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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Using 3D CFD to assess the square 
cyclone performance and consider 
operating parameters. 

• Particle mass flow rate, inlet velocity, 
inlet temperature, and turbulent in-
tensity were analyzed. 

• Taguchi method was utilized to maxi-
mize separation efficiency. 

• Separation efficiency achieved 76% 
with optimized values.  

A R T I C L E  I N F O   
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A B S T R A C T   

The square cyclone separator is an efficient separation device for high-temperature gas within Circulating Flu-
idized Bed (CFB) boilers. Additionally, other operating factors such as particle loading and gas velocity are 
frequently thought to have considerable influence on fluid flow in gas cyclones, making parameter optimization 
essential. Finding the most suitable operating configuration can be challenging because of a fundamental un-
derstanding of the operating principles, which has yet to be taken into consideration in the literature. The gas 
flow inside a square cyclone was analyzed using Computational Fluid Dynamics (CFD) for investigating pa-
rameters including particle mass flow rate, inlet velocity, inlet temperature, and turbulent intensity in this 
research. The Taguchi method was utilized as a Design of Experiment (DoE) methodology to maximize separation 
efficiency. The Analysis of Variance (ANOVA) was conducted to evaluate the relative contribution of each 
parameter to the performance of the gas cyclone, while the Unsteady Reynolds-Averaged Navier-Stokes (URANS) 
equations were solved using the Eulerian-Lagrangian approach to represent particle movement. Also, Discrete 
Random Walk (DRW) was incorporated to account for velocity fluctuation. According to a Taguchi analysis, 
particle mass flow rate is the parameter that has the least impact on cyclone performance, whereas inlet velocity 
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has the most contribution. From the different range of factors examined here, it is proved that the optimal levels 
of factors for inlet velocity, inlet temperature, particle mass flow rate, and turbulent intensity are, respectively, 
20 m/s, 300 K, 180 g/min, and 4%.   

1. Introduction 

Cyclone separators are inertial dust collectors that remove particles 
from the air by utilizing centrifugal force. Due to simple construction, 
inexpensive production and maintenance cost, and flexibility to a broad 
variety of working environments, including sizes and low rates [1,2], a 
cyclone is the most extensively used particle removal equipment. Since 
the separation in gas cyclones is mostly determined by particle inertial 
force, the conventional separator indicates lower separation efficiency 
for tiny particles [3,4]. Filtering particles from an air stream is a com-
mon practice in many processes, notably chemical processes, oil 
refining, petrochemical products, pharmaceutical, agriculture, and 
mineral extraction, to preserve the environment and public health from 
harmful impacts [5]. Cyclones are frequently classified as square or 
conventional [6–8]. In the industry, a traditional cylinder-shaped gas 
cyclone has long been in use. Cyclones with square-shaped bodies rather 
than cylindrical ones were first developed in the past three decades. The 
industrial world is still not familiar with square cyclones very well. Even 
so, they have many advantages over conventional ones, including 
simpler manufacture, simple boiler integration, and higher thermal ef-
ficiency when employed in conjunction with CFB boilers [3]. In CFB 
boiler operations, a square cyclone is utilized for separating coal com-
bustion products. Several works have reported on the employment of 
square cyclones in CFB technology [9,10]. Square cyclone is superior to 
traditional one in several ways, such as faster construction, better tim-
ings for start-and-stop, and simpler engagement with the boiler [11]. 
The cyclone performance, whether conventional or square, for sepa-
rating an incoming particle in feed gas and the pressure drop are 
assessed to evaluate its effectiveness. Different variables can influence 
the efficiency of particle collection or drop in pressure in a cyclone, 
including the physical properties of the material approaching the gas 
cyclone, operational circumstances, geometry or design, and airflow 
within the gas cyclone. Many works have been done to assess the 
effectiveness of gas cyclone separators, specifically regarding their 
ability to collect particles efficiently [12–17]. Wasilewski et al. [9] 
evaluated vortex finder modifications and placement length of the 

square cyclone on its efficiency. They revealed that the size and vortex 
finder shapes have a remarkable influence on gas cyclones. Through the 
use of a laminarizer, Huang et al. [13] augmented the performance of 
the cyclone and obtained a superior cyclone showing a reduction of 50% 
in particle size. For improving the collecting efficiency of a standard 
cyclone, Karagoz et al. [14] recommended changing the conical section 
and implementing a vortex control method. They showed that the novel 
cyclone can deliver much improved collecting efficiency while having a 
nearly identical pressure drop to a traditional cyclone. Furthermore, 
various experimental studies on square cyclones have been conducted to 
study the airflow within gas cyclones in terms of configurations 
[9,10,15]. Hosseini [16] analyzed the input geometry of the internal 
flow of the gas cyclone. Unique intake types, namely straight, angled, 
and curve inlets, were particularly adopted for enhancing the particle 
separation in a cyclone. He demonstrated that although inlets with 
bends and an inclination raised pressure loss, the removal efficiency was 
enhanced. 

In many industrial processes, including the production of chemical 
materials, separating exhaust gas from the chimney, and various oper-
ations in thermal power plants, it is crucial to separate particles from hot 
gas [18]. By using the proper materials and construction, gas cyclones 
are utilized in scenarios where there are high-pressure, high-tempera-
ture, or corrosive gases. Thermo-physical characteristics of the fluid 
vary with temperatures. The working fluid temperature affects the gas 
cyclone performance consequently [18]. In accordance with the litera-
ture, only a few research have been carried out to investigate cyclone 
performance under harsh working circumstances [19,20]. The impact of 
input temperatures and velocities was examined by Gimbun et al. on 
pressure drop [21]. They observed that the pressure loss declines by 
rising inlet temperature. Siadaty et al. [22] conducted a thorough 
investigation to look at how flow and particle temperatures affect 
cyclone effectiveness. According to their findings, increasing the input 
temperature caused the tangential velocity to become maximum at a 
particular section. Furthermore, particle mass loading influence on gas 
cyclone efficiency, particularly that of square cyclones, has been insuf-
ficiently studied. As the mass loading approaches a maximum of 500 g/ 
m3, both gas tangential velocity and pressure drop within the gas 
cyclone decline [23]. As a result of the sweeping movements of larger 
particles and the accumulation of smaller particles within a cyclone 
structure, the separation ratio increases with particle mass loadings 
[23,24]. A separation efficiency may be augmented when the particle 
mass loading rises [24–26]. Wan et al. [27] evaluated the solid con-
centration of various particle sizes numerically using the Lagrangian 
approach inside a gas cyclone. They demonstrated that when the solid 
loading grew, the swirl was reduced, and the involvement of solid par-
ticles significantly changed the field of gas flow. 

The presented literature review demonstrated that operating condi-
tions and gas flow characteristics were paid less attention by researchers 
than cyclone design and parametric analysis. Because the square gas 
cyclone is usually used in CFB boilers, the working fluid temperature is 
actually quite high. Additionally, the experimental and numerical data 
on how particle mass flow rate affects square cyclone performance are 
relatively limited. According to the literature survey, there has not been 
a systematic strategy for optimizing the operating conditions of square 
cyclone separators. The Taguchi approach is used in this work to pro-
pose a numerical model and design methodology for a square cyclone 
separator. 

Additionally, an analysis of variance is performed using the data 
collected from the orthogonal arrays from the Taguchi analysis to offer 
credibility in the robust design methodology implemented. The ANOVA 
application allows for a more in-depth analysis of the influence of each 

Nomenclature 

CD Drag coefficient 
K Fluctuating kinetic energy (m2/s2) 
Pf Fluctuating energy production (m2/s3) 
ν Kinematic viscosity (m2/s) 
dp Particle diameter (μm) 
g Gravitational acceleration (m/s2) 
P Pressure (Pa) 
μ Dynamic viscosity (kg/ms) 
Rep Reynolds number 
Rij Reynolds stress tensor 
t Time (s) 
V Velocity (m/s) 
up Particle velocity (m/s) 
ui Gas velocity (m/s) 
ε Turbulence dissipation rate (m2/s3) 
ρ Density (kg/m3) 
ρp Particle density (kg/m3)  
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design parameter and its relative importance to the performance of 
square cyclones. This study represents the initial endeavor to statisti-
cally analyze and optimize the effect of various operational factors on 
the efficacy of square cyclones in removing particles. 

2. Numerical modeling 

2.1. 3D model 

Figs. 1 (a) and (b) depict a conceptual aspect and 3D design of the 
cyclone in accordance with an experimental test done by Su and Mao 
[28]. The variables of the geometry of the gas cyclone are summarized in 
Table 1. ANSYS-ICEM CFD was used in the present research to generate a 
hexahedral grid, as shown in Fig. 1 (c). 

2.2. Turbulence modeling 

The turbulence model used is a crucial element that impacts the 
correctness of the complex flow field. The precision of CFD of the air 
inside the gas cyclone is based on an appropriate definition of the tur-
bulent characteristics of the flows [29]. In the present study, a three- 
dimensional CFD analysis was implemented to assess the flow field 
within the cyclone. The following are the conservation equations of mass 
and momentum in the incompressible flow: [30]: 

∂ui

∂xi
= 0 (1)  

∂ui

∂t
+ uj

∂ui

∂xj
= −

1
ρ

∂P
∂xi

+ ν ∂2ui

∂xj∂xj
−

∂
∂xj

Rij (2)  

where ui is the mean velocity, xi represents the spatial position, ρ cor-
responds to density, and ν represents kinematic viscosity. Also, P cor-

responds to mean pressure and Rij = u′
iu′

j represents the tensor of 

Reynolds stress, where u′
i = ui − ui denotes the ith fluctuating velocity 

component. 
The standard k-ε, RNG k-ε, and realizable k-ε models are not suited 

for the non-axisymmetric, 3D, and highly swirling flow in cyclone 
separator [19]. However, studies have demonstrated that the Reynolds 
Stress Model (RSM) and Large Eddy Simulation (LES) adequately 
represent swirling flows within cyclones [9,31–34]. The LES method 
offers more accurate findings than the RSM for estimating the flow 
within cyclones, but it has higher computational costs. As a result, RSM 
was used for this work for modeling the complex rotating two-phase 
flow of the square cyclone. Seven partial differential equations 
[35,36] are included in the RSM model which can be defined as [37]: 

∂
∂t

Rij + uk
∂

∂xk
Rij =

∂
∂xk

(
νt

σk

∂
∂xk

Rij

)

−

[

Rik
∂uj

∂xk
+Rjk

∂ui

∂xk

]

− C1
ε
K

[

Rij −
2
3
δijK

]

− C2

[

Pij −
2
3

δijP
]

−
2
3

δijε

(3)  

where, Pij can be written as [38]: 

Pij = −

[

Rik
∂uj

∂xk
+Rjk

∂ui

∂xk

]

,Pf =
1
2
Pij (4)  

with Pf denotes the fluctuating energy production, νt representing tur-
bulent (eddy) viscosity, and σk = 1, C1 = 1.8, C2 = 0.6 show empirical 
constants. The transport equation of turbulence dissipation rate, ε, may 
be written as follows [39]: 

∂ε
∂t

+ uj
∂ε
∂xj

=
∂

∂xj

((
ν+ νt

σε

) ∂ε
∂xj

)

− Cε1 ε
K

Rij
∂ui

∂xj
− Cε2ε2

K
(5) 

K = 1
2u

′
iu′

i represents the fluctuating kinetic energy, and ε corresponds 
to the turbulence dissipation rate. The constants values are σε = 1.3, 
Cε1 = 1.44, Cε2 = 1.92. 

2.3. Discrete phase model (DPM) eqs 

A model was developed for the two-phase flow using an Eulerian- 
Lagrangian methodology in Ansys Fluent CFD solver. To address the 
gas phase as continuous, this technique involves computing momentum 
equations while tracking particles across the fluid domain and was used 
to study the solid phase (discrete phase) [40]. Particle-particle in-
teractions could be neglected if the volume fraction of the dispersed 
second phase is small [26]. In the present work, the average particle 
volume fraction is 7.7 × 10− 6. The two-way coupling technique, which 
effectively addresses particle interaction with gas flow, was employed 
since particle contact was negligible, and throughout most areas, the 
volume fraction of particles should be <10− 3 [26]. Through the speci-
fication of particle size and density, the DPM was implemented to assess 
particle trajectories in a Lagrangian reference frame [15,46]. Due to 
fluid phase turbulence, the stochastic tracking model predicts particle 
dispersion. Using stochastic approaches, this model accurately depicts 
how fluctuations of instantaneous turbulent velocity affect particle tra-
jectories [22]. In order to investigate turbulent particle dispersion, a 
DRW model [41] was used in the proposed numerical simulations. The 
distribution of particle size was evaluated through a Rosin-Rammler 
equation. Morsi and Alexander's [42] equation and the relative Rey-
nolds number (Rep) can be used to account for the drag coefficient of 
spherical particles. The particle motion equation is as follows [43]: 

Fig. 1. An illustration of a) a three-dimensional model, b) geometric specifi-
cation, and c) hexahedral mesh. 

Table 1 
Dimension (D = 200 mm).  

Dimension De/D a/D b/D s/D h/D H/D B/D 

Gas cyclone 0.5 0.75 0.2 1.2 2 4 0.25  
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d x→p

dt
= u→p (6)  

d u→p

dt
= FD

(

u→− u→p

)

+ a→ (7) 

In Eq. (7), the first term on the right-hand side is the drag force in 
which: 

FD =
18μ
ρpd2

p

CDRep

24
(8)  

where ρp and dp are the particle density and diameter, respectively, CD 
represents the drag coefficient, ui and up are the instantaneous gas and 
particle velocity, respectively. 

The second term in Eq. (7) is the acceleration of gravity including 
buoyancy given as: 

a→= g→
(ρp − ρ

ρp

)

(9)  

Rep =

ρpdp

⃒
⃒
⃒
⃒ u→− u→p

⃒
⃒
⃒
⃒

μ (10) 

In Eq. (10), gi corresponds to gravitational acceleration and Rep is the 
relative Reynolds number. μ is related to the dynamic viscosity. 

2.4. Boundary condition 

The gas flow equations were investigated by implementing a finite 
volume approach. In the present CFD analysis, the steady solver (gas 
alone) was employed for the first 10,000 iterations before switching to 
the unsteady solver (particle tracking) by 10− 4 s for time-step and a 
particle feeding flow time of 0.5 to 1.0 s. For efficiency computations, 
the simulation flow time was 3.5 s in total. The gas volumetric flow rate 
and gas cyclone volume both had an impact on residence time [44]. 
Applying an RSM turbulence model and a standard wall function ac-
cording to the intense swirling flow in a cyclone separator, the effect of 
turbulence was examined [15,45]. A condition with 10,000 Fly ash 
particles and a density of 1989.7 kg/m3 was developed. A coal-fired 
boiler on the inlet surface of a power plant with size distributions (1 
to 32 μm) was used to inject into the square cyclone. The parameters of 
the CFD solver adopted in the current investigation are demonstrated in 
Table 2. For the boundary condition, the gas inflow velocity was con-
stant at the inlet, and it was additionally thought that particle and intake 
velocities were the same. The inlet velocity range was set at 12 to 28 m/s 
and hydraulic diameter and turbulence intensity were both adjusted to 
0.0857 m and 4%, respectively [46,47]. The gas exit was considered to 

be the outflow. A dust outflow region was modified to fulfill the DPM 
condition, and the walls of the square cyclone were set to no-slip 
condition. 

Table 3 provides information on the density and viscosity of a gas 
phase (air) at different temperatures. The temperature ranges that were 
mentioned in prior research served as the basis for the selection of the 
temperature values [20,22,48,49]. It was assumed that the gas flow was 
isothermal but at diverse temperature values in the current study since 
heat transfer was not addressed. But on the other side, the cyclone 
separator performance was examined concerning the impact of tem-
perature dependency on gas thermo-physical parameters. To assess 
particle mass loading on square cyclone efficiency, and fluid flow at 
different temperatures, the minimum (T = 300 K), medium (T = 500 K), 
and highest (T = 700 K) temperatures were selected for the current 
study. Additionally, three particle mass flow rates of 30, 90, and 180 g/ 
min were chosen in terms of inlet velocities (12 m/s, 16, and 20 m/s). 
These values are selected to be consistent with the available experi-
mental data. 

2.5. Verification of mesh independence 

A grid size has a significant impact on the convergence and precision 
of the simulated outcomes in CFD. In this study, the grid independence 
of the square cyclone was verified. Different grid sizes were applied to 
attain this purpose. Three different mesh levels (coarse, medium, and 
fine) were generated including 480,000, 720,000, and 1,080,000 ele-
ments, respectively. The profiles of pressure for mentioned meshes at Z/ 
D = 0.75 are illustrated in Fig. 2. As a result of the pressure difference 
being <1% between two successive meshes, the computational results 
demonstrated mesh independence. As a basis, a medium mesh (720,000 
cells) was used for subsequent CFD modeling. This mesh maintained a 
suitable level of grid independence while achieving shorter processing 
costs. 

2.6. Validation of numerical simulation 

Su and Mao's [28] experimental data and Su et al. [50] numerical 
outcomes for a square cyclone were considered to confirm the compu-
tational model and verify the CFD simulation, see Figs. 3 and 4. The CFD 
conditions were adopted to be equivalent to those implemented in other 
works [28,50]. Between the experimental data and the estimated pres-
sure drop, there was a minimum 8% discrepancy. The experiments and 
current simulations are in agreement with one another, proving that the 

Table 2 
Solver setting.  

Turbulence model Unsteady RSM 

Solution methods Pressure-velocity coupling SIMPLEC 
Spatial discretization Pressure PRESTO! 

Momentum Quick 
Turbulent kinetic energy Second-order upwind 
Specific dissipation rate Second-order upwind 
Reynolds stress First-order upwind 

Convergence criteria All equations 10− 5  

Table 3 
Thermo-physical values [20,22,48,49].  

T (K) ρ (kg/m3) μ × 105 (Pa.s) 

300 1.192 1.827 
500 0.6964 2.701 
700 0.4975 3.388  Fig. 2. Profiles of radial static pressure at 12 m/s.  
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current technique can accurately anticipate the performance of a square 
cyclone considering the efficiency and pressure drop. 

3. Results and discussion 

3.1. Optimization procedure 

Response Surface Methodology (RSM) and the Taguchi method are 
two common methods that generate the Design of Experiment (DoE) 
according to the measured parameters of the response variable and 

experiment details to be modified [51,52]. Finding the optimal design of 
systems [53,54] with the minimum number of experiments is made 
possible by the Taguchi approach, which is both efficient and 
cost-effective. In the context of a gas cyclone separator, the Taguchi 
approach can be used to enhance the efficiency and effectiveness of the 
separator's performance. The aim of applying the Taguchi technique in 
this context is to identify the control factors that considerably influence 
the gas cyclone performance and determine the optimal levels of these 
factors to achieve the desired outcome. 

Seven stages build up the process of determining the optimal pa-
rameters. Fig. 5 indicates the block diagram of the optimization pro-
cedure. Here, the operating conditions for a square cyclone separator 
were optimized using the Taguchi technique. The primary steps of the 
Taguchi methodology comprise identifying the objective variables, 
choosing design parameters, creating orthogonal arrays for design var-
iables, conducting experiments according to the orthogonal arrays, and 
examination of the experiments. 

3.2. Objective functions 

The loss function of Taguchi was defined to measure how much the 
system performance is affected by the deviation of an objective variable 
from its target value. The loss function could be adapted according to the 
specific objective value, and in this study, the goal was to maximize the 
separation efficiency. This resulted in the definition of the loss function 
as: 

L(y) =
K
y2 (11)  

where L denotes the loss function, K corresponds to a constant, and y 
represents the measured value that is related to the separation efficiency 
of this work. 

3.3. Factor and level 

The parameter design experiments established an optimized set of 
parameter responses to be one that results in a low-cost design with an 
adequate quality variation. The factor levels with the highest S/N ratio 
should be selected to determine the optimum quantity of each factor. 
The optimum combination of controlling parameters needs to be 
determined using the Taguchi approach. In this study, four critical fac-
tors, inlet velocity (V), inlet temperature (T), particle mass flow rate (R), 
and turbulent intensity (TI) have considerable influences on cyclone 
performance which are selected. The experiments are arranged 
following the orthogonal arrays of the parameters of the design after the 
determination of the design parameters and levels for each variable. 
Nine designed numerical experiments were provided by the L9 orthog-
onal array of Taguchi, which was utilized in this case. Table 4 shows 

Fig. 3. Comparing pressure drop with Su and Mao [28] experimental test and 
Su et al. [50] CFD findings. 

Fig. 4. Comparing the separation efficiency at V = 20 m/s with Su and Mao 
[28] experimental data and Su et al. [50] numerical results. 

Determination
of objective
function

Selection of
factors and

levels

Construction of
an appropriate

OA

CFD
simulation

Analyzing
Taguchi results

ANOVA
analysis

Optimized
design

Fig. 5. Block diagram of the whole optimization process.  

Table 4 
Relevant data about the variables and levels that correspond to the control 
parameters.  

Factors Control parameters Notations Level 1 Level 2 Level 3 

A Inlet velocity V 12 16 20 
B Inlet temperature T 300 500 700 
C Particle mass flow rate R 30 90 180 
D Turbulent intensity TI 4 12 20  

H. Fatahian et al.                                                                                                                                                                                                                               



Powder Technology 428 (2023) 118789

6

details on the factors and their levels concerning the control parameters. 

3.4. Orthogonal array 

The L9 orthogonal array was used in computational experiments to 
evaluate the ideal design parameters that enhance separation efficiency. 
The numerical experiment results were utilized to establish the best 
design parameters. Signal-to-noise (S/N) ratio was adopted to charac-
terize how the design parameters affected separation efficiency. The S/N 
ratio measures how noise effects influence system response. According 
to the expected system responses, three sorts of S/N ratios can be 
defined: larger-the-better (LB), nominal-the-better (NB), and smaller- 
the-better (SB). The square cyclone separator would perform better in 
this study with a greater particle separation efficiency. Therefore, the 
best design parameters were chosen using the larger-is-better S/N ratio. 
The larger-the-better S/N ratio is [47]: 

S

/

N = − 10log

(
∑n

i=1

1
n

1
yi

2

)

(12)  

where n denotes the number of numerical experiments and yi represents 
the separation efficiency. Instead of testing all possible scenarios, the 
Taguchi technique only requires a set number of experiments to examine 
according to the orthogonal array (OA). The standard OA L9 (33) is used 
in this research as only four factors and three levels were considered, as 
listed in Table 5. 

3.5. S/N ratio analysis 

Table 6 presents the separation efficiency values and S/N ratios for 
each numerical experiment according to the orthogonal array. Here, the 
optimization is done on a particle diameter of 16 μm. The findings in 
Table 5 demonstrate that higher separation efficiency can be obtained 
by a larger S/N ratio. In addition, cyclone performance was considerably 
affected by inlet velocity. It can also be seen that E7 has the highest and 
E3 has the lowest separation efficiency. Higher values of inlet temper-
ature deteriorate the collection of particles by the system. Enhanced 
inlet temperature caused a substantial reduction in centrifugal force, 
which decreased separation efficiency [49]. While the inlet temperature 
equal to 300 K enhanced the efficiency of a square cyclone. Additionally, 
higher inlet velocity was observed to improve the efficiency, as it raised 
the tangential velocity dramatically [49]. 

For each of the levels in each variable, the mean S/N ratio may be 
determined using the findings in Table 5. Fig. 6 depicts the profiles of the 
mean S/N ratio for four components at various values. From the value 
changes demonstrated in this figure, it is possible to identify the order of 
effectiveness of the chosen factors. This means that, among the four 
parameters examined in this study, factor A (inlet velocity) would have 

the most impact on the operation of a square cyclone was performed. 
When comparing the influences of inlet temperature and particle mass 
flow rate, the latter would have a minor effect. According to the result 
presented in Fig. 6, the combination of A3, B1, C3, and D1 estimates the 
highest separation efficiency using the mean S/N ratio values from a 
Taguchi approach. The contribution ratio of each parameter is presented 
in Fig. 7. Interestingly, the inlet velocity has 74.1% of the total effect. It 
demonstrates that factor A, which is inlet velocity, is the most notable 
factor among the four tested factors that influences cyclone perfor-
mance. Furthermore, factor C (particle mass flow rate) has the least 
impact on efficiency. 

3.6. ANOVA 

ANOVA was carried out in this study to quantify the desirable and 
undesirable factors according to F-value and P-value. The regression 
analysis for separation efficiency against inlet velocity, inlet tempera-
ture, particle mass flow rate, and turbulent intensity has been con-
ducted. Tables 7 and 8 present the ANOVA and regression analysis 
findings. The source of variation, degree of freedom (DF), the sum of 
squares (SS), mean square (MS), F and P values are presented in Table 8. 
The following findings are the result of this analysis. The P-value for 
inlet velocity is lower (P < 0.05). This suggests that this factor has a 
remarkable effect on the separation. Furthermore, the P-values for inlet 
temperature, particle mass flow rate, and turbulent intensity are large 
(P > 0.05). It highlights that these factors have a weak impact on sep-
aration efficiency. The regression analysis was done at a 95% confidence 
level significance level of α = 0.05). ANOVA outcomes revealed that the 
P-value for regression is 0.001 and the F-value is 54.37S. The P-value is 
<5%, indicating that the produced model is correctly specified. 
Furthermore, this model estimated R2 value is 96.4% and it underlines 
the reliability of the model. 

3.7. Particle separation efficiency 

Fig. 8 presents the variations in particle separation efficiency of the 
square cyclone as a function of particle diameter for the worst and 
optimized cases, E3 and E7, respectively. According to the collected 
particles in the bottom section, the DPM model was used to estimate the 
separation efficiency. With the increase in particle size, the separation 
efficiency was improved in both cases. Due to a greater inlet velocity 
than the E3 case, the optimized case (E7) exhibits higher separation 
efficiencies for all particle sizes. This is because when inlet velocity in-
creases, a larger tangential velocity is generated [49]. Additionally, the 
collection of particles is negatively impacted by higher inlet temperature 
levels. Even though both cases have an equivalent particle mass loading, 
the square cyclone is more efficient to capture small particles at a low 
inlet temperature (300K). 

3.8. Mean tangential velocity 

Fig. 9 demonstrates the distribution and contours of the tangential 
velocity at Z/D = 0.75 (below the vortex finder) for the E3 and E7 cases. 
The tangential velocity distribution in both cases consists of a free vortex 
in the outer region and a forced vortex in the inner region (V-shaped), 
offering the predicted Rankine-type vortex [49]. Tangential velocity is 
almost evenly distributed along the center axis of the square cyclones. 
Furthermore, the region between the inner and outer vortices has the 
greatest tangential velocity [33]. 

A comparison of the results shown in Fig. 9 reveals that operating 
conditions have considerable effects on the distribution of the tangential 
velocity. Tangential velocity increases substantially in the free and 
forced vortex zones for the E7 optimized case. Since it has a higher inlet 
velocity and a lower inlet temperature. Previous research [19,22,49] 

Table 5 
L9 (33) orthogonal array.   

Experiment 
Factor/Level  

Inlet 
velocity 
(A) 

Inlet 
temperature (B) 

Particle mass 
flow rate (C) 

Turbulent 
intensity (D) 

1 1 1 1 1 
2 1 2 2 2 
3 1 3 3 3 
4 2 1 2 3 
5 2 2 3 1 
6 2 3 1 2 
7 3 1 3 2 
8 3 2 1 3 
9 3 3 2 1  
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found that increasing the inlet temperature dropped tangential velocity 
considerably. The highest tangential velocity in the optimized square 
cyclone (E7) is determined to be around 17.5 m/s, while the peak 
tangential velocity in the E3 case is estimated to be 10.2 m/s. As a result, 

the optimized case produced a more intense centrifugal force field in the 
square cyclone than the E3 case, and hence an improved collection ef-
ficiency would be predicted. 

Table 6 
Comparison of separation efficiency and S/N ratios.  

Case Inlet velocity (A) Inlet temperature (B) Particle mass flow rate (C) Turbulent intensity (D) Separation efficiency (%) S/N ratio 

E1 12 300 30 4 35.9 31.10 
E2 12 500 90 12 32.7 30.29 
E3 12 700 180 20 31.2 29.88 
E4 16 300 90 20 50.1 33.40 
E5 16 500 180 4 49.7 33.93 
E6 16 700 30 12 42.7 32.61 
E7 20 300 180 12 73.8 37.36 
E8 20 500 30 20 63.1 36.00 
E9 20 700 90 4 68.9 36.76  

Fig. 6. The mean S/N ratio for parametric design.  

Fig. 7. Contribution ratio of A, B, C, and D (factors).  

Table 7 
Regression analysis for response parameter versus factors.  

Term Coef SE Coef T-Value P-Value 

Constant − 14.02 6.37 − 2.20 0.092 
A 4.417 0.307 14.40 0.000 
B − 0.01417 0.00613 − 2.31 0.082 
C 0.0275 0.0162 1.69 0.166 
D − 0.210 0.153 − 1.37 0.242  

Table 8 
Analysis of variance for regression.  

Source DF Adj SS Adj MS F-Value P-Value 

Regression 4 1963.67 490.92 54.37 0.001 
A 1 1872.67 1872.67 207.40 0.000 
B 1 48.17 48.17 5.33 0.082 
C 1 25.84 25.84 2.86 0.166 
D 1 17.00 17.00 1.88 0.242 
Error 4 36.12 9.03   
Total 8 1999.79     
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3.9. Motion of particles 

Fig. 10 shows the movements of particles inside a gas cyclone for a 
time period of 0.8 s for two cases (i.e., E3 and E7) which offer the lowest 
and maximum separation efficiency. This figure describes the dispersion 
of particle clouds with sizes (1 to 16 μm) which depicts the temporal 
evolution variances in configurations of motion of particles. In both 
situations, particles entered the square cyclone and traveled downward 
to the cyclone's main body, which behaved as the separation zone. 
Particles were separated from the gas by deposition on the wall surface 
due to centrifugal force and on the bottom surface due to gravity sedi-
mentation. The recirculation gas flow caused larger particles for accu-
mulating at the top of the main section, leading to a higher particle 
concentration in this region. As a result, certain particles in the gas were 
unable to be separated. Higher inlet velocity and particle mass loading 
levels in case E7 resulted in more particles accumulating at the conical 
bottom portion and quickly being trapped. While the chance of 

separation was lowered in case E3, where the centrifugal force was 
substantially reduced due to the inlet temperature of 700 K. 

3.10. Confirmation test 

Table 9 summarizes the confirmation test results, with both the 
predicted and observed separation efficiencies. The table demonstrates 
that the anticipated and observed values match quite well. The findings 
reveal that the improvement in the S/N ratio for separation efficiency is 
0.59 dB. The separation efficiency was also improved by around 3.5%. 
Confirmation tests validated the reliability of the Taguchi method 
adopted in design parameter optimization. 

4. Conclusions 

A numerical methodology based on a three-dimensional CFD anal-
ysis and the Taguchi approach was proposed to assess the square cyclone 
performance and determine the optimum operating parameters that 
would result in the highest separation efficiency of the system. The 
Taguchi technique was implemented to observe the optimum working 
condition parameters and to evaluate the selected factors' impact on the 
square cyclone. An L9 orthogonal array was applied to examine four 
operating condition factors (i.e., inlet temperature, inlet velocity, par-
ticle mass flow rate, and turbulent intensity), as well as three levels. 

The reliability of the CFD modeling was confirmed by comparing the 
results with the experimental test of Su and Mao [28], as well as the 
numerical simulations conducted by Su et al. [50]. The comparison 
showed a good level of agreement. The ANOVA analysis revealed that 
inlet velocity was the most significant factor in influencing cyclone ef-
ficiency, followed by inlet temperature and particle mass flow rate. The 
optimal operating condition parameters were found to be A3B1C3, which 
represents 20 m/s inlet velocity, inlet temperature (300 K), 180 g/min 
particle mass flow rate, and 4% turbulent intensity. The separation ef-
ficiency for a particle diameter of 16 μm achieved 76% with these 
optimized values. 
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