curved elements with openings cut
with their plates bent outwards to make curvilinear
channels for the continuous movement of the peripheral
and transitional gas flows from the inflow opening to the
central axis [39]. In contrast to the study of the conven-
tional cyclone separator, where the modeling is studied in
particular detail, the operating principle and design of this
new generation equipment is not well understood [39, 43].
However, although the improvements have been observed,
these techniques cannot significantly improve the collec-
tion efficiency for microsized particles. In the word, many
attempts have been conducted to improve the separating
capacity of fine particles from the exhaust gas. However, the
design of a high efficiency, low-energy consumption, and
low-maintenance separation system with a simple structure
for fine particle is still a challenge.

The study of cyclones is motivated by their use in many
industrial sectors (mentioned above) because of the multiple
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FIGURE 1: Vortex phenomenon inside a cyclone separator [9]. (This
figure is reproduced from Lingjuan Wang 2004 (under the Creative
Commons Attribution License/public domain)).

advantages they offer, notably their simplicity, compactness
(10% of the surface can be occupied by other industrial
equipment) [3, 11, 44-46], low manufacturing and main-
tenance costs, very short residence time (1 to 2 seconds),
insensitivity to orientation due to the intense rotational field
(of the order of thousands of times the gravitational field),
and the absence of moving parts [4, 47].

However, the flow within these devices is very complex.
The flow is highly turbulent with a three-dimensional,
sometimes unsteady behavior. This complexity is com-
pounded by the presence of several phases with different
characteristics and trajectories [2, 9].

During the past decades, experimental studies have
shown their limitations, especially in the measurement of the
parameters affecting the performance factors, due to the
complexity of the cyclone geometry (its closed space) [2].

Numerical studies, in particular CFD, appear to be the
best means of studying and analysing the indicators (velocity
fields, pressure fields, and temperature fields) that affect the
performance factors (efficiency and pressure drop)
[9, 48, 49]. Among the most widely used codes, the FLUENT
code is the most widely used code in the CFD analysis of
cyclone separators.

The main objective of this work is the treatment by
numerical simulation of the turbulent three-dimensional
flow of a Newtonian incompressible two-phase fluid (gas-
eous and solid phase) in a cyclone dust separator. The CFD
will be preceded by a theoretical evaluation which will in-
clude the choice of the type of cyclone (type of entry), the
calculation of its dimensions, the analysis of empirical
models of comparison and the choice of numerical simu-
lation models.
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An analysis will be made on different fields (velocity and
pressure) influencing the efficiency of the separator. The
influence of inlet velocity and particle size in the gas phase
will be the main factors of comparison.

L.1. Cyclone Separator Geometry. The cyclone model chosen
for the numerical calculation is the Stairmand model [8, 49-51].
It is a cyclone with single tangential inlet. The geometry is given
in Figure 2 and the ratios of dimensions with respect to D are
presented in Table 1. We have chosen an industrial application
cyclone with a body diameter of D = 300 mm, with a cone base
diameter extension and discharge hopper [9].

2. Numerical Simulation
2.1. Numerical Procedure

2.1.1. Computation of the Grid. The study of the mesh is
essential in the numerical simulation, as the accuracy of the
solution depends on the grid used (Figure 3). Geometry and
the mesh have been developed in Fluent. We have chosen
a tetrahedral mesh as shown in Figure 3 with 134 642 el-
ements; 25 125 nodes. The simulation with a tetrahedral
mesh gives good results for the case of a cyclone, according
to Slack [52]. The mesh can be suitably refined in Fluent to
properly control the results.

2.1.2. Solver. The numerical simulation of the fluid flow in
the cyclone separator having complex geometry and a closed
space was performed with the solver FLUENT, version
R19.2. FLUENT is a coupled implicit numerical solver,
which incorporates finite volume methods to discretise the
equations that govern fluid dynamics in a spatial domain
[53]. The simulations were conducted on an HP computer
with an INTEL(R) Core i3-4005U CPU@1.70 GHz; a 8 GHz
RAM memory; and a 64 bit operating system.

2.1.3. Boundary Conditions. Boundary conditions, in this
case, surface conditions, are conditions that completely
define the flow characteristics in the cyclone separator. These
surfaces here are the “inlet” (Figure 4(a)) or entry surface
which is the section at which the exhaust gas enters the
separator; the “outlet” (Figure 4(b)) or exit section which is
the face through which the clean gases escape with the finest
particles, the collection or “Collection bin” (Figure 4(c))
which represents the collection section of the particles of the
solid phase of the mixture; the “WALL” which represents the
body of the separator. The temperature of the gas (air with
density p, = 1.225 kg/m?) used as the continuous phase for
the general study was fixed at 300K, and the steel particles
(sizes : 5u,,; density: 8030kg/m?®) as the solid transport
particles (dispersed phase).We assumed spherical particles
with a loading of C, = 500g dust per m? of air (sectors such
as metal refining, blast furnaces, the iron and steel industry,
metal machining, etc.). Atmospheric pressure was used as
the reference pressure.

F
L, L,
b < >
[«—>

>
v A,
|
i
T
B
© H,
Oy

FIGURE 2: 2D geometry of the cyclone.

TaBLE 1: Geometrical parameters of the cyclone dust separator.

Parameters Ratio dimension/D
Body diameter D 1
Inlet tube length a 0.5
Inlet tube width b 0.5
Vortex finder diameter D, 0.2
Vortex finder height S 0.5
Cone base diameter B, 0.375
Cyclone height H 4
Body height h 1.5
External extension of the vortex finder L, 0.666
Extension of the inlet L; 0.666
Cone tip length H, 0.5
Collector height Hy 1
Collector diameter Dy 0.666

2.1.4. Fluid Flow Modeling. We know in advance that the
flow behavior is turbulent in nature in most (or all) in-
dustrial cyclones. Turbulent flow is described by the
Navier-Stokes equations. But in a general framework, it is
impossible to solve these equations directly [53]. The
Navier-Stokes equations can be put in tensor form as
follows [46, 54]:
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The numerical discretisation scheme for general study
case with The RSM model is presented in Table 2, and
Boundary conditions in Table 3.

(2) The Standard k-Epsilon Model. The numerical turbulence
model used for the analysis of the effect of inlet velocity on
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In this study, we used three numerical simulation models
to solve the fluid flow problem of the cyclone.

(1) Reynolds Stress Models (RSM). This model was used to
analyse the behavior of the different parameters that affect
the pressure drop and the efficiency of the separator, namely:
the velocity field and the pressure field. The RSM model
presents the best behavior of the fluid in the separator [9, 33];
it predicts well the two vortices as well as the fluid flow field
in the separator, and finally the tangential velocity [46, 55].
The form of the final equation is
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pressure drop and separator efficiency is the standard k-
epsilon (k — ¢) turbulence model; because, it not only allows
flows to be modeled with fully turbulent flow [57], but also
assumes that the fluid has the same physical properties in all
directions. The Navier-Stokes system coupled to the k-
epsilon model is written as [54]
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with p, = Cﬂpkz/e’ C, =009 C,=144, C,=192 (3) The RNG k — ¢ Model. The numerical turbulence

o, = 1.0, et 0, = 1.30.

The numerical discretisation scheme for general study
case with the standard k-epsilon model is presented in
Table 4, and Boundary conditions in Table 5.

model used for the analysis of the effect of particle size on the
efficiency of the separator is the RNG k-epsilon (k —¢)
turbulence model, as this closure model takes into account
vortex effects in the turbulence and the velocity of the forced



TaBLE 2: Discretisation scheme for general study case [56].

Pressure-velocity coupling

Scheme Simple

Spatial discretisation

Gradient Least squares cell based
Pressure Second order
Momentum Second order upwind

Turbulent kinetic energy
Turbulent dissipation rate
Reynolds stress

Energy

Second order upwind
Second order upwind
Second order upwind
Second order upwind

TaBLE 3: Boundary conditions for study general study case.

Inlet

Model Reynolds stress model (RSM)
Inlet velocity 10m/s
Intensity of turbulence 5%
Hydraulic diameter 0.0857 m
Temperature 300K
DPM Reflect
Outlet

DPM Escape
Hydraulic diameter 0.15m
Collection bin

DPM Trap
Wall

DPM Reflect

flow, but also has the ability to be used to resolve low
Reynolds number flow effects in the vicinity of boundary
layer walls [2, 58].

a(pk)  o(ampk) 2

o | ox,
2(p) () _
ot ox;

1

where o, and «, are inverses of the effective Prandtl numbers
for the kinetic energy k and the mean dissipation €, respectively.
The normalisation group term for the dissipation ¢ is

oGP’ (L= (uimy)) €&

5
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where =Sk/e ; n, = 4.38; et § = 0.012.

G, represents the generation of turbulence kinetic en-
ergy due to velocity variation; G, represents the generation
of turbulence kinetic energy due to buoyancy; Y, represents
the contribution of the fluctuating expansion of com-
pressible turbulence to the overall dissipation rate; S, et S,
represent the source terms; C,;, C,,, and C,; are constants.

Journal of Engineering

TaBLE 4: Discretisation scheme for study the effect of inlet velocity
[56].

Pressure-velocity coupling

Scheme Simple

Spatial discretisation

Gradient Least squares cell based
Pressure Second order
Momentum Second order upwind

Turbulent kinetic energy
Turbulent dissipation rate

Second order upwind
Second order upwind

TaBLE 5: Boundary conditions for study the effect of inlet velocity.

Inlet

Model k — & standard
Inlet velocity Vo (m/s),i=1...10
Intensity of turbulence 5%
Hydraulic diameter 0.0857 m
Temperature 300K
DPM Reflect
Outlet

DPM Escape
Hydraulic diameter 0.15m
Collection bin

DPM Trap
Wall

DPM Reflect

ok _
. [“kﬂeffa] +G+G,-pe-Y,, + 5

(4)
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The numerical discretisation scheme for general study
case with the RNG k-epsilon model is presented in Table 6,
and Boundary conditions in Table 7.

(4) Equations Governing the Solid Phase. The equations of
motion of the particles with the Euler-Lagrange approach
are given by [3, 48, 49]:

du,; -
;tp = Fd(”i - “pi) + gi% +F,,
(6)
dx ,; )
d—t‘o:up,»;z:l, 2,3,
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TABLE 6: Discretisation scheme for study the effect of particle size
[56].

Pressure-velocity coupling

Scheme Simple

Spatial discretisation

Gradient Least squares cell based
Pressure Second order
Momentum Second order upwind

Turbulent kinetic energy
Turbulent dissipation rate

Second order upwind
Second order upwind

TaBLE 7: Boundary conditions for the study the effect of
particle size.

Inlet

Model RNG k- ¢
Inlet velocity Vigny (m/s),i=1...3
Intensity of turbulence 5%
Hydraulic diameter 0.0857 m
Temperature 300K
DPM Reflect
Outlet

DPM Escape
Hydraulic diameter 0.15m
Collection bin

DPM Trap
Wall

DPM Reflect

where x,; is the ith coordinate of the particle; g; is the
acceleration of gravity in i direction; p, and p are the
densities of the particle and the gas, respectively.

Generally, the difference between the particles velocity
and the fluid velocity result from the imbalance of the
pressure distribution and the viscous tensions on the particle
surfaces. This gives rise to the drag force forces F; which can
be calculated by

1 C4R
Fy=——"1, (7)

471, 24

where 7p, the relaxation time of the particle is given by

2
P,

—* (8)
18u

TP=

The drag coeflicient C,; is a function of the particle
Reynolds number defined by

'ui - Mpi|' (9)
U

Morsi and Alexender [59] define the drag coefficient for
spherical particles as

Repi = Pdp

7

24 R <1

R, L

0.687
C, =1 24[1+O.15(Rep) ] (10)
1<R,, <1000,
R,,
[ 0.44 1000 < R,

F. is the additional acceleration (force per unit mass of
particle); it was defined by Saffman [3] as

_ 2K \/1; p o d; (u. . )
X 0.25 1 p1)?
Ppdy (Pudi)

where d;; is the deformation tensor and K = 2.594.

(11)

2.1.5. Centrifugal Force. Centrifugal force plays an impor-
tant role in the separation of particles. Centrifugal force is
usually presented as a pseudoforce that arises directly from
the transport of the inertia of a body when another force sets
it in motion in a curved region. If the particle moves in
a curved region with a radius r and velocity V_ along the
region, then it has angular velocity:

w=—5 (12)

4 (13)

For cyclone analysis, the centrifugal force is commonly
expressed as its ratio to the force of gravity [47]:

centrifugal Force  F,

forceof gravity ~ F,

) (14)

2.1.6. Numerical Inlet Data of Studies

(i) To analyse the influence of inlet velocity on per-
formance factors, we based our analysis in the lit-
erature [50] on the experimental work of Stairmand
(1969); Swift (1969); and Lapple (1951) (Table 8), who
determined the ratio of flow rate to cyclone cylinder
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TaBLE 8: Inlet velocities.

Source Stairmand (1951) Swift (1969)

Lapple (1951)

Swift (1969) Swift (1969) Stairmand (1951)

Recommended duty
Q/D (m/hr)
V (mls)

High efficiency
5500
13.72

4 940
15.27

High efficiency ~General purpose
6 860
18.55

General purpose
6 680
19.05

High throughput
12 500
37.72

High throughput
16 500
45.83

diameter. These values enabled us to determine the
different inlet velocities.

For lowers velocities values (3 m/s; 8.05m/s; 10.02 m/s;
and 12.55m/s), we based ourselves on numerical and
experimental work such as that of [60].

(ii) To analyse the Influence of particle size on the ef-
ficiency of a cyclone separator, we fixed three values
of inlet velocity: v, =8.02m/s; v, =10m/s and
v3 = 15m/s, and for each velocity value, we chose ten
different particle diameters, from finest to the least
fine (0.01, 0.1, 1, 2, 3, 4, 7, 10, 15, and 20 ym). Then,
we calculated the different efficiencies as a function
of the particle diameters, for those any three ve-
locities as Table 8. The efficiency formula is given in
(15) “number of particle tracked” represents the
number of particle injected by the inlet and “number

Number of particle trapped

of particle trapped”, the number of particle that hit
the collection bin as mentioned above. If, when
numerically performing steady DPM trajectory in
Fluent, the calculation converges (or the maximum
number of steps is reached) and a given particle still
does not reach the outlet or collection bin (or escape/
trap), that particle fat is reported as “incomplete”. In
such a case, it is probable that particle is kept
churning in the re-circulation region and is not
coming out the domain, thus being reported in-
complete. As these particles cannot be considered as
either escaped or collected, they must be subtracted
from the number of particle injected when calcu-
lating the cyclone efficiency, as shown in the fol-
lowing formula:

Effici =
HENY = Number of particle tracked — Number of particle incomplete

2.1.7. Convergence Criterion. The calculation is considered
to converge when the residual stabilises [61]. Depending on
the number of iterations imposed, this can happen before
(fast convergence) or exactly after the number of iterations
imposed.

Due to the computation time and the improvement of
the results, a residual of 107> seems to be the most ap-
propriate for a good estimation of the convergence accuracy
for the different unknowns of the Navier-Stokes equations.
Since for residuals of 107® and 1077, the computation is
rather time consuming and leads to little improvement in the
results.

The simulations were performed on an HP laptop with
an INTEL(R) Core i3-4005U CPU®@1.70 GHz; a 6 GHz RAM
memory, and a 64 bit operating system.

2.1.8. Collection Criterion. In reality, particles are deposited
on cyclone walls just after entering, and the rest are sus-
pended in the flow and separated by the centrifugal action
accomplished with particle agglomeration, while some may
leave without collecting [9]. However, this reality is difficult
to model in CFD, as there is no evidence on whether, when,
or where a particle is collected. Particles that touched the
cyclone hopper bottom were counted as collected by Kepa
[62], Wan et al. [63], and Qiu et al. [64]. Ma et al. [65]
assumed that particles that touched the cyclone wall were
collected, while Griffiths et al. [66] considered particles that
touched the conical part and the bottom walls to be

x 100. (15)

collected. The assumption based on studies by Yoshida et al.
[67], Gimbun et al. [27], Chuah et al. [68], and Bhaskar et al.
[69] was that the particles that escaped from the cyclone
bottom were collected. The number and mass of particles
that escaped from the cyclone during the simulation period
are also considered as collected in the literature [58, 70, 71].
In summary, the conclusions derived for the selection of
particle deposition zones in cyclone separators in CFD
simulations are unclear.

Another study by de Souza et al. [72] considered two
particle collection criteria: particles escaped from the outlet
and those that escape through the lower diameter of the cone
section. The second criterion is reasonable and fits well with
the experimental results of Bohnet [73], Lim et al. [74], and
Yoshida et al. [75] but can overpredict fine particle collection
as there is no re-entrainment from the cone bottom.
However, the authors found that the grade efficiency curves
do not converge after the cyclone residence time, and thus
particles may bounce back and escape from the outlet,
leading to an underprediction of collection efficiencies as-
suming particles escaping from the outlet [9]. Therefore,
assuming particles that touched the hopper bottom were
assumed to be collected in this study.

2.1.9. Analysis Sections. The analysis sections are the 2D
sections of the model on which we will plot the profiles of the
different parameters that influence the efficiency of the
separator in order to analyse them. These are as follows:
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(i) Section A-A: An output section in the vortex finder

(x =0;y =1.300;z = 0)

(ii) Section B-B: A section of the cylinder (x =0;
y=1125;z2=0)

(iii) Section C-C: A section of the cone (x =0;
y =0.500;z = 0)

(iv) Section D-D: A section of the extension of the base
diameter of the cone (x =0;y = —-0.100;z = 0)

(v) Section E-E: A section of the collector (x = 0;
y =-0.300;z = 0)

For the different contours, we used the planes (0; y; 0);
the plane (x = 0; y = 1.125;z = 0) and the plane (x = 0; y =
1;2=0) on which we represented the smooth and/or
scratched profiles to better observe the contour lines.

Those are show at Figure 5.

2.2. Theoretical Approach. The pressure drop in a cyclone
separator plays a vital role in the performance evaluation. It
is generally caused by the frictional interactions between the
flowing fluid and the solid wall. The total pressure losses in
a cyclone separator mainly comprise the losses at inlet,
cyclone chamber and outlet. So, the proper cyclone design is
very essential as it is directly related to the pressure drop. The
maximum amount of total pressure drop take place over the
cylindrical and conical chamber in a cyclone separator, due
to energy dissipation loss by the strong swirling turbulent
flow. Demir et al. [76], introduced the standard pressure
drop equation for a cyclone separator, which is generally
given as:

AP = 0.5¢0p, Vi (16)

where AP is cyclone pressure drop, p, is the gas density, V;,
is the gas velocity at inlet and & is an important pressure
drop parameter, which mainly contains some dimensional
correlations. There are various models are available in the
literature, but in this present study, six models have been
selected to predict the pressure drop including model based
on estimating the dissipative loss such as Stairmand [51], and
five purely empirical models such as Casal and Marti-
nez-Benet [77], Coker [78], Dirgo [79], Shepherd and
Lapple [80], and First, as shown in Table 9. The pressure
drop between the inlet and outlet of a cyclone separator is
the quantity of work, which is important to operate the static
device for given conditions [81]. The operational cost, energy
consumption and collection efficiency are directly associated
with the pressured drop. The pressure drop in cyclone is
directly proportional to velocity head and gas density. In
these analytical models some includes the effect of cyclone
body diameter, conical heights, friction factor, cross-section
of inlet, gas viscosity, vortex finder diameter, and height as
well. In the present work, the static pressure drop under
different operating condition is predicted numerically and
also validated with theoretical models and experimental
model of the Stairmand 1D2D design cyclones found by
Lingjuan W. [60].

FIGURE 5: Study sections.

To improve the efficiency, we used three models: Iozia
and Leith and Dirgo and Leith model [4, 82] have an ex-
cellent record to calculate the cyclone efficiency as function
of particle size at fixed velocity (V;, = 10 m/s). The math-
ematical expression is given in Table 10. The model basically
assumes that a particle carried out by the vortex encounter
two forces mainly the centrifugal force and the flow re-
sistance. The logistic model named Iozia and Leith [82, 83]
shows a good investigation with experimental data for the
large cyclone size Dc =0.25-0.4 m [83, 84]. We also used the
Licht [4] model based to exponential and logarithm func-
tions Table 10. Those three empirical models were combined
with the Barth model of cut-size [4], Table 10, and the design
of separator. So, these models can be used for the efficiency
calculation in the cyclone separator and can be validated
with numerical result for the present geometry and exper-
imental data found by Yangyang et al. [85] with 1D2D
Stairmand design cyclone.
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TaBLE 9: Empirical models of pressure drops.

Models Numerical values Pressure drops
Stairmand: & = 1 +2¢*[(2(D + b)/D,) — 1] + 2 (4ab/nD?)* 5

0.5 y 0.5 A=1.037m
q = (ab/2AG)[-(D,/2(D - b))*” + ((D,/2(D - b)) + (4AG/ab))™’] - 0.9 AP = 3.10V2
A= (n(D? - D?)/4) + nDh + DS + (n(D - B)/4)[ (H - h)* + (D - B/2)*]** 5‘1_ 5064 i
G =0.005 cm=
Shepherd and Lapple: & = 16 (ab/D?) (=64 AP = 3.92V?
Casal and Martinez-Benet: & = 11.3 ((ab/D?))* + 3.33 & =5.138 AP =3.147V2
Coker: & = 9.47ab/D? £ =378 AP =2.32V%
Dirgo: & = 20((ab/D?))[(S/D)/ (H/D) (h/D) (B/D))] ") o = 4.087 AP = 2.5V

irst: £ = _ 2y~ 173
First: & = (ab/DD,) ((12/Y))[(h(H - h)/D?)] £ = 3.09 AP = 1.89V2
Y =05 ‘ n
TaBLE 10: Empirical models of Efficiency.

Models Numerical values Grade efficiency functions

Cut-size of Barth-Muschelknautz: x5, = [9V,, ,qu/pPVf,cs](”z)
Vs = (Vg (RIR,)/ (1 + (H R fV4,/Q)))

Voo = (ViuRy/aR)

a=1-04(b/R)"*

H, = (H-S5)- ((H-h)((D,/2) - (B/2))/R - (B/2))

R=D/ X59 = 2.05um

VYCS = Q/T[HCSDE

f=0.005[1+3(C,/p,)™]

Where

C,=05,V, =10, and p, = 1.225

Dirgo and Leith: n(x) = 1/1 + (xso/x)6'4 n(x)=1/1+ (2.05/x)%*
; the — B

Tozia and Leith: 7 (x) = 1/1 + (x5/x) =96 n(x) = 11 + (2.05/x)°

B = 0.62 — 0.87In (x5,/100) + 5.21In (ab/D?) + 1.05[In (ab/D?)]*

Licht: 7(x) = 1 - exp[In(0.5) (x/x5)’]

7(x) = 1 - exp[In(0.5) (x/2.05)*]

3. Results and Analysis

The collection efficiency and pressure drop of a cyclone
separator are a direct result of the flow pattern of the gas and
solid phase, as well as the pressure field within the cyclone.
Based on the meantime, the dominant flow character in the
cyclone is a vortical and can be described as the “Rankine
vortex”. It is a combination of a quasi-free outer vortex and
a quasi-forced inner vortex. Apart from the gas inlet velocity
and geometrical parameters, wall friction and solid particle
loading also influence the strength of the vortex. Empirical
models often neglect the latter two and are therefore limited
in their applications. Numerical modeling is therefore
necessary to understand velocity and pressure fields [12].

3.1. Pressure Field Analysis

3.1.1. Static Pressure. The static pressure variation has
arelatively identical profile in all the sections of the separator
(Figure 6). The maximum value of the static pressure is
found in the body of the cyclone (dress), more precisely in
the region of the quasi-free vortex; its intensity drops
drastically from the walls to the center (region of the quasi-
forced vortex) (Figure 7), due to a strong vortex velocity;
then many particles can be re-entrained and escape if they

enter this zone. Although the static pressure drops drasti-
cally in the radial centripetal direction, its axial variation
remains small (Figure 7).

The pressure field has a stronger gradient in the radial
direction because a greatly intensified forced vortex exists,
while in the axial direction it remains weak. This results in
the existence of two helical motions, one heading towards
the base of the cyclone and the other towards the vortex
finder. These two vortices are clearly visible in the axial and
tangential velocity fields (Figures 8 and 9). Thus, a long
region of negative static pressure exists at the center of the
cyclone (Figure 6).

3.1.2. Dynamic Pressure. The dynamic pressure is highest at
the cyclone inlet at the interface between the quasi-free
vortex and the quasi-forced vortex (Figure 10). The dy-
namic pressure curve is asymmetric (Figure 11), due to the
nonsymmetry of the tangential velocity profile (because the
cyclone has only one inlet, and therefore the axis of the
vortex cannot coincide with its geometric axis).

The dynamic pressure is high in the quasi-free vortex
region and cancels out in the quasi-forced vortex region on
the central axis of the cyclone (Figure 10). The same behavior
is visible in the extension of the base diameter of the cone
and even in the collector.
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FIGURE 6: Static pressure contours.

With the extension of the base diameter of the cyclone
cone, the pressure drops decrease along the vertical axis;
meanwhile, with the effects of velocity nonsymmetry and es-
pecially the tangential velocity, which dominates the vortex
flow field, the dynamic pressure remains nonaxisymmetric [9].

The dynamic pressure profile is closely related to that of
the tangential component of the mean velocity: the higher
the mean velocity, the higher the dynamic pressure.

3.2. Flow Field Analysis

3.2.1. Average Speed Intensity. The contour of average speed
intensity is presented on Figure 12. Of the three velocity
components in the vortex flow inside the cyclone, the
tangential component is the largest which governs the flow
pattern and separates particles by centrifugal force [86].

The axial flow is also important for the transport of
particles collected from the walls to the base collector. In
cyclone aerodynamics, the radial velocity is the weakest
component [9], although it contributes to the transport of
the collected particles from the walls to the collector with the
effect of the centripetal force and also contributes largely to
the return of the quasi-forced central vortex [2].

3.2.2. Axial Velocity. The axial velocity is of major influence
in the transport of solid particles towards the collection
device. The empirical model based on the double vortex
structure postulates constant values for the downward flow
in the outer vortex (quasi-free) and the upward flow in the
inner vortex (quasi-forced) [12, 64]. These values cancel at
the axial position where the vortices end.

In fact, the numerical analysis shows us that the axial
velocity contour has a positive downward flow and a nega-
tive upward flow (Figure 8). These flows are helical in the
cone and its extension and even in the collector, allowing
a rapid transport of solid particles towards the collector. But

these helical flows can also allow a re-drainage of the par-
ticles towards the vortex finder, thus contributing to a de-
crease in the efficiency of the cyclone. Also, the contour is
not flat (uniform) (Figure 13), but has maxima and minima.
Typically, the outer flow shows maxima in the vicinity of the
edges, while the inner flow chows a minimum in the vicinity
of the cyclone geometry axis.

The diameter of the quasi-forced inner vortex of the gas
entering the vortex finder is larger than that of the vortex
finder; as a result, the gas velocity drops drastically in the
vortex finder at the center, at the exit of the separator. This
can contribute to increase pressure drops [2].

The axial velocity component is not axisymmetric and is
directed upward out of the cyclone walls and downward
inside the cyclone core (Figure 13). The upward and
downward maxima are always less than the inlet velocity for
any study [7].

3.2.3. Tangential Velocity. The typical tangential velocity
contour is shown in Figure 9.

The distribution of tangential velocity is similar to that of
the dynamic pressure (Figure 10). This shows that the
tangential velocity is the most dominant velocity component
in the cyclone separator [87]. For the same reasons, the
magnitude contour of the average velocity is almost similar
to that of the tangential velocity (Figure 12). Consequently,
the tangential velocity dominates the flow, and the intense
shear in the radial direction. This results in a centrifugal
force, which determines the separation of the particles.

It was observed that the inlet velocity is accelerated due
to the geometry of the cyclone and its value increases from
its initial value, and then decreases as the gas swirls towards
the base along the cyclone separator and reaches its mini-
mum in the center of the cyclone (Figure 9). At the certain
cross-section within the cone (diameter less than or equal to
that of the vortex finder), there is a reversal of flow and the
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gas flows opposite direction. Before entering the vortex
finder, the gas in the quasi-forced return vortex collides with
the continuous flow; this result in a chaotic flow just below
the vortex finder, and the speed drops sharply (Figure 9).
This causes energy losses and pressure drops.

The tangential velocity is highly dependent on the ge-
ometry of the cyclone, the frictions and the particle
loading [12].

The tangential velocity contour (Figure 9) shows the so-
called “Rankine vortex” which consists of two parts: an in-
tense or quasi-free outer vortex and an inner or quasi-forced
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FiGure 10: Dynamic pressure contours.

vortex. The tangential velocity profile [88] (Figure 14) is
relatively similar at different sections within the same cyclone
separator; these profiles show that the velocity is zero at the
cyclone walls, reflecting the removal of solid particles from the
downward vortex flow (Figure 14). It can be also be seen that
in the outer region of the quasi-free vortex, due to a rapid
decrease in the tangential velocity intensity (almost zero) in
the vicinity of the walls, the distribution is different at each
section and the change in the value of the maximum tan-
gential velocity is relatively limited [7, 88].

Generally, the tangential velocity distribution varies only
slightly with the axial position in the cyclone (Figure 14) [57].
This means that if the tangential velocity increases in one
section of the cyclone, it will also increase in all other sections.

3.2.4. Radial Velocity. The radial velocity affects the de-
flection of particle. This is an important factor in the analysis
of particle collection and cyclone efficiency. Analytically, the
radial velocity is considered to be the average velocity
component with the lowest value [64]. However, this is only
valid for the inner or quasi-forced vortex, and especially in
the vicinity of the vortex finder, where it grows rapidly
towards the core of the vortex [12, 89].

The radial velocity contour is given in Figure 15. This
contour is helical. The axis of the vortex is slightly curved
and not aligned with the geometric axis of the cyclone. It can
be seen from Figure 16 that the radial velocity contour is
positive on one side and negative on the other, alternating
along the separator. This is due to the fact that the cyclone
separator with a single tangential inlet is nonaxisymmetric.
It is also observed that the radial velocity increases sharply
towards the core of the vortex at the inlet of the separator.
Alekseenko [12] suggested that this phenomenon is the
result of the helical rotation of the vortex along the flow
around the geometric axis of the cyclone (Figure 15).
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FIGURE 12: Velocity intensity contours.

It is also observed that as the distance from the base of
the separator increases, so does the radial velocity intensity
in the quasi-forced vortex, which accelerates the helical
rotation of the inner vortex (Figures 15 and 16). These two
factors contribute to a re-entrainment of some (finest)
particles and therefore to the decrease of the cyclone sep-
arator efficiency.

The radial velocity contour shows that it is negative in
the gas at the inlet to the separator and quickly becomes zero.
Then, it becomes positive due to the centrifugal force and the
acceleration of the mean velocity (due to the geometry of the
separator) around the vortex finder.

Finally, the radial velocity profile in the vortex finder
(parabolic pointing upwards) (Figure 16 section A-A) shows
that it is largely the mean velocity component responsible for
the backflow.

3.3. Influence of the Flow Rate (Inlet Velocity) on the Pressure
Drops and Efficiency of a Cyclone Separator. The curve of
pressure drops and efficiency as a function of the inlet ve-
locity are presented in Figure 17. They present parabolic
profiles. The pressure drop and collection efficiency in the
cyclone separator are related to each other (Table 11).

The pressure drops and efficiency across the cyclone
separator increases closely with the inlet velocity of the
separator. It is therefore higher for higher inlet velocity and
lower for lower ones.

The particle collection efficiency is the most significant
index by which the cyclone performance can be evaluated.
The collection efficiency of a cyclone separator is known as
the particle capture rate, which is the ability to separate the
solid inert particles from the gas stream. There are many
important factors, that affects the overall collection efficiency
such as density of solid particle, particle diameter, gas

velocity (in this study), gas temperature, cyclone di-
mensions, and pressure drop.

In the cyclone separator, high-speed flow enters from the
inlet, and particles are subjected to an inwardly directed drag
as well as an outwardly directed centrifugal force in barrel
section. Particles directly attack on the cylindrical wall and
create a swirling motion around the gas outlet inside the
cyclone chamber (tangential velocity). So, the gas starts
following an outer vortex shaped pathway and particles falls
down in the collection bin, in a helical manner (axial ve-
locity). Finally, the light gas moves upward or discharged
through the outlet tube with fine particles, following an
inner vortex (radial velocity). The centrifugal force is directly
proportional to the mass of the particle. It is assumed that
the particle velocity is same as that of gas flow. When the
particles are suspended in a fluid flow, the phenomenon can
be characterised by a dimensionless number named Stokes
number, which is the ratio of the characteristic time of
a particle to the fluid flow. The mathematical expression is
written as

stk = foVow

(17)
where £ is the relaxation time of the particle, V y,, is the flow
velocity and D is the cyclone diameter [90]. The charac-
teristic time of the particle is given as

d2
o=, (18)
Hg

where p,, is the particle density, d, is the diameter of particle
and y, is the fluid viscosity. For the accurate tracing, the
response time of particle should be faster compared to the
smallest time scale of the fluid flow. So, smaller the value of
stokes number, produce acceptable tracing accuracy. When
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Stk > 1, the particles are detached from the fluid flow and for
Stk « 1, particles follow the fluid flow properly. But for
Stk < 0.1, the tracing accuracy is high with less than 1%
error [83]. So, we can conclude that, when the inlet velocity
increases, the flow velocity increases, and so does the Stokes
number, which helps to improve efficiency.

The pressure drop in a cyclone can be described as the
amount of energy required to operate the system by moving
the flowing gas through the inlet and outlet of the static

device. So, the separation efficiency is associated with the
pressure drop, which helps to estimate the operating cost of
a cyclone separator.

The main part of the pressure drop, i.e., about 80%, is
considered to be pressure losses inside the cyclone due to the
energy dissipation by the viscous stress of the turbulent
rotational flow [81, 83]. The remaining 20% of the pressure
drop are caused by the contraction of the fluid flow at the
outlet, expansion at the inlet and by fluid friction on the
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FIGURE 14: Curves of tangential speed according to the section of analysis.

cyclone wall surface. Pressure drop or flow resistance is
strongly dependent on flow velocity. As the velocity in-
creases, Reynold’s number also increases, resulting in in-
tense turbulence and shocks between particles in flow. The
result is an increase in efficiency, but also an increase in
pressure drop, as shown in Table 11 and Figure 17.

In conclusion, efficiency and pressure drops increase
with inlet velocity into the cyclone dust separator, one being
positive impact and other negative. A balance therefore
needs to be struck at the design stage in terms of available
energy and the desired efficiency range, in order to choose
the best inlet velocity for an application.



18

contour-7
Radial Velocity

3.99
b.. g
1.38
0.08
-1.23
| -2.53

-3.83

-5.14

-6.44

l -7.74 '
-9.05

[m/s]

Journal of Engineering

FiGure 15: Radial velocity contours.

In order to better understand the behavior of the
pressure drops as a function of the gas inlet velocity in the
separator, we will plot the curve of the natural logarithm of
the pressure drops In(Ap). Table 12 presents the values of
In(Ap) as a function of In (v).

The profile of the curve of the Neperian logarithm of the
pressure drops In(Ap) is a straight line (Figure 18), proof
that the pressure drops in the cyclone are exponent functions
of the speed.

We can then obtain by calculating the slope of the line:
In(Ap) = 2.0007 In (v).

It can then be concluded that the variation of the
pressure drops as a function of the inlet velocity can cor-
respond to the first order theoretical formulation which is in
the form:

Ap = AV, (19)

where A is constants and v the speed; we can therefore
validate the agreement with the theoretical expression:

Ap =0.58cp, Vi, (20)

where {c is an Euler number, p, is density and is inlet
velocity.

3.4. Influence of Particle Size on the Efficiency of a Cyclone
Separator. The curves obtained are shown in Figure 19.

The summary of the different efliciencies as a function of
the diameters for any three speeds v, = 8.02 m/s (Efficiency
E1); v, = 10m/s (Efficiency E2) and v; = 15m/s (Efficiency
E3) is presented in Table 13.

3.5. Interpretation

3.5.1. Interpretation 1. The efficiency curve of a cyclone dust
collector separator (for a given inlet velocity) as a function of
particle size is strictly increasing and shows three main zones
(Figure 19):

(i) A light growth zone for particles between 0 and
2 um, corresponding to ultrafine particles. For these
particles, the efficiency is very low (less than 25%),
and the cut-off diameter is large. For particle sizes in
this zone, it would be wise to combine the cyclone
separator with other filtering devices, in particular
bag filters, even if there are expensive to maintain,
but it is also possible to combine several cyclones in
series to increase the separation efficiency, in order
to reach the required rejection threshold.

(ii) A steep growth zone corresponding to fine particles of
a size between 2 and 10 ym: the efficiency of a sepa-
rator in this zone can be between 25% and close to
95% for a fixed speed, depending on the average size of
the particles. The cut diameter is also average there.

(iii) This is a zone that offers a significant advantage in
the analysis of the efficiency of a cyclone separator
and hence its design, as it can allow the desired
efficiency to be obtained just by changing (incre-
menting or decrementing) the inlet velocity, which
may include costs on the flow generator (fan or any
other mechanical device). Most of the particles
discharged by industries have sizes within this
range, making the cyclone separator one of the most
requested elements in industry for this purpose.
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TasLE 11: Efficiencies and pressure drops as a function of speeds.
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Pressure drops (Pa) 10.02 79.92 126.68 201.94 243.24 305.47 449.01 472.89 1892.76 2826.65
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TABLE 12: Values of In(Ap) as a function of In(v).
Ln (v) 1.01 2.08 2.3 2.53 2.6 2.72 2.92 2.94 3.63 3.83
Ln (AP) 2,305 4,381 4,841 5,308 5,494 5,722 6,107 6,158 7,546 7,947
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FIGURE 18: Curve of the natural logarithm of the pressure drop In(Ap) as a function of In(v).
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TaBLE 13: Grade efficiency as function of particle size.
Diameter 0.01 0.1 1 2 3 5 7 10 15 20
Efficiency El 0.154 0.178 0.232 0.242 0.283 0.71 0.957 1 1 1
Efficiency E2 0.155 0.174 0.198 0.219 0.35 0.855 1 1 1 1
Efficiency E2 0.166 0.192 0.237 0.237 0.476 0.963 1 1 1 1

(iv) A constant zone or convergence zone; this corre-
sponds to particles of size greater than or equal to
10um. All particles in this zone have efficiency
greater than 95%. Therefore, almost all particles
larger than 10um are collected by the cyclone
separator if they are in the exhaust gas stream.

3.5.2. Interpretation 2. It is also observed in Figure 19 that
the efliciency of a cyclone separator dust collector varies in
increasingly with the particle inlet velocity for any fixed
diameter. Thus, the higher the inlet velocity, the more
particles contained in a waste air stream are likely to be
captured in the separator.

These phenomena can be explained physically by cen-
trifugal force:

mVC2
F, =
-
= mw*r with (21)
V.= rw’.

Thus, for a given particle of diameter D = 2, increasing
V. amounts to increasing w?> = V./r and therefore also in-
creasing F, hence the increase in efficiency as a function of
inlet velocity.

On the other hand, increasing the size of the particles
means to increasing their mass, which also leads to an in-
crease in efficiency for a given fixed inlet velocity.

It can be observed that the experimental profile is similar
to that obtained in our study. In terms of particle size, these
models predict a convergence from 10um and an abrupt
growth of around 1um which also coincides with our
simulation results.

3.6. Comparison of the Three Numerical Models in terms of
Contours, Efficiency, and Pressure Drops

3.6.1. The Influence of Inlet Velocity. It (Figure 20-22) shows
that the RSM turbulent model has a higher pressure drop
than K-epsilon turbulence models (standard and RNG). It
also should be noted that this model has a higher efficiency at
constant inlet velocity than the last two models. As for RNG
model, it efficiency and pressure drop are higher than those
of the standard model at constant velocity (Figure 21). At
high inlet speeds (V;, > 10 m/s), all tree models are perfectly
efficient.

Those observations can be justified by the fact that, the
Reynolds stress model (RSM) is the most classical turbulence
model in which the individual stress tensors are computed
directly. The directional effects and the complicated tur-
bulence flow interactions are strongly taken into account in
the RSM model. However, the standard k-epsilon and RNG
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FIGURE 20: Grade logarithmic deviation between numerical pressure drops and experimental data.
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FIGURE 21: Comparison of the three numerical models in terms of
pressure drop and efficiency as function of inlet velocity.

k-epsilon models are not suitable for swirling flows, which
has anisotropic turbulence, and these models underpredicts
the performance [81, 83].

Then, the RSM model constitutes a closed N-S equation
in three-dimensional flow, which can more accurately
simulate the strong cyclone flow in the internal flow field of
the cyclone separator.

It is shown that good agreement of the CFD numerical
calculation when compared with experimental data and
predictions from empirical correlation. The results show that
the CFD prediction by using the Fluent code can be used for
pressure drop evaluation in cyclone design. The Fluent code

In (AP)

In (V)

—— K-epsilon
- RNG
—A- RSM

FIGUrRe 22: Grade logarithmic deviation between numerical
pressure drops.

with the RSM turbulence model, predict very well the
pressure drop in cyclones and can be used in cyclone design
for any operational conditions (Figures 21-24). In the CFD
numerical calculations, a small pressure drop deviation was
observed, with less than 30% of deviation at different inlet
velocity which probably in the same magnitude of the ex-
perimental error of Lingjuan W. [60]. The CFD simulations
with RNG k-epsilon turbulence model still yield a reasonably
good prediction (Figures 20, 21, 23, 24) at lower velocity with
the deviation about 35-38% of an experimental data. It
considerably tolerable since the RNG k-model is much less on
computational time required compared to the complicated
RSM turbulence model. In all cases of the simulation, the
RNG k-epsilon model considerably underestimates the cy-
clone pressure drop as revealed by Griffiths and Boysan [66].

The cyclone pressure drop can be rewritten as a function
of inlet velocity head. The empirical model used for the
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FiGure 23: Comparison of the three numerical models and ex-
perimental data in terms of pressure drop as function of inlet
velocity.
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FIGURE 24: Comparison of the numerical, empirical, and experi-
mental models in terms of pressure drop as function of inlet
velocity.

prediction of pressure drop is much depends on the cyclone
operating condition. Stairmand [51], Casal and Marti-
ne-Benet [77], and Dirgo [79] models show a good pre-
diction on cyclone pressure drop under different operational
inlet velocity (Figure 24), the prediction within 6-20% of the
measured value. The deviation between RNG K-epsilon and
the First model is less than 3% (Figures 24 and 25), so this
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FiGure 25: Comparison of the numerical and empirical models in
terms of pressure drop as function of inlet velocity.

empirical model can be use at its place if one does not want
to compute.

3.6.2. The Influence of Particle Size. The RSM turbulence
model has higher efficiency than that given by the K-epsilon
models for a given particle size (Figure 26); this is un-
doubtedly due to the reasons mentioned above. On the
other hand, there is a gap (max value 50%) between this
model and the experimental data of Yangyang et al. [85]
(this could be the maximum margin error found by
Yangyang T. et al. in their experiment) for fine particle
(<3um) (Figure 26). The RNG model presents a curve al-
most similar to that of the RSM model, in the second zone
of the curve (steep growth zone) (Figure 26). The curves of
the empirical models are in perfect agreement with each
other and show very good agreement with experimental
model (Figures 27 and 28), but show a high gape with the
numerical models (Figure 28). The numerical model that
best approximates the empirical models at low particles size
is once again, the RSM model. This can therefore be used
when analysing efficiency as function of the particle size.
The RNG model, whose calculation time is more reasonable
than one of the RSM model can also be used in the case of
law machines resources.

3.7. The Contours. Observation of the different contours of
mean velocity and pressure fields (Table 14) shows us that,
the Reynolds stress turbulence model (RSM) proves to be
relatively successful in detecting the different aspects of
rotational flow inside the cyclone separators such as an-
isotropy of the turbulence, presence of quasi-free and quasi-
forced vortices, and the behavior of the core formed at the
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FIGURe 26: Comparison of the three numerical models and ex-
perimental data in terms of efficiency as function of particle size at
10m/s.
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FIGURE 27: Comparison of the three empirical models and ex-
perimental data in terms of efficiency as function of particle size at
10m/s.

central region, with respect to the RNG k-¢ model. This
model better predicts the law of the walls. On the other hand,
the RNG model predicts greater maximum value of dynamic
and static pressure (offset of 3.75% for static pressure and
4.68% for dynamic pressure), but the measurement of
the value of static pressure between inlet and the outlet
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FiGure 28: Comparison of empirical, numerical models, and ex-
perimental data in terms of efficiency as function of particle size at
10m/s.

(pressure drop) remains lower than that given by the RSM
model. It is the same observation for tangential velocity
(offset of 3.06 % ). This could be explained by the fact that the
RNG model does a better job of calculating the turbulent
kinetic energy and its dissipation (Tables 14 and 15), whereas
the Reynolds stress model requires the solution of transport
equations for each of the Reynolds stress components as well
as for dissipation transport without the necessity to calculate
an isotropic turbulent viscosity field (Tables 14 and 15). This
is in perfect harmony with the numerical studies carried out
by Fredriksson [91] which reveal that the RNG k-epsilon
model underestimates the variation of the axial velocity
profile across the radial direction and also overestimates the
magnitude of the tangential velocity and the cyclone pres-
sure field. The Reynolds stress turbulence model yields an
accurate prediction of swirl flow pattern, axial velocity,
tangential velocity, and pressure drop on cyclone simula-
tions [33, 46, 91, 92].

3.8. Trajectory of a Particle inside the Separator. The trajec-
tory of a particle inside the cyclone separator is shown in
Figure 29. It can be seen that a particle takes on average 7 s to
be captured in the collector; note a region of very strong
vorticity at the extension of the lower diameter of the cone.
This strong vorticity is intended to prevent the particle from
entering the quasi-forced vortex and being re-entrained.
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FIGURE 29: Trajectory of a particle inside the separator.

4. Conclusion and Perspectives

The aim of the present study is to numerically simulate the
turbulent and three-dimensional aerodynamic multiphase
flow inside conventional industrial cyclone dust collector
with a single tangential inlet. The numerical simulation tool
Fluent R19.2 was our means, thanks to its simple and at-
tractive interface; it allowed us to go from the generation of
the 3D schematic of the separator to the results, through the
meshing and the implementation of the various simulation
parameters. This software allowed us to obtain with clarity
the phenomena that govern the turbulent flow inside the
cyclone separator. Some of the results obtained are in good
agreement with the experimental and numerical results.
The conclusions drawn from this work are as follows.

The mean velocity field is made up of three components,
each with a very specific role in the turbulent flow inside the
cyclone separator: the tangential velocity, which has the
highest value, is responsible for separating the particles
(discrete phase) from the gas that constitutes the continuous
phase in the quasi-free outer vortex; then the axial velocity is
responsible for transporting these particles toward the base
of the collector in a helical fashion, still in the quasi-free
vortex; and finally, the radial component is responsible to
returning the flow with the finest particles, but this time in
the quasi-forced inner vortex.

Efficiency and pressure drop are performance indicators
that increase with inlet speed. The former is an advantage,
but the latter a disadvantage; so it is up to the engineer to find
the right balance between the energy resources available and
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the efficiency margin to be achieved. Efficiency also increases
with particle size for given inlet velocity. But efficiency can
also be varied for a given particle size by varying the inlet
velocity.

Of the three numerical models used, the RSM model
proved to be the most suitable for studying the turbulent
flow inside the cyclone, but it is characterised by a very long
calculation time and requires large machine resources. An
alternative to this model is the RNG K-epsilon model, which
offers a reasonable calculation time with acceptable results.

Analysis of the empirical and semiempirical models
shows that they can be used to calculate efficiency and
pressure drops. The Stairmand model correlates well with
experimental data, probably because the geometry of the
separator we have chosen is the high-efficiency Stairmand
model. The Casal and Martine-Benet and Dirgo models can
also be used. In terms of efficiency, the Iozia and Leith model
proved to be the most suitable. The first pressure drops
model correlate perfectly with the RNG K-epsilon numerical
model, so it can be an alternative.

Finally, it should be said that the new generation of
separators for which no results have been presented in this
work, has a higher efficiency gap of between 3 and 12% for
particle smaller than 10 um and high pressure drops
compared with the simple cyclone separator. This is due to
the progressive friction experienced by the multiphase
vortex flow between the channels inside the cyclone. The
result is an increase in pressure drop and also an increase in
efficiency. However, it should also be noted that this new
generation of cyclone requires meticulous design in terms of
the arrangement and orientation of the channels in the
separation chamber (cylinder). Once again, it should be
remembered that in order to choose the right type of sep-
arator for a specific application, it is up to the engineer to
find the right balance between the energy resources available
and the efficiency margin to be achieved.

Nomenclature

D: Body diameter, m

a:  Inlet tube length, m

b:  Inlet tube width, m

D,: Vortex finder diameter, m

S: Vortex finder height, m

B,: Cone base diameter, m

H: Cyclone height, m

h:  Body height, m

L,: External extension of the vortex finder, m
L;: Extension of the inlet, m

H,: Cone tip length, m

H,;: Collector height, m

D,: Collector diameter, m

g:  Gravitational acceleration, m/s?
F.: centrifugal Force, N

m: Mass, kg

V.. centrifugal velocity, m/s

w:  Rotational velocity, rad/s

r:  Radius, m

Journal of Engineering

Ap: Pressure drop, pa

F_: forceof gravity, N

F;: resisting forces, N

p:  densities of the gas, kg/m’

pp: densities of the particle, kg/m?

x,;: The ith coordinate of the particle position, m
u,;: The ith coordinate of the particle velocity, m/s
F.: Saffman force, N

g;: the acceleration due to gravity in i direction m/s
C;: coeflicient of resistance for spherical particles

Tp: relaxation time of the particle, s

: Reynolds number

Rep

u:  Dynamic viscosity

dP: Particle diameter, m

d;:  Strain tensor

7:  Shear stress components (Tﬁj)
P:  Pressure, Pa

E Energy, ]

Subscripts

i, j,k,1: i, j,kand I'" direction
p,x:  particle
Abbreviations

RANS: Reynolds averaged Navier-Stokes

RSM: Reynolds stress model

RNG: Renormalization group

LES:  Large eddy simulation

DNS: Direct numerical simulation.
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