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ABSTRACT

A mathematical model has been developed for Venturi inlet cyclone separator by considering various
geometric parameters. The most important geometrical parameters such as Venturi inlet length and
Venturi inlet width and outlet diameter are considered for optimization. Response surface methodol-
ogy has been used to fit the quadratic polynomial equation and the significance of quadratic model is
tested by using analysis of variance. These parameters are optimized to get minimum pressure drop in
cyclone separator by means of genetic algorithm. The optimized new design gives less pressure drop
and high collection efficiency compared with mathematical model. The Reynolds stress turbulence
model and discrete phase model have been utilized to simulate the Venturi inlet cyclone separator.
The results from optimized design such as pressure drop, cut-off diameter, Euler number and Stokes
number were compared with the results of computational fluid dynamics technique and found highly
agreeing.

Keywords: Mathematical model; Pressure drop; Response surface methodology; Genetic algorithm;

Reynolds stress model; Discrete phase model

1. Introduction

Industries related to chemical engineering, mineral
processing and foundry processing, etc., are more prone to
environmental issues as the process involved creates hazard-
ous impacts to the environment with higher consumption
of energy. To minimize the hazardous impact on the envi-
ronment different strategies have been followed rigorously,
such as cyclone separators, electrostatic precipitators, etc.
[1]. Cyclone separator is primary dust collecting equipment
for removing particulates from fluid medium. The removal
of particulates in this process is usually carried out without
the aid of filters by the action of vortex separation. The effec-
tiveness of the segregation of particulates depends upon
the geometrical parameters of the cyclone separator and
pressure drop. It is worthy to note that the higher pressure
drop, lower the efficiency of the particulates segregation
and higher the operating power [2]. Due to higher pressure
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drop, the particulates which can be segregated escape out
of the cyclone separator. The escaped particulates are fur-
ther subjected to the secondary purification process. In
this stage, higher water resource, energy and recycling
time are involved [3]. This makes it mandatory to provide
with optimized geometrical constraints for the separator
to create necessary pressure drop which induces the maxi-
mum segregation of particulates inside the separator thereby
minimizing the energy resources required in the secondary
purification process.

Many researchers used different approaches to improve
the performance of cyclone. Xu et al. [4] utilized the slotted
form vortex finder to develop the performance of cyclone.
Also, Gu et al. [5] utilized a pressure transducer to assess
the pressure at dissimilar locations for performance study.
Besides, the performance of the cyclone separator has been
examined with different dust outlet geometries [6]. In addi-
tion, the performance has been assessed with various inlet
patterns such as single normal inlet, double normal inlet and
double declining inlet [7]. Also, Bernardo et al. [8] used a
scroll inlet duct in the cyclone body to describe the gas and
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gas solid flow in a cyclone. Adjusting the cone tip diame-
ter also increases the collection efficiency and decreases the
pressure drop [9]. In addition, a novel exhaust under dif-
ferent insert depths and sloping orientations has been used
to improve the performance [10]. Gong et al. [11] studied
the internal flow field by using different helix angle in the
cyclone. Adjusting the vortex finder shape and size gives
a good result on the cyclone performance [12]. To improve
the cyclone performance, many researchers follow some
technical approaches such as optimization techniques and
extra devices added with cyclone separator. Optimization
techniques such as multiobjective optimization and genetic
algorithm (GA) have been used to change the existing geo-
metric constraints of the cyclone [13,14]. Extra devices such
as a post-cyclone have been positioned above the vortex
finder to collect the escaping particles [15]. A rotational clas-
sifier has been fixed instead of the vortex finder in a dynamic
cyclone to improve the performance [16].

In this research, a vertical Venturi inlet has been added
with tangential inlet of the cyclone separator. The Venturi has
three sections such as convergent, throat and divergent sec-
tion. Initially the particles are admitted with high velocity in
convergent section. When the particles are entering through
the divergent section, the velocity of the particles is reduced.
The particles entering with less velocity into the cyclone sep-
arator cannot easily escape to the atmosphere. In addition, the
industries such as foundry and steel plants also used Venturi
type scrubbers to capture the flying dust particles. Therefore,
in this research a Venturi inlet has been used to improve the
performance of cyclone separator. At first, a mathematical
model has been formed. The pressure drop, cut-off diame-
ter, Euler number and Stokes number of this mathematical
model have been predicted mathematically. Then, this model
has been optimized by response surface methodology (RSM)
and GA. These optimized results are simulated in compu-
tational fluid dynamics (CFD) software (Ansys Fluent). In
CFD, the Reynolds stress turbulence model (RSTM) and dis-
crete phase model (DPM) have been used for the simulation.

2. Mathematical model

Several researchers created theoretical and physical
models in the past decades such as Stairmand model [17],
Avci and Karagoz model [18], Muschelknautz model [19],
Chen and Shi model [20] and Zhao model [21]. In this
research, Shepherd and Lapple [22] model has been used to
set the initial mathematical model of the cyclone separator.
Furthermore, a Venturi inlet has been added at the tangen-
tial inlet of the cyclone. The schematic diagram of Venturi
inlet cyclone separator and its geometric features are shown
in Fig. 1 and Table 1. In this model, the particles are entering
through a Venturi inlet then it is entered through the tan-
gential entry of the cyclone separator. Now the particles are
swirling around the vortex finder region due to centrifugal
force. After that, it is gradually settled at the bottom of the
cyclone separator and gas exits through the outlet tube.

2.1. Pressure drop and cut-off diameter

Estimating the pressure drop and cut-off diameter is
an important one because these boundaries, decide the

performance of the cyclone. The pressure drop and cut-off
diameter of the mathematical model have been estimated by
Egs. (1) and (3) [22]. The dimensionless pressure drop or Euler
number has been predicted with the help of Eq. (4). The num-
ber of turns has been calculated by Eq. (5). The Stokes num-
ber based on cut-off diameter has been determined by Eq. (6)
[23]. The required parameters to calculate the pressure drop,
cut-off diameter, Euler number, number of turns and Stokes
number are given in Tables 1 and 2. The estimated pressure
drop (Ap) for this mathematical model cyclone is 895.8 N/m?
at velocity 5 m/s. The predicted cut-off diameter (X,) is
1.85 x 10 m at a velocity of 1 m/s. The head and number
of turns have been evaluated by Egs. (2) and (5). The value
of head and number of turns are 58.5 and 2.4, respectively.
The calculated dimensionless Euler number (E ) is 58.54 at
a velocity of 5 m/s and Stokes number (Stk, ) is 0.021364 at a
velocity of 1 m/s. The following equations are used to find the
abovesaid parameters.
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Fig. 1. Layout diagram of Venturi inlet cyclone separator.

Table 1
Dimensional parameters of the Venturi inlet cyclone separator

S.No. Parameters Dimension (mm)
1 Cyclone diameter (D) 100
2 Inlet height (a) 50

3 Inlet width (b) 25
4 Outlet diameter (D)) 50
5 Total height (H,) 400

6 Body height (h) 200

7 Cone tip diameter (B ) 25

8 Outlet length (S) 62.5
9 Venturi inlet length (a ) 125
10 Venturi inlet width (b,) 65
11 Height of convergent section (k) 115
12 Height of divergent section (h,) 360
13 Height of throat section (h,) 135
14 Venturi throat length (a,) 65
15 Venturi throat width (b)) 35
16 Total height of the Venturi (H ) 755
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Table 2
Input parameters

S.No. Input parameters Values

1 Particle density P, kg/m?® 2,000

2 Inlet velocity (V)), m/s 5

3 Gas density (pg), kg/m?® 1.225

4 Viscosity (u), kg/ms 1.78 x 10

5 Venturi inlet length (2 ), m 0.125

6 Venturi inlet width (b ), m 0.065

7 Gas outlet diameter (D ), m 0.050

8 Number of turns (N ) 24
Pressuredrop (Ap) =0.5p,VH, (1)

Kab

Head (H,) = D2 ()

where K =18 is a constant.
9ub "
Cut-off diameter (X)) = S o T 3)
27tNgVi(pP - pg)
Eulernumber(E,) = Ap 5 4
0.5p,V; 4)
H —-h
Number of turns N, = 1{h +— } (5)
a 2
X5V,
Stokes number (Stk,,) = +—— (6)
18uD

3. Response surface methodology

In the previous section, pressure drop and cut-off diam-
eter of the given mathematical model have been found. In
order to improve the performance, the pressure drop must
decrease without affecting the efficiency of the cyclone.
According to the literature survey, three parameters are
mostly affecting the performance of the cyclone. The three
parameters are inlet height, inlet width and outlet diameter
[24]. In this study, Venturi equipment has been added with a
cyclone separator; hence, inlet length (a ) and inlet width (b, )
of the Venturi and outlet diameter (D,) of the cyclone have
been selected for optimization. Usually, optimization of any
experimental setup is based on adjusting one parameter
and keeping all others as constant. This procedure has
been followed until optimum values are found. It is a
time-consuming process. Also, it cannot give an interac-
tion result with response parameters for a complex system.

Moreover, a multivariate parametric study has to be con-
ducted for explaining response and interactions of several
complicated schemes [25]. In this study, RSM has been used.
It is a good technique for solving multivariate problems.
The RSM was introduced by Box and Wilson [26]. Recently,
this method is mostly used in process optimization in the
field of engineering and manufacturing. Consecutively to
perform an RSM analysis, the first one has to classify the
experimental parameters and the response parameter. Based
on this classification, the experiment has been designed.
After this initial process, the data have been tabulated by
conducting the experiment. Then, the second-order polyno-
mial equation has been fit based on this experimental data
[25]. The global quadratic model used in the response sur-
face analysis is as follows:

Y = Bo + Z::]'Bixi +Z?:/'Biixi2 + ZZi<jBi/Xin (7)

3.1. Design of experiment

In this work, the Minitab software has been used to fit-
ting the regression equation by RSM. In this method, Box-
Behnken design (BBD) has been selected and number of
factors and number of runs have been selected as 3 and 15,
respectively. At first, for creating the response surface design
the minimum and maximum values of three important geo-
metric parameter values such as Venturi inlet length, Venturi
inlet width and outlet diameter of the cyclone have been
given in the factors input table. There are two levels: the first
level has a minimum value of three parameters and the sec-
ond level has a maximum value of three parameters which is
shown in Table 3. After feeding the data in level factors table,
then the BBD matrix has been produced with actual variables
for 15 runs. The response parameter such as pressure drop
has been calculated for the created 15 runs. These 15 pressure
drop values have been determined mathematically with the
help of Egs. (1) and (2). The BBD matrix with pressure drop
values is shown in Table 4. After that, this response surface
design has been analyzed for forming the regression coeffi-
cient with 95% of the confidence level (P < 0.05) for all tests.
The R? value of the model is 0.9993 which is very close to 1.
Hence, it suggests that the model is very effective. Also, the
predicted R* value is 0.9886 and adjusted R* value is 0.998.
Both these values are nearly equal, so it gives a good agree-
ment between them. In this analysis, the surface plots such
as pressure drop vs. Venturi inlet length and Venturi inlet
width; pressure drop vs. Venturi inlet length and cyclone
outlet diameter; pressure drop vs. Venturi inlet width and
cyclone outlet diameter have been plotted which is shown

Table 3
Two levels of the factors
S.No. Geometric ratios Low (mm) High (mm)
1 Venturi inlet length (a ) 100 130
2 Venturi inlet width (b ) 40 70
3 Outlet diameter (D,) 50 70
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Table 4
BBD matrix with actual variables and pressure drop values

S.No.  Venturiinlet length (2 ), mm Venturi inlet width (b ), mm  Outlet diameter ratio (D ), mm  Pressure drop (Ap), N/m?
1 100 40 60 306.3
2 130 40 60 398.1
3 100 70 60 535.9
4 130 70 60 696.7
5 100 55 50 606.4
6 130 55 50 788.3
7 100 55 70 309.4
8 130 55 70 402.2
9 115 40 50 507.1
10 115 70 50 887.5
11 115 40 70 258.8
12 115 68 68 466.1
13 115 54 58 508.8
14 115 53 56 535.7
15 115 52 54 565.2

in Fig. 2. The created regression equation or second-order
polynomial model is as follows:

7 =538.076 +7.599 x a, +19.086 x b,

~33.653x D, +0.006 x a> +0.003 x b’ ®)
+0.426 fo +0.077x a,xb, —0.148xa x D,
-0.317xb,x D,

3.2. Analysis of variance

For conducting the F test on the individual variables and
interactions, analysis of variance (ANOVA) has been followed
in this study. ANOVA has been used to estimate significance of
the created quadric polynomial model. This test suggests that
the maximum value of F ratio gives more significant effect on
respective parameters. It means the P value is small (P < 0.05)
when the F ratio is high. If F ratio is low, then the P value is
high (P >0.05) and it points out the most insignificant parame-
ters in the quadric model. Table 5 shows the results of ANOVA
for the given quadric polynomial model. The identified results
are as follows. The F value is the maximum for Venturi inlet
width and outlet diameter (P < 0.05) in linear terms. So these
two response variables are more significant. The Venturi
inlet length has insignificant effect because the F value is low
(P > 0.05). Further, in quadric terms outlet diameter gives
more significant effect compared with other two parameters.
However, the interaction between the Venturi inlet length and
Venturi inlet width, Venturi inlet length and outlet diameter,
and Venturi inlet width and outlet diameter gives more signif-
icant effect with 95% of the confidence level (P < 0.05).

From surface plot (a) one can easily identify that the pres-
sure drop increases when increasing the inlet length and inlet
width of the Venturi. Furthermore, decreasing these two values
gives less pressure drop. In addition, the surface plot (b) has
given results such as increasing the outlet diameter produces
a low-pressure drop and increasing the inlet length creates a
high-pressure drop. Also, surface plot (c) has given results such
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Fig. 2. Surface plots of (a) pressure drop vs. Venturi inlet length
and inlet width, (b) pressure drop vs. Venturi inlet length and
outlet diameter and (c) pressure drop vs. inlet width and outlet
diameter.

as increasing the outlet diameter produces a low-pressure drop
and increasing the inlet width creates a high-pressure drop.
These three surface plots show that the inlet length and inlet
width must be decreased for decreasing the pressure drop and
at the same time outlet diameter must be increased for decreas-
ing the pressure drop. However, decreasing the inlet length
and inlet width gives less collection efficiency. Because of this
reason an optimized parameter value is needed to increase the
collection efficiency and decrease the pressure drop. Therefore,
in this study the generated second-order polynomial model is
to be optimized by GA.

4. Genetic algorithm

GA is a non-traditional optimization technology. It was
invented by John Holland in 1960. It is an arbitrary search
algorithm that models a process of developing popula-
tion individuals. Nowadays, GA is used in product design,
machine design and manufacturing processes to attain the
best solutions. Usually, it begins with a set of solutions and
varying them through several iterations. Also, it converges to
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the most-fit solution by this iteration. It has three basic oper-
ators such as selection or reproduction operator, crossover
operator and mutation operators. Selection is the phase of
GA in which individual genomes have been preferred from
population intended for afterward reproduction. There are
seven selection processes available such as the roulette wheel
selection, Boltzmann selection, rank selection, tournament
selection, steady-state selection, sigma selection and elitism.
The role of the crossover is dividing two chromosomes and
then uniting one half of every chromosome with another
pair. There are four types such as single-point, two-point,
uniform and arithmetic crossover. Mutation engages with a
single bit of a chromosome. The chromosomes are assessed
under some fitness criteria. After evaluation, the best one is
kept and others are discarded. There are four types of muta-
tion such as Gaussian, uniform, adaptive feasible and custom
[27,28]. Currently, MATLAB software is mostly used in opti-
mization. It gives high performance numerical calculation
and visualization. In this study, MATLAB software has been
used to find the best optimized solution from GA.

4.1. Genetic algorithm settings in MATLAB

Before commencing the optimization in MATLAB, the
mathematical model equation has been set by design of
experimental technique. In this study, the polynomial quadric
equation has been created by RSM which is given in Eq. (8).
From this mathematical model, the objective function has
been developed which is given in Eq. (9). In addition, the
objective function is used to create the fitness function. In
order to perform the optimization with MATLAB, an m-file
has been created in notepad for fitness function. In this file,
the fitness function is clearly written based on Eq. (9). In this
equation, S(1), S(2) and S(3) are corresponding to Venturi inlet
length (a ), Venturi inlet width (b,) and cyclone outlet diame-
ter (D). The created m-file fitness function is as follows:

Function Z = {(S)
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7 =538.076 +7.599 x S(1) + 19.086 x S(2) — 33.653 x S(3)
+0.006 x S(1) x S(1) + 0.003 x S(2) x S(2) + 0.426 x S(3)
x S(3) +0.077 x S(1) x S(2) — 0.148 x S(1) x S(3) — 0.317
x 5(2) x S(3) €

After saving the m-file, the GA settings are mentioned
by opening the GA window. At first, the fitness function and
a number of variables are mentioned in the GA window.
Population type is preferred as double vector type and the
size of the population is given as 20. The population size is
called as chromosome size. In addition, the creation function
is elected as uniform. Then, the initial range is set as [100, 40,
50; 130, 70, 70] based on lowest and highest values of input
variables. After completing the population phase, the fitness
scaling type is given as rank type. Also, selection or reproduc-
tion type has been specified such as uniform and its elite count
value is 2. In crossover function, single-point type is chosen
and its crossover fraction value is 0.8. In mutation function,
uniform type is selected and its rate is 0.01. In addition, plot
function is termed as best fitness and best individual in the
plot interval of 1. The migration direction is forward and its
fraction and interval are 0.2 and 20, respectively. Initial pen-
alty and its factor values are 10 and 100, respectively.

In stopping criteria, the generations values are set at 100
and stall generation value and stall limit time are 75 and 20,
respectively. After setting all parameters, the solver has been
run until the iteration is terminated. From this simulation, the
optimized final results are obtained for those three variables
which are shown in Table 6. In addition, the surface plots

Table 6
Optimized results

Variables Venturi inlet  Venturi inlet Cyclone outlet
length (a ) width (b)) diameter (D)

Dimension 103.8 41.0 66.6

(mm)

Table 5

ANOVA table for pressure drop
Source term Degrees of Sequential sum Adjusted sum Adjusted mean F Ratio P Value

freedom of squares of squares squares

Regression model 9 438,143 438,143 48,682.6 769.57 0.000
Venturi inlet length (a)) 1 34,766 166 166.4 2.63 0.166
Venturi inlet width (b)) 1 158,599 1,767 1,766.7 27.93 0.003
Outlet diameter (D)) 1 226,506 1,497 1,496.9 23.66 0.005
a 1 75 8 7.7 0.12 0.742
b’ 1 50 1 1.2 0.02 0.895
Df 1 7,540 5,027 5,027.1 79.47 0.000
a,xb, 1 1,187 1,187 1,187.0 18.76 0.007
a xD, 1 1,985 1,985 1,984.7 31.37 0.003
b xD, 1 7,435 7,435 7,435.2 117.54 0.000
Residual error 5 316 316 63.3
Total 14 438,459
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such as generation vs. a fitness value and number of variables
vs. current best individual values have been plotted as shown
in Fig. 3. It is used to observe the best fitness value and mean
of generations. The identified best fitness and mean fitness
values are 266.2289 and 274.0084, respectively. The current
best individual values of those three parameters are 103.8, 41
and 66.6, respectively. These optimized parameters are given
less pressure drop and high collection efficiency compared
with the mathematical model. This detail has been clearly
discussed in comparison of the results section.

5. CFD analysis

In CFD, lots of turbulence models are obtainable to esti-
mate the pressure drop, radial velocity, axial velocity and
tangential velocity. Large Eddy simulations are problem con-
tingent models. Furthermore, they are enormously related
with geometries and boundary conditions of flow occupied
[29]. Reynolds averaged Navier—Stokes equations have been
employed to resolve when intricate geometric problems were
concerned [13]. RSTM is regularly used to solve compound
flow problems [9]. In this work, RSTM model has been used
to simulate the Venturi inlet cyclone separator.

5.1. Mesh and boundary conditions

The mathematical and optimized Venturi inlet cyclone
separator model has been created in SolidWorks software.
Then, both models have been exported in IGS file format for
mesh generation in Ansys Fluent software. The mesh has
been generated for both mathematical and optimized cyclone

Best:266.2289 Mean: 274.0084
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Fig. 3. (a) Generation vs. fitness value and (b) number of variables
vs. current best individual.

Table 7
Boundary conditions for mesh
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separator by the finite volume method. The cut-cell type
mesh model has been chosen for both models. Because the
cut-cell type mesh is suitable for solving complex problems.
The Lagrangian type reference frame choice has been set to
these two models. In mesh sizing choice, smooth transition
type has been mentioned. In addition, the growth rate and
minimum edge length have been mentioned for both mod-
els such as 1 and 0.001 m respectively. The transition ratio is
given as 0.272. The created nodes and elements for mathemat-
ical model are 219,623 and 187,802, respectively. The created
nodes and elements for new model are 216,071 and 185,163,
respectively. The created mesh worth has been validated in
mesh metrics option by Ansys Fluent software. In this sub-
stantiation, the average skewness factor and aspect ratio have
been accomplished as 0.03 and nearly equal to 1 correspond-
ingly. It points out that the produced mesh has outstanding
quality. In grid refinement test, three cases are considered
for creating the mesh such as fine, medium and coarse type
meshes. The grid refinement ratio has been predicted for
both models of cyclone separator based on taking the ratio of
total number of grids on fine mesh to total number of grids
on medium mesh and total number of grids on medium type
mesh to the total number of grids on coarse type mesh. The
predicted grid refinement ratios for both models are 1.5 and
1.6, respectively. It indicates that the mesh quality is good
because the refinement ratio is greater than the minimum
value of 1.3. Moreover, this test confirms that the solution is
not grid dependent. The inlet boundary condition has been
preferred for the Venturi inlet is velocity. This state is applied
to depict the velocity and scalar properties of stream. The pro-
posed boundary condition for the outlet of the cyclone is pres-
sure outlet. Further, no slip wall boundary condition has been
preferred for entire walls of Venturi and cyclone separator.
The meshed both cyclone separators are shown in Fig. 4. The
mesh and boundary condition options are given in Table 7.

@)

Fig. 4. Mesh for (a) mathematical model and (b) optimized model.

S.No. Cyclone Mesh Edge No. of nodes No. of Boundary condition
model type length (m) elements Inlet Outlet Wall

1 Mathematical Cut-cell 0.001 219,623 187,802 Velocity inlet  Pressure outlet No slip wall
model

2 New design Cut-cell ~ 0.001 216,071 185,163 Velocity inlet Pressure outlet No slip wall
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5.2. Reynolds stress turbulence model

The RSTM is the most sophisticated turbulence model.
In RSTM, for solving the 2D flows, five additional transport
equations are needed. In addition, seven extra transport
equations are needed to solve the 3D flows. The RSTM is a
most suitable turbulence model for streamline curvature,
swirl, rotation, and rapid changes in strain rate type prob-
lems compared with one equation and two equation models.
It gives more accurate results for complex flows [30]. Due to
this reason, in this study RSTM has been used for predicting
pressure drop and particle tracking purpose.

5.3. Governing equations and solver settings

In this study, Ansys Fluent software (version 15) has been
used for predicting the pressure drop and collection efficiency
of the mathematical model and the new model cyclone sep-
arator. At first, the pressure-based velocity formulation has
been preferred in solver type. Furthermore, transient flow has
been preferred for this simulation. In viscous model panel,
the Reynolds stress model has been selected. There are three
subdivisions available such as a linear pressure-strain model,
quadratic pressure-strain model and stress omega model. In
this work, linear pressure-strain model has been chosen from
the Reynolds stress type menu. In Fluent, the pressure-strain
term is modelled from the exact transport equation according
to the proposals given by Gibson and Launder [31] and Fu
etal. [32]. The classical approach to modelling the ¢, uses the
following decomposition:

(Pij = ¢ij,1 + ¢’i/,2 * (Ply,w

where @, is the slow pressure-strain term, ¢, , is called the
rapid pressure-strain term and ¢, is the wall- react1on term.
Equation for the slow pressure-strain term is as follows:

a4
37
where C, =1.8.
Equation for the rapid pressure-strain term is as follows:

(10)

S\
by = —Clpk{uiuj (11)

2
42=-C| (R +7,+6,-C)-23,(p+6-C)| a2

where C, = 0.60, P, is stress production, F; is production by
system rotatlon G is buoyancy productlon and C, is the con-
vection. Also, where P—* W G=3G, and C-EC

Moreover, the wall- reactlon term, is responsible for the
rescheduling of normal stresses near the wall. It leans to
damp the normal stress perpendicular to the wall, while
enhancing the stresses parallel to the wall. This term is mod-
elled as follows:

, 33— 33— k3/2
(I)i/'w_c k( nnmSUfEulunn 7Euuk i kJ Ied 3)
3 3 Ci2
¢km 2 m x] 2 ¢1k Zn]n 2 ¢]k Zntn ed

where C, =05, ¢, =03, 1, is the x, component of the unit normal
to the wall, d is the normal distance to the wall and C,= C“3/4/k,
where C =0.09 and k is the von Karman constant = 0.4187.

There are two alternatives available in Reynolds stress
choices such as wall boundary condition from solving the
k equation and wall reflection effects. First one is suitable
for linear and quadratic pressure strain model and second
one is suitable for linear pressure strain model. Moreover,
four types are available in near wall treatment choice such
as standard wall functions, scalable wall function, non-
equilibrium wall function and enhanced wall treatment
option. The standard wall function has been selected in this
work. The standard wall functions have been mostly used for
industrial flows [33]. They are provided as a default option
in Fluent. The equation for this model is as follows:

u :%m(ﬁ‘)

¥

(14)

where U* is the mean velocity and y* is the distance from wall
and E =9.793.

In boundary condition panel, at first the inlet velocity
is specified as 5 m/s. Furthermore, intensity and hydraulic
diameter values are given for the inlet and outlet boundary
conditions. The turbulent intensity value for both mathemat-
ical and new model is 5%. The hydraulic diameter for math-
ematical model at the inlet port is 0.086 m and for the outlet
is 0.050 m. The hydraulic diameter for new model at the inlet
port is 0.059 m and for the outlet is 0.0666 m. No slip wall
boundary condition has been preferred for the remaining
walls of the Venturi cyclone, as the wall motion has been con-
sidered as stationary. The roughness constant has been set
as 0.5. In solution method, SIMPLE scheme has been chosen
for the pressure velocity coupling. Moreover, the least square
cell-based option has been chosen in the spatial discretiza-
tion. The momentum, turbulent kinetic energy and turbu-
lent dissipation rate have been considered as second-order
upwind from the discretization panel. The solution has been
initialized by the hybrid initialization. The time step size and
the number of time step have been specified as 0.001 and 4 s,
respectively. In addition, utmost iterations for each time step
have been given as 40. The static pressure contours, tangen-
tial, axial and radial velocity contours created subsequent to
the solution has been converged.

5.4. Pressure contours

The contours of static pressure drop for mathematical
model and optimized Venturi inlet cyclone separators are
shown in Figs. 5 and 6. The predicted static pressure drop for
mathematical model is 963.2 N/m? at velocity 5 m/s. For opti-
mized design, it is 224 N/m? The contour plot depicts that the
pressure is maximum at the Venturi inlet wall region, which
is red in colour for both the mathematical and new designs.
Moreover, the pressure is smallest amount at vortex finder
and the outlet of cyclone separator which is blue in colour for
the mathematical model and new model. Therefore, the pres-
sure has been reduced from the Venturi inlet wall region to
the outlet of cyclone separator. Further, the pressure is high-
est in cyclone separator cylinder wall region (green in colour)
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Fig. 6. Pressure contours for new design.

when compared with vortex finder region (blue in colour).
This effect inveterate the particles are swirl within the cylin-
der wall section as a tropical storm and patch up at the under-
neath because the pressure is acute in cylinder wall area.

5.5. Velocity contours

The contours of radial, tangential and axial velocity of
mathematical model Venturi inlet cyclone separator are
shown in Fig. 7. The contour plot depicts that the maximum
radial velocity is 31.5 m/s, tangential velocity is 18.2 m/s
and the axial velocity is 16.1 m/s. Fig. 8 shows the con-
tours of radial, tangential and axial velocity of new opti-
mized design. From this contour plot, it is known that the
maximum radial velocity is 14.1 m/s, tangential velocity is
4.57 m/s and the axial velocity is 5.6 m/s. The contour plots
depict that the radial velocity is least in the Venturi inlet region
and it reaches a maximum value at the vortex finder region
for both designs. Furthermore, the tangential and axial veloc-
ity is least in inlet region and it reaches a maximum value
around the vortex finder region. Also, these three velocities
of the optimized model are very less compared with the
mathematical model. Due to this reason, the particle escap-
ing through the outlet port has been reduced in new model
compared with the mathematical model. Fig. 9 illustrates the
radial profile of calculated tangential and axial velocities for
both cyclones at cylindrical section of the cyclone separator.
This profile implies that the tangential velocity is least when
compared with the mathematical model. As well, the axial
velocity of novel design is a lesser amount when compared
with the mathematical model (M letter shape). It denotes that
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the particle getaway through the outlet port has been dimin-
ished. It indicates that the collection efficiency of the new
design is great. In addition, the radial profile demonstrates
that the velocity is enlarged when the radial position is
increased. After attaining its highest value, then it is reduced
in the end section of the cylinder. Owing to these causes,
the centrifugal force is initially increased. After attaining its
highest value it is decreased. It means that the particles whirl
within the cyclone similar to a tropical squall and settle at the
base of the storage bin.

5.6. Discrete phase model

In Fluent, for estimating the cut-off diameter and collec-
tion efficiency of the cyclone separator, the DPM technique is
used. The DPM follows Euler-Lagrange approach in Fluent.
In this case, the fluid phase has been considered as a con-
tinuum by working out the time averaged Navier-Stokes
equations even as the huge quantity of particles is in the path
[34]. An important postulation has been considered in van-
ished phase as a small volume fraction which is 10%—-12%.
Furthermore, another important assumption is that contin-
uation of particles does not influence the flow field, since
a few particles merely hampered in cyclone separator [34].
Collisions between the particle and cyclone walls are taken
as perfectly elastic. Therefore, the coefficient of restitution
is equivalent to one. Moreover, the one-way coupling tech-
nique has been chosen for solving the equations of motion for
particles. The equations of motion are as follows [35]:

du, (u_u )+gx(p,,—p)
4

—=F +F
a v o 1 (15)
_18p CyRe
P> 24 (16)
PP
d (u —u
Re = el 1 (17)
u

In this study, spherical particle has been selected in drag
law for describing the physical model in DPM. The drag coef-
ficient, C,, for spherical particle was found by correlations of
Morsi and Alexander [36]. The drag coefficient is as follows:

aZ ﬂ3
—= 4+ 18
Re Re’ (18)

C,=a,+

The dispersion of particles owing to turbulence in the
fluid phase is computed by using the stochastic tracking
model or the particle cloud model [33]. The stochastic track-
ing model has been chosen in this work. Also, this model
uses the following equation to predict the turbulent disper-
sion of particles:

u=u+u (19)

In addition, the discrete random walk (DRW) model has
been preferred from stochastic tracking model to increase
the number of particles injected through the inlet port of the
Venturi. In this model, the eddy is characterized by Gaussian
distributed random velocity and a time scale. The general-
ized Gaussian distribution for random velocity fluctuation
and time scale equation for RSTM is as follows:

k

T, ~0.30= (20)
(S

21

where u is the fluid phase velocity, p, is the density of the
particle, F_is an additional acceleration, p is the density of the
fluid, the term F,(u —u ) is drag force per unit particle mass,
d, is the particle diameter, u, is the particle velocity, p is the
molecular viscosity of the fluid and Re is a relative Reynolds
number, a,, a, and a, are constants, u is the mean fluid phase
velocity and u' is the random velocity [34].

5.6.1. Discrete phase model setting and results

The following boundaries have been set in DPM panel for
computing the cut-off diameter and efficiency of the mathe-
matical model and optimized model. The maximum number
of steps and step length factor has been specified as 500,000
and 5, respectively, in the particle tracking panel. The injec-
tion type has been set as surface injection because the parti-
cles are released from the Venturi inlet surface. Moreover, the
particle type is inert and the density of particle has been set as
2,000 kg/m?. In addition, scale flow rate by face area and inject
using face normal direction is chosen from injection panel.
The flow rate and velocity have been set as 0.22 kg/s and
1 m/s, respectively, in point properties list. The spherical par-
ticle has been chosen in the drag law for describing the physi-
cal model. The distribution of particle diameter is preferred as
uniform. The DRW model has preferred been from stochastic
dispersion panel. The number of tries and time scale constant
is set as 100 and 0.15 correspondingly. The efficiency has
been estimated by number of particles introduced through
the Venturi inlet, amount of particles runaway towards the
outlet of cyclone and quantity of particles trapped in storage
bin of the cyclone separator for various sizes of particle diam-
eters. For estimating the collection efficiency, 2,600 particles
were injected at a velocity of 1 m/s for mathematical model
and 2,680 particles were injected for optimized new cyclone.
The results are shown in Fig. 12. The graph has been plot-
ted between particle diameters vs. efficiency of Venturi inlet
cyclone. The efficiency of the optimized design is high when
compared with mathematical model.

6. Comparison of results

The important geometric parameters of the Venturi inlet
cyclone separator such as Venturi inlet length, Venturi inlet
width and cyclone outlet diameter have been optimized by
RSM and GA. The mathematical model and optimized new
design variables are shown in Table 8. The result shows that
the inlet length and width of the optimized dimensions are
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less when compared with the mathematical model. Moreover,
the exit diameter of the cyclone has increased when com-
pared with mathematical model. The pressure drop, cut-off
diameter, Euler number and Stokes number are calculated
by these optimized results with the help of Egs. (1), (3), (4)
and Eq. (6), respectively. By these optimized results, the solid
model has been created in modelling software then the same
is analyzed in Ansys Fluent software for CFD analysis. Then,
the mathematical and CFD results of the new design have
been compared with each other.

Moreover, the mathematical and CFD results of the math-
ematical model have been compared with each other. The
results are depicted in Table 9. The pressure drop and Euler
number of the new model is 3.5 times less when compared
with mathematical model. Also, the Stokes number and cut-
off diameter of the new model is least when compared with
the mathematical model. The efficiency of the new design is
high when compared with mathematical model. In addition,
the pressure drop has been estimated for the different inlet
velocities (1-8 m/s) for both models. The results are depicted
in Figs. 10 and 11. Further, the efficiency has been estimated
for different sizes of the particle diameter for both models.
The results are shown in Fig. 12. 100% of the particles are
trapped in 26 um of the particle diameter by mathematical
model. 100% of the particles are trapped in 20 um of the par-
ticle diameter by optimized new model. The efficiency of the
new design and mathematical model has been compared by
the CFD results with each other.

7. Conclusion

The important geometric parameters such as Venturi
inlet length and Venturi inlet width and cyclone outlet
diameter are related with Venturi inlet cyclone separator
performance. The RSM and GA have been used to
optimization. In addition, ANOVA has been used to estimate
the significance of created quadric polynomial model from
RSM. A good agreement has been obtained between RSM

Table 8
The modified new geometrical parameters and mathematical
geometrical parameters

S.No. Parameters Mathematical New design
model (m) values (m)

1 Venturi inlet 0.125 0.1038
length (a )

2 Venturi inlet 0.065 0.041
width (b))

3 Cyclone outlet ~ 0.050 0.0666
diameter (D)

Table 9

Mathematical and CFD results for mathematical and new model
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Method Mathematical model New model

Ap (N/m?) E, X, (m) Stk Ap (N/m?) E, X, (m) Stk
Mathematical 895.8 58.54 1.85x 107 0.021364 264.5 17.28 1.47 x 107 0.013448
CFD 963.3 62.95 1.87 x 107 0.021828 224 14.64 1.52 x 107 0.014422
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and ANOVA results. This optimized new design gives less
pressure drop and high collection efficiency. Moreover, the
cut-off diameter, Euler number and Stokes number of the
new design are less when compared with mathematical
model. From this optimized result one can conclude that
decreasing the inlet length and inlet width and increasing
the outlet diameter produce less pressure drop and high
collection efficiency. The factor pressure drop is directly
proportional to head. The parameter head is directly
proportional to Venturi inlet length and width, whereas
indirectly proportional to the outlet diameter. Therefore,
variations in the pressure drop can only be attained through
varying the head. Decreasing the inlet length and inlet width
and increasing the outlet diameter produce less head. Due
to this less head, the pressure drop between the inlet and
outlet port has been reduced. Moreover, travelling speed
of the particle is reduced due to this less pressure drop.
Therefore, the particles escaping through the outlet tube has
been reduced. It means most of the particles are trapped in
the collecting bin. It confirms that the collection efficiency
of optimized model is maximum. The RSTM and DPM are
most suitable CFD techniques to predict the pressure drop,
cut-off diameter, Euler number and Stokes number. A good
agreement has been obtained between mathematical and
CFD results. Moreover, the radial profiles for the tangential
and axial velocities of both designs imply that the collection
efficiency of the new design is high when compared with
mathematical model. In addition, one can conclude that
this optimized model consumes less energy and collects
more particles compared with mathematical model due to
less pressure drop. Further, it reduces the environmental
impact and reduces the energy consumption of secondary
purification processes because of high collection efficiency
of this optimized equipment.
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Symbols

— Outlet diameter, m

— Outlet length, m

— Inlet height, m

— Body height, m

Total height, m

— Cyclone cylinder diameter, m
— Cone tip diameter, m

Inlet width, m

— Venturi inlet length, m
Venturi inlet width, m

— Height of convergent section, m
— Height of divergent section, m
— Height of throat section, m

— Venturi throat length, m

— Venturi throat width, m

Total height of the Venturi, m
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Reference

Pressure drop, N/m?

Particle density, fluid or gas
density, kg/m®

Inlet velocity, m/s

Stokes number

Regression  coefficients  for
intercept, linear, quadratic and
interaction terms

Independent variables

Response variables

Head

Cut-off diameter of the
particle, m

Euler number

Fluid viscosity, kg/ms

Number of turns

Pressure strain, slow pressure
strain, rapid pressure strain, wall
reaction term

Model constants

Turbulent kinetic energy, m?/s
Turbulent kinetic dissipation
rate, m?/s®

Time, s

Reynolds stress tensor
Boundary layer thickness

Stress production

Production by system rotation
Buoyancy production
Convection

Unit normal to the wall

Mean velocity, m/s, distance
from wall, m

Velocity component in
corresponding direction, m/s
Turbulence viscosity, Pa s
Particle velocity, m/s

Fluid phase velocity, m/s

Drag force, N

Additional force, N

Particle diameter, m

Relative Reynolds number

Drag coefficient of particle

Mean fluid phase velocity, m/s
Random velocity fluctuation, m/s
Constants

Fluid Lagrangian integral time, s
Time scale, s
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