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Abstract: The present study focuses on performing multi-objective optimization of the cyclone separator
geometry to lower the pressure losses and enhance the collection efficiency. For this, six geometrical
entities, such as the main body diameter of the cyclone, the vortex finder diameter and its insertion
length, the cone tip diameter, and the height of the cylindrical and conical segment, have been accounted
for optimization, and the Muschelknautz method of modeling has been used as an objective function
for genetic algorithms. To date, this is one of the most popular mathematical models that accurately
predicts the cyclone performance, such as the pressure drop and cut-off particle size. Three cases
have been selected from the Pareto fronts, and the cyclone performance is calculated using advanced
closure large-eddy simulation—the results are then compared to the baseline model to evaluate the
relative improvement. It has been observed that in one of the models, with merely a 2% reduction in
the collection efficiency and an increase of 12% in the cut-off particle size, more than a 43% reduction
in pressure drop value was obtained (an energy-efficient model). In another model, a nearly 25%
increment in the collection efficiency and a reduction of 42% in the cut-off particle size with a nearly
36% increase in pressure drop value were observed (a high-efficiency model).

Keywords: cyclone separators; genetic algorithms (GAs); large-eddy simulation (LES); Muschelk-
nautz method of modeling (MM)

1. Introduction

The tremendous growth rate of the human population, followed by the modern
lifestyle and work culture, has increased the demand for readymade products in day-to-day
life, including eatables. This has led to a greater dependency on industrial products, due
to which the demand for industries has increased. Furthermore, the rise in industries also
contributes significantly to the economic growth and scientific advancement of a nation.
However, this progress has a significant impact on the environment, particularly in terms
of water and air pollution—the latter is of concern in the present study. Particulate matter
(PM), which includes substances with aerodynamic diameters equal to or less than 10 and
2.5 pm, has emerged as a major concern and has been linked to well-known problems
related to the respiratory system and disease in humans [1]. There is a strong correlation
between exposure to PM;y and PM, 5, which are suspended in the air, and their harmful
effects on health. Even at low levels, air pollution has detrimental health consequences
both in the short and long terms [2-5]. Many industries are implementing pollution control
equipment to collect these particles. Among all the equipment, cyclone separators are a
popular choice due to their simple design and low maintenance requirements. However,
these separators are inefficient for particles below 5 pm in size. Hence, the present study is
aimed at enhancing the cyclone performance.
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Several approaches have been attempted to improve the cyclone performance by modi-
fying the standard geometrical parameters using different methods. Wasilewski and Brar [6]
optimized the geometrical parameters for low power consumption with increased collection
capabilities of the clinker-burning process. Luciano et al. [7] used a multi-objective optimiza-
tion approach on cyclones arranged in series to improve efficiency. Singh et al. [8] optimized
the Strokes number through the surrogate-based optimization. Sabareesh and Prasad [9]
optimized various geometrical parameters of the Stairmand cyclone design utilizing response
surface methodology. Pishbin and Moghiman [10] made use of genetic algorithms and nu-
merical simulations and optimized the cyclone geometry for better performance. The authors
found that the optimized cyclone design had a higher efficiency and lower pressure drop
compared to the original design. The study also showed that the genetic algorithm was an
effective tool for optimizing the cyclone separators. An innovative method for advancing
centrifugal treatment equipment involves integrating dusty flow filtration with centrifugal
cleaning [11-14]. Many researchers have extensively investigated these innovations, with
particular emphasis on exploring new-generation multi-channel cyclones, as highlighted
by [15-17]. Baltrenas and Chlebnikovas [18] applied multi-channel cyclones and observed
that the purification efficiency from fine wood ash solid particles reached 83.6% after 150 h of
operation. Jurevicius [19] examined common tendencies in the sticking process of particles
of various sizes and proposed a model suitable for numerically simulating ultrafine particle
interactions. The cyclone performance was reported to have significant variations by Parvaz
et al. [20], who examined the effect of providing a 4-10% eccentricity to the vortex finder. In a
related study, the authors analyzed various shapes of the dipleg and found that the inverted
cone dipleg exhibited superior separation capability compared to the standard model [21].
Similarly, Sun et al. [22] also employed optimization techniques to improve the performance
of the cyclone separators by optimizing geometry and inlet configuration, leading to increased
particle collection efficiency and reduced pressure drop.

Brar and Elsayed [23] conducted a study involving multi-objective optimization on
the positioning and size of secondary inlets—they reported tremendous improvement
compared to the reference model. Guo et al. [24] conducted optimization-based work on the
slotted vortex finder (SVF). Their study resulted in a 34.57% reduction in the Euler number
and a 4.32% enhancement in the collection efficiency, followed by a reduction of nearly
5.53% in the cut-off diameter. In a similar study, Elsayed et al. [25] optimized the length,
height, and diameter of the dustbin, achieving superior performance over the baseline
model. Furthermore, Kumar and Jha [26] were able to attain better results compared to
the reference geometry via optimization of the convergent—divergent outlet tube. Brar
and Elsayed [27] carried out multi-objective optimization with an artificial neural network
(ANN) as well as the genetic algorithm (GA), which resulted in considerably minimum
pressure drop and maximum collection efficiency over different (eccentric) locations of
the vortex finder centers. Shastri et al. [28] carried out multi-objective optimization using
the Muschelknautz method of modeling (MM) to optimize the cyclone performance for
a fixed total height condition. The study considered three optimization scenarios, and a
noteworthy improvement in cyclone models was reported.

To date, the Muschelknautz method of modeling (MM) [29,30] has become one of the
most widely used mathematical models. This is due to only a few simplifying assumptions,
the incorporation of all the geometric entities, the consideration of the fluid contraction at the
inlet, the mass loading effects of the solid particles on the cyclone performance, the impact on
the frictional drag due to total inside area of the separator, etc. Because of this, the MM model
has been extensively used in the current work. This model can predict the cut-off size and
pressure losses with a high level of accuracy in nearly all cyclone designs [14].

Most of the studies undertaken so far did not include the cyclone main body diameter
for optimization. This parameter significantly influences the pressure drop values and
moderately affects the collection efficiency. With an increase in the cyclone diameter, there
is an increase in the pressure drop, whereas the collection efficiency reduces by a small
amount. In the latter, the efficiency of bigger particles largely increases, whereas for smaller



Appl. Sci. 2024, 14, 2034

3o0f24

particles, the efficiency mildly reduces, as reported by Brar and Sharma [31]. Hence, the
cyclone diameter is worth considering for optimization. Shastri et al. [28] accounted for
this parameter in an optimization study, and the results showed significant improvement
over the reference model—the authors focused on compact cyclone separators, for which
they chose to fix the total height of the cyclone. It is also known that an increase in the
cyclone length tremendously reduces the pressure losses, followed by a significant increase
in the collection efficiency. Brar et al. [32] reported a 34% reduction in pressure losses and a
nearly 10% increase in collection efficiency for elongation in the length of the cylindrical
segment from 1.5 to 5.5 times the cyclone diameter. On the other hand, increasing the cone
length from 2.5 to 6.5 times the cyclone diameter resulted in an 11% increase in efficiency,
whereas the pressure losses reduced by 29%.

Based on the above discussion, it follows that both the cyclone’s main body diameter
and total height must also be included for optimization. However, most of the studies
have neglected the main body diameter of the cyclones for optimization. Hence, in the
present study, all the geometrical entities are considered for optimization to reduce both the
pressure losses and cut-off particle size. For this, we make use of the expressions from the
MM as objective functions subjected to optimization using Ga with the prescribed range for
all the independent variables. Hence, the work has been planned in the following manner:
Firstly, the flow system has been defined with detailed information on cyclone geometry.
Then, we elaborate on the MM, followed by the description of the range by which each
independent geometrical entity is permitted to vary. Thereafter, the objective function
is subjected to optimization using Ga to yield the Pareto front (or optimal) points. The
selected Pareto front points are then numerically simulated using the advanced closure
large-eddy simulation for cross-validation and to explore the flow field details. Finally, the
performance level of the (chosen) optimized cyclones is compared to the baseline model to
evaluate the relative enhancement in the performance parameter.

2. Mathematical Modeling
2.1. The Geometric Details

The baseline model in the current work is the design suggested by Stairmand [33]—the
geometry is the cylinder-on-cone model with a tangential inlet. As shown in Figure 1, the
geometrical entities include the vortex finder diameter, D, /D = 0.5, and its insertion length,
Ly/D = 0.5; the inlet height, a/D = 0.5, and width, b/D = 0.2; the cylinder height, H/D = 1.5;
the cone height, H./D = 2.5; and the cone tip diameter, B./D = 0.375. The diameter of the
cyclone D = 0.29 m. Although the original diameter of the cyclone is represented as D, we
also designate it as D, and it shall represent the new optimized diameter. It is important to
mention here that D, is also normalized with the original diameter D, similar to all other
geometrical entities.

He

Figure 1. The cyclone geometry.
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2.2. Muschelknautz Model

So far, numerous analytical models have been developed to determine the performance
of the cyclone. The Muschelknautz model is the most popular and the most efficient model
to determine the collection efficiency and pressure drop [34]. This model accounts for the
following:

(@) The wall roughness.
(b) The variation in the feed of the particle size distribution.
(c) The solid particle loading.

Muschelknautz and Trefz [29] further reported that the short-circuit flow causes 10%
of the fluid entering the cyclone to escape directly through the vortex finder tube, while 90%
remains in the cyclone body. By utilizing the empirical formulas relating the gas friction
factor to the Reynolds number of the cyclone body, it is possible to approximate the friction
factors for the gas and the particles. They further demonstrated that the density of strands
of solids along the cyclone walls also contributes to increased friction.

2.2.1. Prediction of the Pressure Drop

The pressure drop across the cyclone occurs mainly due to friction between the fluid
and the walls, irreversible losses within the vortex core, and inlet acceleration losses. The
latter often dominates the total pressure drop. The losses developed inside the body are
determined by the following:

APpogy = fOATRQ g (UGZUVQCS)LS 1)
where f denotes the friction factor, p represents the gas density, the volume flow rate is
given by Q, vy, is the velocity at the wall, vy, is the tangential velocity of the rotating fluid
in the inner core radius, and Ay represents the total inside surface area (contributing to the
frictional drag).

The pressure drop in the inner surface of the outlet tube is given as follows:

2 4/3
Ufcs Ufcs 1 5
2 —_— 3 = 2
() () ]2% @
where v, is the average axial velocity of the gas exiting via the vortex finder. Hence, the
total pressure loss,

AP, =

APjopa = APbody + AP, 3)

In non-dimensional form, the above expression is written as follows:

1

20
Here, Eu denotes Euler’s number, and the gas velocity at the inlet is v;,.

2.2.2. Prediction of the Cut-Off Size
Given the solid loading to be sufficiently low, the cut-off particle size is given as

follows:
_ 1811(0.9Q)
0= \/ 27 (0, P Pace(Hr —9) ©

pp represents the density of the particulate phase. Moreover, the fluid viscosity is repre-
sented as y, the cyclone length is designated by H;, and S is the insertion depth of the outlet
tube. For further information on the MM, we refer to Hoffmann and Stein [34], and the
details are mentioned in Appendix A.
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2.3. Genetic Algorithms

The genetic algorithm is an algorithm for resolving both limited and unconstrained
optimization issues. It is based on natural selection, which promotes biological evolution.
The genetic algorithm chooses members of the present population to serve as parents at each
stage and employs them to produce the offspring that will make up the following generation.
The population “evolves” toward the best option (here, the MM has been considered) over
the course of subsequent generations until the optimum solution is reached. The genetic
algorithm is used to address a range of optimization problems, including those where
the objective function is discontinuous, stochastic, or highly nonlinear. Here, the MM of
modeling has been used to evaluate the fitness of the individuals. The objective will be to
minimize the pressure losses as well as the cut-off particle size. Table 1 shows the upper
and lower bounds of the geometry used to optimize the cyclones, and Table 2 illustrates
the settings adopted for Ga.

Table 1. Details of the upper and lower bounds used to optimize cyclone.

Geometrical Parameter Notation Lower Bound Upper Bound
Cyclone diameter *D./D 1.000 1.300
Total cyclone length H;/D 4.000 8.000
Vortex finder diameter D,/D 0.300 0.700
Length of conical segment H./D 1.000 4.000
Cone tip diameter B./D 0.010 0.040
Insertion length of vortex finder S/D 0.345 0.690

* D =0.29 m corresponds to the diameter of the standard cyclone.

Table 2. Genetic operators and parameters.

Solver Gamultiobj
Population type Double vector
Population size 90 (defined as 15x number of variables)
Number of variables 6
Selection operation Tournament (size equal to 2 (default))
Crowding distance fraction 0.35
Crossover fraction 0.8 (default)
Crossover operation Intermediate (with a ratio equal to 0.2 (default))
Number of generations (iterations) 1200 (defined as 200 x number of variables)
User function evaluation In parallel

2.4. Computational Fluid Dynamics

The performance of a few chosen Pareto front points and the standard model are
assessed and compared in the current study using CFD. The cost of the experimental
setup is significantly reduced because of the well-established and extensively used CFD
technique. The numerical predictions are as accurate as experimental findings when used
appropriately with the prescribed boundary conditions, and by employing a suitable
turbulence model—for the latter, we use the advanced closure LES.

2.4.1. Continuous Phase
Large Eddy Simulation

The LES adopts a filtering approach to distinguish between large and small eddies,
with the filter function which is represented as [35] follows:

#x) = [ B() Glx,x)ax ©
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The integration over the flow domain (D) through the computational grid is repre-
sented as

Bx) =3 [ o) ax, ¥ € 7)

where V represents the volume of the computational cell. The filter function is given as
follows:

1 /
iva cv
G(x,x) =<V * 8
(') { 0, x'otherwise ®
The application of filtering on Navier-Stokes equations yields the following:
au;
o 0 ©)
ow;, _ om; 10P o*; 0Ty
RSt 7 it Sl — 1
ot M 0x; p 0x; + Uaxiaxj ox; (10)

The over-bar is used to represent the filtering quantity. The subgrid-scale Reynolds

stress, Tjj = u; u; — u;u; is modeled using the Boussinesq hypothesis as follows:

1 _
Tij = 3 Tkdij = —2sgsSi (11)

where o5 represents the sub-grid scale viscosity. The strain rate in the resolved flow is
given as follows:
_ 1( du; E)u]-
S 7 12
Sl] 2 (E)x] + axi ( )

Modeling the Particulate Phase

For a discrete particle traveling in a continuous fluid medium, the net force acting on
the particles is calculated using Newton'’s second law [36]:

dupi

o, =P
it :FD(Mi—Mpi)+( : >8i+ F; (13)

Pp

Here, the density of the discrete phase is given as p,, Fp(u; — uy;) represents the
drag force on each particle per unit mass (here, i represents the flow direction), uy; is the
particle’s velocity, g; is the acceleration due to gravity, F; represents the additional forces
(e.g., the Saffman lift force, Brownian force, etc.). For the spherical particles suspended in
the fluid, the drag force is given as follows:

F — 18]/1Cd &
P e 24

(14)

Here, particle diameter is denoted as d,,, fluid molecular viscosity as p, and Re, is the
Reynolds number of the particle, given as follows:

M

Re, = (15)

The drag on smooth particles is due to Morsi and Alexander [37], given as follows:

ap as
Cp=a+—+ —» 16
p=a Re, Re%, (16)

where the coefficients a1, a,, and a3 are constants.
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The instantaneous velocity for the fluid flow is expressed as u; = #; + u}; where u;
represents the instantaneous velocity, 7; is the mean velocity component, and u} is the
fluctuating velocity component. Since the LES works on the filtering approach, the directly
resolved LES field very much resembles u; (same as used in Equation (13)), thereby requir-
ing no approximation to account for the particle dispersion due to velocity fluctuations.
However, for the unresolved part of the flow, stochastic modeling is required to be intro-
duced using the discrete random walk (DRW) model—taken as discrete piecewise constant
functions of time—and is given as follows:

=02 17

where ( is a normal distributed random number and k is the sgs turbulent kinetic energy.

Meshing

The multi-block approach has been used, wherein the blocks are split to fill the entire
domain with the industry-leading tool ICEM CFD. The grids obtained are non-orthogonal
and fit well to the complex geometry. To minimize the effects of numerical diffusion, the
cell faces are aligned in the direction of the fluid flow. The mesh closer to the boundaries
and near the geometric axis is refined to capture the near-wall flow physics and impacts of
the precessing vortex core near the geometrical axis, respectively. Figure 2 represents the
details of the surface mesh of cyclones A, B, and C, consisting of 1.287 million, 1.092 million,
and 1.114 million hexahedra, respectively. We have checked the results at two levels of the
grid for all four models. The refinement (by more than 2.5 times that of the coarse mesh)
was performed on a global basis, which also included further refinement of the grid at
the boundaries at higher mesh counts. The maximum aspect ratio was around 68 at the
conical walls of the refined mesh. When comparing the two levels of the grid, a maximum
difference of 2.23% in pressure drop and 4.17% in the cut-off particle size was observed in
cyclone model C. The results from the coarse mesh have only been presented.

i e
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Figure 2. Representation of the surface mesh of models A-C (from left to right), consisting of
hexahedra cells.

Numerical Settings

The RNG k-¢ turbulence model was initially used for the steady-state simulations
until the residuals became (quasi-) steady with the number of iterations. The standard
wall function was selected, and the solver tolerance was set at 10~°. This method signifi-
cantly reduced the computational efforts, and the resulting flow field served as a starting
point for LESs. The simulations were run till the monitored flow variables became stable
with time. To couple the pressure and velocity, we use the NITA (Non-iterative Time
Advancement) algorithm (in accordance with [38]), followed by the fractional step scheme.
NITA utilizes more memory compared to the iterative time advancement technique, but
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it saves significant computational time. The pressure was discretized using the PRESTO!
Interpolation scheme (as in [39]), which is optimized for the swirling flows with steep
pressure gradients. For momentum, a bounded central differencing scheme was used, and
for time enhancement, a bounded second-order implicit scheme was used.

Numerous spherical particles were ejected from the inlet plane inside the cyclone,
and the collection efficiency was computed based on the particles escaping via the outlet
boundary. Air is taken as the continuous phase that has a density of 1.2 kg/m?3 and a
viscosity of 2:107° kg/m-s. The inlet plane is subjected to the velocity inlet boundary
condition, wherein a uniform velocity profile with U;, = 16.1 m/s was prescribed. The
pressure outlet boundary condition has been used at the overflow plane. On all other
boundaries, a no-slip boundary condition was applied. The sub-grid scales have been
modeled using a Smagorinsky-Lilly model with a Smagorinsky constant Cg of 0.1. For the
near-wall treatment and damping function, we refer to Brar and Derksen [40]. Numerical
simulations are performed with a time step size of 10~% s on each of the tested models.

The discrete phase modeling (DPM) method, also known as the Euler-Lagrange method
in conjunction with the continuous phase, was used to simulate the trajectories of solid
particles. Particles with a density of 2700 kg/m? and diameters ranging from 0.5 um to
8 pm are employed for DPM. At the inlet of the cyclone, particulate matter having different
diameters was introduced in a direction normal to the surface at a velocity similar to that of
the fluid. The bottom plane is taken as the trap, so the solids reaching this plane are considered
trapped, and their calculations are abolished from the fluid domain. Due to a very low solid
loading condition, one-way coupling has been granted. The particle motion equation was
discretized using the trapezoidal approach, and 900,000 integration steps were employed to
trace the particle paths. A perfectly elastic collision between the discrete phase matter and
the solid walls has been assumed. The particles touching the surface of the outlet tube were
treated as an escape. Similar solver settings have been used in several studies [41-50].

Settings for the Genetic Algorithm

The optimization toolbox of MATLAB 2020 is utilized for the genetic algorithm for
multi-objective optimization. The optimization process was carried out until a variation of
less than 0.0001 for 100 consecutive iterations was observed. A similar setting was used
earlier by numerous authors. The GA settings are elucidated in Table 2.

2.5. Validation

The CFD methodology must be verified against the available experimental data before
using it for the analysis of the cyclones. In the present study, the results from the numer-
ical simulations are compared to the experimental data of Hoekstra [51] at various axial
locations, such as Z = 0.75D, 2.0D, and 2.5D. In the experiment, Hoekstra [51] considered
the Stairmand high-efficiency cyclone with a diameter (D) equal to 0.29 m. A collection
bin with a diameter of D and a height equal to 2.0D was installed at the bottom open-
ing. An inlet velocity (Uj,) equal to 16.1 m/s was used in the experiment that corresponds
to the Reynolds number equal to 2.8 x 10° (here, the Reynolds number is calculated as
Re = p-Uj,;-D/pu, with p as the fluid density; Uj, is the superficial inlet velocity at the inlet;
D is the cyclone main body diameter; and y is the fluid viscosity). The two levels of the
grid have been tested here to evaluate the effect of cell counts on the results. The first level
mesh (referred to as the coarse mesh) comprised 0.885 million hexahedra, whereas the sec-
ond level mesh (referred to as the fine mesh) consisted of nearly 2.187 million hexahedra.
Figure 3 shows the comparison between the two levels of the grid as well as with the reference
data. It becomes apparent that at the two levels of the mesh, there is no appreciable change in
the mean and root mean square error values at all the axial stations. Hence, the results may be
considered grid independent. Furthermore, a very good agreement is observed between the
numerically simulated results and the experimental data. The mean profile from the LES fits
well with the reference data at each axial location. However, there is a mild overprediction
in the mean tangential velocity profile as well as the rmse values of axial velocity (in the
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core region). To validate the discrete phase simulation methodology, we make use of the
experimental data by Zhao [36], and the results are presented in the last row of Figure 3.
Two levels of the mesh consisting of 1.21 and 2.45 million hexahedra were considered, which
indicates that the results are grid-independent and that the simulation results fit well with the
experimental data. Since the cyclonic flows are highly anisotropic and turbulent, validation
can be accepted with a fair level of accuracy. Hence, the solver settings, as well as the boundary
condition applied, are appropriate and can be used in all future simulations with confidence.

0.8

<W>/U,'n

<v>/U;,

0.4

W'/ Uin

— — —LES (Coarse)
0.3 "
LES (Fine)

v'/U;,

1 0 1 -1 0 1-1 0 1
X/R X/R X/R
100
80
— 60
N
40
< o Exp.
20 [ — — -Coarse
Fine
0 P S
0.0 2.0 4.0 6.0 8.0

Particle size [pum]

Figure 3. Comparison of simulation results against experimental data at Re = 2.8 x 10° for two
levels of the grid. From left to right: velocity profiles at axial locations Z/D = 0.75, 2.0, and 2.5
(R = D/2 is the radius of the cyclone). From top to bottom: first row—mean axial velocity; second
row—mean tangential velocity; third row—rmse axial velocity; and fourth row—rmse tangential
velocity, respectively. At the bottom: grade efficiency curve.
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3. Results and Discussion
3.1. Pareto Front Points

As discussed earlier, for optimization, we make use of the equations from the MM as
the fitness function in genetic algorithms. The objective here is to minimize the pressure
losses as well as the cut-off particle size. Hence, the MM has been used to perform multi-
objective optimization using MATLAB. The optimal data sets—also known as Pareto front
points—have been presented in Figure 4. It becomes apparent that there is a trade-off
between the two objective functions, such as the pressure drop and cut-off particle size.
All the details have been presented in Table 3. Based on the relevance, three Pareto front
points have been selected for analysis, namely A, B, and C. CFD analysis of these points has
been carried out for cross-validation with GA predictions to quantify the performance with
respect to the baseline (Std) model and to explore the flow field in detail (discussed next).

1.8
r O
1.5 - %/_A
I Ooo
= 12 |
£ ' o
oL g /B
s 09 | %0
[ O C
[ o oo O C /
06 | °© oo
o3 L~ .
200 600 1000 1400 1800

AP [Pa]

Figure 4. Pareto fronts for the multi-objective GA (Here, A-C represents the selected Pareto front
points chosen for further analysis).

Table 3. Pareto front points.

S.No. DyD DJD HJD  B.JD SID HJ/D AP (Pa)  ds (um)
1 0700  1.041  7.628  0.135 1.386 1.090  328.250 1.727
2 0700 1052 7814  0.195 0.990 1.621 335360 1.626
3 0683 1076 7817  0.169 1.138 2217 354.440 1573
4 0690 1145 7748 0224 1.010 2052 362.560 1.498
5 0693 1221 7659 0207 1.072 2917  378.640 1.445
*6A 0690 1241  7.841 0252 0.934 3321  385.830 1383
7 0655 1207  7.800  0.228 1.028 3310  408.880 1.361
8 0645 1266 7814  0.269 0.852 3179 425.630 1.280
9 0621 1293 7852 0331 0.779 3276  453.010 1.206
10 0562 1183 7790  0.228 0.962 2314 495.470 1.206
11 0555 1255 7776  0.279 0.900 2121 514470 1.140
12 0534 1293 7821  0.359 0.917 2493 550.880 1.075
13 0517 1248 7852  0.324 0.855 3369  588.540 1.051
14 0503 1290 7814  0.290 0.828 2921  615.830 1.006
15 0476 1290  7.807 0317 0.828 3152 682.930 0.951
16 0452 1290 7817  0.324 0.834 1.852  716.070 0.924
*17B 0438 1293 7831 0331 0.852 3348 783340 0.883

18 0.417 1.245 7.834 0.293 0.841 2.762 837.250 0.870
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Table 3. Cont.

SI. No. D,/D D./D H:/D B./D SID H./D AP (Pa) dsp (um)
19 0.407 1.297 7.828 0.359 0.831 3.069 885.880 0.828
20 0.393 1.293 7.821 0.328 0.907 1.769 913.240 0.821
21 0.390 1.293 7.831 0.328 0.852 1.938 939.900 0.807
22 0.372 1.293 7.831 0.321 0.841 3.828 1068.410 0.760
23 0.366 1.300 7.862 0.359 0.803 3.724 1109.230 0.741
24 0.345 1.297 7.845 0.345 0.807 3.748 1242.890 0.707
25 0.334 1.290 7.848 0.338 0.845 3.403 1315.360 0.695
26 0.334 1.293 7.852 0.321 0.783 3.848 1355.670 0.681

*27C 0.328 1.293 7.859 0.338 0.776 3.972 1402.080 0.671
28 0.321 1.293 7.855 0.338 0.807 3.659 1470.930 0.660
29 0.303 1.297 7.848 0.341 0.807 3.879 1665.690 0.628

30 0.300 1.300 7.862 0.362 0.769 3.986 1713.050 0.618

* Pareto front points chosen for simulations. 4~C Selected Pareto front points for analysis.

3.1.1. Mean Flow Field

The contour plots of the normalized mean static pressure, mean axial velocity, and
mean tangential velocity of all the models are represented in the first, second, and third
rows of Figure 5, respectively, and the corresponding radial profiles are represented in
Figure 6. From the first row, it becomes apparent that the pattern of the pressure distribution
is similar in all models—the pressure is at its maximum near the walls and lowest near
the rotational axis of the inner core. This is due to the strong swirling nature of the flow.
The mean pressure value is highest near the walls in model C and lowest in A, with a
comparable value in Std as well as the B model that takes intermediate values. The same
can be seen in the radial profiles at all the axial stations, such as z/D = 1.0, 2.0, and 3.0
(from left to right, respectively) in Figure 6. The magnitude of the pressure field relates to
the pressure drop values—the greater the wall static pressure, the more pressure losses are
expected. Near the geometrical axis, the lowest pressure is observed in model C and the
highest in model A, with models B and Std having intermediate values. Large pressure
gradients exist in the core region of model C, and this regime is very narrow. This contrasts
with the pressure distribution in model A, where the (relative) variations are very few.

The second row in Figure 5 elucidates the contour plots of mean axial velocity, and the
second row in Figure 6 represents its radial profiles at different axial stations. It becomes
apparent that the axial velocity is directed in the downward direction near the solid walls
(also termed the outer vortex region) and in the upward direction in the core region. The
flow reversal takes place once the downwardly directed swirling flow touches the bottom
plate of the cyclone. In the outer vortex region, the axial velocity magnitude is seemingly
the same in all models. However, the difference is observed in the inner vortex regime—its
magnitude is maximum in model C, followed by models B, Std, and A (in ascending order).
The same is reflected in the radial profiles at all stations.

The last row in Figures 5 and 6 represents the contour plots and radial profiles of mean
tangential velocity, respectively. The tangential velocity magnitude is maximum in model
C and lowest in model A, with intermediate values for Std and B models that have nearly
similar values. Clear information is available in the radial profiles. The mean tangential
velocity magnitude increases linearly in the core region till it reaches the outer region of the
inner vortex. Thereafter, it reduces nonlinearly until it reaches the cyclone walls, where
it takes the lowest value. The slope of the tangential velocity has the maximum values
for model C, which indicates a much faster-rotating vortex core than other models. A
minimum value is observed in model A, and its slope indicates the slowest rotation of the
inner vortex. It is important to note that due to the high rotational rate of the inner vortex
in model C, the dip in the static pressure profile is prominent, followed by the narrowest
zone compared to the other models.



Appl. Sci. 2024, 14, 2034 12 of 24

Std A B C
491
N':
S| 246
S 0.00
A
o [-2.46
A\
-4.91
1.50
<[] 100
2
3 0.50
v ] 0.00
-0.50
\ ;‘ '
2.24‘ {
el 112
2
~§ 0.00
>
2 ERV)
2.24
|

Figure 5. Contour plots on Y = 0 plane. From left to right: cyclone models Std, A, B, and C. From top
to bottom: mean static pressure, mean axial velocity, and mean tangential velocity, respectively.
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Figure 6. Radial profiles: From left to right at axial locations Z/D = 1.0, 2.0, and 2.5; from top to
bottom: mean static pressure, mean axial velocity, and mean tangential velocity, respectively, in
cyclone models Std, A, B, and C.

3.1.2. Fluctuating Flow Field

In cyclones, the inner vortex center does not coincide with the cyclone axis while
it rotates. This rotating vortex undergoes lateral movements, adding to its precessing
nature. The resulting phenomenon is referred to as the precessing vortex core (PVC) that
causes significant enhancement in the levels of pressure and velocity fluctuations. These
fluctuations are detrimental to the cyclone performance—collection efficiency, in particular—
as they lead to the dispersion of the particles near the wall region. Hence, exploring the
fluctuating field is of utmost importance, and in this study, it is represented by root mean
square error (rmse) values that relate to the fluctuation levels of the velocity components.

As a common observation (cf. contour plots in Figure 7, and radial profiles in Figure 8)
the pressure and velocity fluctuations are largest in the core region, referred to as the
coherent fluctuations. In the outer region, these fluctuations do not have direct influence,
so the nature of the fluctuations is turbulent—the latter is much weaker compared to the
former. Cyclone model A exhibits the lowest level of fluctuations, while model C has
the largest fluctuations of both the scalar and vector fields. Seemingly, the models Std
and B have a nearly similar fluctuation level. The same observation, i.e., a high level of
fluctuations in the core region, is apparent from the radial profiles. However, in the outer
vortex regime, there are observable differences—the pressure fluctuations are reluctant,
while for the axial and tangential velocities, many variations in the turbulent fluctuation
levels are observed.
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Figure 7. Contour plots on Y = 0 plane: From left to right: cyclones Std, A, B, and C; from top to
bottom: rmse static pressure, rmse axial velocity, and rmse tangential velocity, respectively.
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Figure 8. Radial profiles: From left to right at axial locations Z/D = 1.0, 2.0, and 2.5; from top to
bottom, rmse static pressure, rmse axial velocity, and rmse tangential velocity, respectively, in cyclone
models Std, A, B, and C.

3.1.3. Vortex Core Representation

As mentioned earlier, the precessing frequency of the vortex core is a significant factor,
typically influenced by the geometry of the cyclone and operating conditions [52]. Such
vortical structures are best represented by the A, criterion and represented in Figure 9,
which represents the iso-surface with a level set to 0.25. The vortex core is seemingly a
twisted rope-like structure that extends throughout the cyclone length. Eddies with varying
length scales can also be seen in the outer vortex region. Interestingly, in models B and C,
the vortex core is seen to be surrounded by another (helical) vortex (resembling a snake
wrap). The diameter of the vortex core reduces with an increase in the rotational speed.

3.1.4. Cyclone Performance

In general, the performance of the cyclones is determined based on the pressure drop
values (AP), collection efficiencies (1), and cut-off diameters (d5g). The pressure drop refers
to the (total) pressure difference between the inlet and outlet, whereas the cut-off diameter
is defined as the particle size corresponding to 50% collection efficiency on the grade
efficiency curve (GEC). Separation efficiency denotes the ratio of particles retained by the
cyclone separator to the injected particles at the inlet of the cyclone separator.

In cyclones, the pressure losses take place mainly inside the outlet tube due to the
contraction experienced by the swirling fluid as well as wall friction. The pressure drop
for all the models of the cyclones is presented in Figure 10. The maximum pressure
drop was found in model C and lowest in model A, with the intermediate values for the
model Std and B. This is due to the reduction in the diameter of the vortex finder, which
significantly increases the magnitude of the tangential velocity. With respect to the Std
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model, the pressure drop in models A, B, and C increases by —43.22%, —4.67%, and 36.62%,
respectively.

Std

V/Uin

Figure 9. The vortex core representation based on A; criteria set at a level of 0.25 in all the cyclone
models. The vortex core is colored with the velocity magnitude.
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Figure 10. The pressure drop values in all the cyclone variants.

The GECs for all the models operating are presented in Figure 11. Compared to the
Std model, a significant shifting of the curves toward the left takes place in models B and C,
whereas model A gradually shifts toward the right. Figure 12a summarizes the ds; values
for the different cyclone models. It is observed that the largest value of ds exists for model
A, while the smallest value is found for model C, with the intermediate value for model B.
Compared to the Std model, d5( increases by 12.3%, —15.71%, and —41.94% in models A, B,
and C, respectively. Figure 12b denotes the overall collection efficiency for all the models.
It becomes apparent that model C has the highest value of 7, whereas model A has the
lowest value. Compared to the Std model, # increases by —2.16%, 19.05%, and 24.69% in
models A, B, and C, respectively. The enhancement in # or reduction in dsg is due to the
largest magnitude of the tangential velocity, which creates a strong centrifugal field that
enhances the particle separation process.
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Figure 11. The grade efficiency curves of all cyclone variants.
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Figure 12. (a) Cut-off particle size, and (b) total collection efficiency in the different cyclone models.

Due to the change in the cyclone height, the cyclone volume changes significantly,
which in turn influences the residence time (T7.s) of particulate matter—here, T, is the
time for which the particles stay inside the cyclone. Figure 13 illustrates the T} for all
cyclone models (the calculations consider solids that exit the cyclone via the outlet plane).
For all particle sizes, the Std model possesses the smallest T;.s, whereas for all other models,
variations in Tys are dramatic. Maximum value of T for particle sizes of 0.5, 1.0, 1.5, 2.0,
2.5,4.0, 6.0, 8.0, and 10.0 um is observed in cyclone models C, B, A, B, C, A, A, and A,
respectively. A complete detail is provided in Figure 13. Interestingly, the solids having a
size greater than 2.5 um are collected with 100% efficiency. Hence, no particle greater than
this size reaches the outlet plane, due to which their T, values are zero.
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Figure 13. The average particle residence time representation of all the cyclone models for different
particle diameters.
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The movement of solid particles at different realizations inside the body of cyclones
A and B are represented in Figure 14. The strands of the solid particles are represented
as a function of particle diameter. It can be seen that the solids of different diameters mix
very well. The smaller particles start escaping at a very early stage, whereas the mid to
large-ranged solid particles get closer to the outer wall and follow a definite pattern.
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Figure 14. Particle traces (colored with particle diameters) in cyclone model A and model C (top to
bottom) at different time intervals.

4. Conclusions

The objective of this study was to enhance the effectiveness of the Stairmand cyclone
separator through the optimization of its geometry. The Muschelknautz method of mod-
eling (MM)—a well-known mathematical model used for predicting pressure losses and
cut-off diameter of the particulate phase—was utilized for optimization using genetic
algorithms. All geometrical parameters, which include inlet dimensions, vortex finder
diameter and its insertion length, cyclone main body diameter, cone tip diameter, and
conical section height, were taken into consideration for optimization. A few cases from
the Pareto front points were selected, and numerical simulations were performed using
advanced closure LES to assess the relative performance with respect to the baseline model.
The investigation defines the importance of considering the cyclone main body diameter
(D./D) for optimization, and the optimized diameter was observed to take a larger value
than the original size. Conclusive results indicate the following;:

e In cyclone model A, the pressure losses decreased significantly by 43.22%, with a
marginal reduction of 2.16% in the overall collection efficiency and an increase in the
cut-off size by 12.3%.
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e Inmodel B, with a reduction in the pressure drop by 4.67%, cut-off sizes decreased by
15.71%, with a 19.05% enhancement in the collection efficiency.

e InModel C, with an increase in the pressure drop by 36.62%, the cut-off size decreased
by 41.94%, and the collection efficiency increased by 24.69%.

Overall, the results of the study imply that the optimized geometries were significantly
better than the standard model regarding particle separation efficiency and pressure drop.
The research underscores the importance of considering all geometrical parameters to
achieve optimal performance in the cyclone separators. With the large number of optimized
datasets provided in the manuscript, the designers will have a wide choice of appropriate
ones to select. Since all the geometric entities are normalized with the original diameter of
the cyclone, there is flexibility when applying them to any cyclone size. As an extension to
the present study, the future plan is to also optimize the cyclone performance based on the
particle loading condition.
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Nomenclature

a height of the cyclone inlet

A inlet area of the cyclone

b width of the cyclone inlet

B, cone tip diameter of the cyclone
Cp drag force coefficient

Cs Smagorinsky constant

dp particle diameter

dso cut-off size

D diameter of the standard cyclone model/characteristic diameter
D, (optimized) cyclone diameter

Dy  molecular diffusive transport term
Drj;  turbulent diffusive transport term

Dy vortex finder diameter

f frequency of oscillation of the PVC

F; additional forces per unit mass

Fp drag force

g gravitational accelerations

H, length of the cylindrical segment of the cyclone
k von Kérman constant

) characteristic length

Ls length scale of subgrid-scales

Ly, S insertion length of the vortex finder diameter inside the cyclone
particle mass

instantaneous gas static pressure

mean static pressure of the gas

pressure at the symmetric axis

fluctuating gas pressure

resolved static pressure

SIS WS 3
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AP  differential pressure measurement
stress generation term

Q the volume flow rate of air

R the radius of the cyclone body

Re Reynolds number

S vortex finder insertion length

Sw geometric swirl number

t time

ty the time scale for smaller eddies

T Lagrangian integral time scale

u characteristic velocity

u; velocity vector in the i-coordinate direction/instantaneous velocity
u; the mean velocity component

u’ the fluctuating velocity component

up;  particle velocity

u mean gas velocity

14 the volume of a cell

() tangential velocity

X position in the i-direction

f friction factor

1Y gas density

Q volume flow rate

Vg  Vvelocity at the wall

Vges  tangential velocity of the rotating fluid in the inner core radius
Ar  the total inside surface area

Ve average axial velocity of the gas exiting via the vortex finder
vy,  gas velocity at the inlet

Op density of the particulate phase

U fluid viscosity

H; cyclone length

S Insertion depth of the outlet tube

Hsgs  sub-grid scale viscosity

uy;  velocity of the particle
Si acceleration due to gravity
F; additional forces (e.g., the Saffman lift force, Brownian force, etc.)

Rey  Reynolds number of the particle
Trs  residence time

Appendix A

Appendix A.1. Modeling Pressure Drop and Cut-Off Size Using the Muschelknautz Method (MM)
of Modeling

Appendix A.1.1. Evaluating the Pressure Drop Inside a Cyclone

For more than 35 years, Professor Edgar Muschelknautz, along with his co-workers
and students, has developed a more practical method to model cyclonic separators. It is
based on the classical theory developed by Barth (1956), which considered the equilibrium-
orbit model. Barth calculated the wall velocity vg,, (outside CS) based on inlet velocity v;,
and then used this value to calculate the tangential velocity vg.s at CS (cf. Figure A1). Here,
only the outlines of the Muschelknautz method that was employed for coding in Matlab
to optimize a cyclone’s geometrical parameters using RSM and GA are discussed. The
complete treatise may be found in Hoffmann and Stein (2008).
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Figure Al. (a) Dimensions of geometrical parameters, (b) dimensional notions of various parameters,
(c) flow pattern in a slot.

If R;, is the radial position of the center of the inlet, then for a slot inlet, the following
holds:
Ry =R —b/2 (A1)

If D is the cyclone diameter, then its radius is as follows:
R=D/2 (A2)
If D, is the vortex finder diameter, then its radius is as follows:
Ry =Dy/2 (A3)
If B, is the vortex finder diameter, then its radius is as follows:
R;=B;/2 (A4)

If Q is the volume flow rate, then the mean axial velocity in the vortex finder is as
follows:
Ox = Q/nsz (A5)

For the friction factor f, the following relation can be used for a hydraulically smooth
cyclone surface according to Hoffmann and Stein (2008):

£=0.05(1 + 3,/Co). (A6)

where Cj is the ratio of the mass of incoming solids to the mass of incoming gas in the
stream feeding the cyclone.

According to the MM model, the pressure loss across a cyclone occurs primarily due
to wall friction and irreversible losses within the vortex finder. Therefore,

AP = APy, + APy (A7)

where AP is the total pressure loss. Pressure loss due to wall friction is given as follows:

A
APy = f (vgw0acs)" (A8)

AR P
0.9Q2
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where p is the gas density, and Ap is the total inside area of the gas cyclone contributing to
the frictional drag, given as follows:

AR = Aroof + Aparrel T Acone + Avortex—finder (A9)

Agr = |R*—R2+2Rh+ (R + Rd)\/(Ht —h)?+(R— Rd)z} +27TR, S (A10)

Muschelknautz computed the entrance constriction coefficient « as follows:

B 2 B (1-p8%)(28—-p) A
(2> 21\/1 1+GCo (A1)
where, the factor = b/R.

The wall velocity may now be computed as follows:

1
x=—-¢1—,/1+4
p

VinRin
= Al12
Vow R ( )
The tangential velocity of gas at the inner core radius R is given as follows:
R
(R"> (A13)

Oocs = Vow———— —
fary/

The second contribution to pressure drop is the loss in the core and the vortex finder
diameter, which is given as follows:

2 4/3
VoCs VoCs 1 5
2 —_ 3 — Al4
+<vx)+(vx> ]ZPUJ‘ (A14)

Appendix A.1.2. Evaluating the Cut-Off Diameter of a Cyclone

APy =

For low dust loading conditions, the cut-off size is estimated by the MM model as

follows:
1811(0.9Q)
X50 = (A15)
\/27T(pp — p)v3cs(H — S)

where p,, is the density of the discrete phase matter, and u is the viscosity of gas (or
continuous phase).
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