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Abstract
Although it is commonly thought that particle mass loading (PML) may have a considerable impact on fluid flow in cyclone 
separators, the specific effect can be confusing due to a lack of fundamental understanding of the working principles. The 
problem was addressed in this study by using the Computational Fluid Dynamics technique to numerically analyze the PML 
effect of different sizes on the flow within the square cyclone separator. This type of cyclone is an effective cleaning mecha-
nism for high-temperature gases in a Circulating Fluidized Bed boiler. Therefore, it is also critical to investigate the effect 
of PML on gas flow at low and high temperatures, which has yet to be taken into account in the literature. The Eulerian–
Lagrangian approach was adopted for solving the Unsteady Reynolds-Averaged Navier–Stokes equations to model particle 
flow. To model velocity fluctuations, the Discrete Random Walk was adopted. Furthermore, the Det Norske Veritas erosion 
model was utilized for predicting the erosion rate caused by solid particles. The results revealed that as the PML raised the 
improved bigger particles sweeping impact forced the smaller particles to move toward the wall region and increased the 
concentration of particles at the wall region. As the PML raised from 6.9 to 41.7 g/m3, the concentration of particles at the 
bottom of the square cyclone grew up to 11 times. As the gas tangential velocity increased with PML, more particles col-
lected at bottom of the conical section and stayed there for an extended period, increasing the chances of their separation. In 
addition, it was concluded that with the increase in inlet velocity and PML, the erosion rate enhanced. Roughly four times 
enhancement of maximum erosion rate was predicted with PML = 41.7 g/m3.
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List of symbols
CD	� Drag coefficient
Rij	� Reynolds stress tensor
�	� Kinematic viscosity (m2/s)
upi	� Particle velocity (m/s)
K	� Fluctuating kinetic energy (m2/s2)
t	� Time (s)
ui	� Gas velocity (m/s)
�	� Turbulence dissipation rate (m2/s3)
gi	� Gravitational acceleration (m/s2)
v	� Velocity (m/s)
Pf 	� Fluctuating energy production (m2/s3)
dp	� Particle diameter (μm)

�	� Dynamic viscosity (kg/ms)
Rep	� Relative Reynolds number
ρ	� Density (kg/m3)
P	� Pressure (Pa)
�p	� Particle density (kg/m3)

1  Introduction

Cyclones are now widely utilized as a vital tool in the sepa-
ration process in a variety of industries. Filters, electrostatic 
separators, and sediment separators compete with cyclones. 
Cyclones, on the other hand, are less expensive to develop 
and operate than other solid–gas separators. Because of 
these characteristics, they are widely used in different 
industrial areas, including oil, gas, petrochemicals, refiner-
ies, manufacturing, food industries, and so on. Cyclones are 
remarkably applied in the control of air pollution to separate 
particulate gas mixtures and are employed in the industry. 
The advantages of this device in different industries are its 
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relative simplicity of construction, low operating cost, and 
adaptation to harsh working conditions. Today, a gas cyclone 
is the major particle removal tool in the fields of science 
and engineering. Gas cyclones are commonly popular and 
effective separation devices that remove particles from a gas 
stream using centrifugal force [1]. Cyclones are often cat-
egorized as square or conventional [2–5]. Cyclones are also 
utilized as an integral part of a Circulating Fluidized Bed 
(CFB) to separate solids derived from flue gases. The con-
ventional rounded cyclone was extensively utilized in indus-
tries for CFB boilers. CFB boilers are widely used in the 
power generating industry providing clean coal combustion. 
The large body of typical cyclones became a significant dis-
advantage with the growth of CFB boilers owing to the thick 
refractory wall needing a lengthy start-up time. The square 
gas cyclone can be used as an option to effectively deal 
with these limitations. This kind of cyclone offers several 
benefits over the conventional circular cyclone, including 
design simplicity, and faster start-stop time [6–8]. A square 
cyclone is smaller than a cylindrical cyclone, the enhanced 
membrane wall arrangement minimizes the volume of the 
multi-phase components as well as the start and stop time, 
and it is effectively merged with the boiler [7, 9]. However, 
this sort of gas cyclone had a low separation efficiency. Few 
studies have attempted to investigate the particle separation 
efficiency of square cyclones and their turbulent character-
istics. For example, Venkatesh et al. [6] experimentally and 
numerically considered three square cyclones which were 
connected in the series arrangement. Their experimental 
work was done to evaluate collection efficiency and pres-
sure drop. Their series arrangement cyclone's collecting effi-
ciency is predicted to be 61%. The series arrangement layout 
reduces the pressure drop to 14.3%. Moreover, the flow pat-
tern outcome is more consistent with the experimental data. 
Safikhani et al. [10] numerically analyzed particle separation 
efficiency of small square and round (traditional) cyclones. 
They reported that the pressure drop in square gas cyclone 
is less than that in cylindrical one. In a study, Fatahian et al. 
[11] demonstrated that incorporating a laminarizer into a 
conventional or square cyclone improves particle separa-
tion efficiency. Fatahian et al. [12] computationally assessed 
the effect of dual inverse cones on the characteristics of the 
cyclone separator. Their research confirmed that the dual 
inverse cone raises pressure drop and collection efficiency 
marginally in the square cyclone.

The effect of PML on cyclone performance, particu-
larly square cyclone performance, has rarely been studied. 
When PML exceeds 500 g/m3, the pressure drop across the 
cyclone reduces and the gas tangential velocity decreases 
[13–15]. The cyclone separation efficiency rises with PML 
due to the sweeping impacts of bigger particles and particle 
agglomeration within the cyclone body [13]. As the PML is 
between 0 and 130 g/m3, the particle separation efficiency 

improves as the PML increases [16, 17]. Derksen et al. [18] 
considered the impact of PML on the flow patterns within 
the cyclone numerically. The presence of solid particles 
reduces the swirl intensity of the gas cyclone. Besides that, 
the turbulence of the gas flow is remarkably damped. Huang 
et al. [17] investigated the influence of PML on cyclone per-
formance experimentally and numerically. They concluded 
that increasing the PML raised the particles near the wall. 
Experiment findings showed that higher PML enhanced sep-
aration efficiency when the inlet gas velocity was low. Wan 
et al. [19] used the Lagrangian technique to quantitatively 
assess the solid concentrations of different particle sizes in 
a cyclone separator. They revealed that the presence of solid 
particles greatly altered the gas flow field and the swirl was 
minimized as the solid loading increased.

Another significant phenomenon in cyclone separators 
is erosion at the walls caused by the suspension of solid 
particles in fluid flow. In general, one of the key challenges 
in the transfer of fluid–solid flows is solid particle erosion 
[20]. The use of CFD tools to solve complex engineering 
problems is a robust methodology that may be utilized to 
analyze the erosion phenomena, especially given the high 
cost and time required to conduct physical experiments. 
The Lagrange approach is mostly used in this sort of simu-
lation because it allows the movement of a single particle 
to be evaluated. As a result, critical pieces of informa-
tion on particle characteristics including velocity, impact 
angle, and particle concentration may be provided [21]. 
The Euler–Lagrange technique has been utilized in pub-
lished research to forecast erosion in elbows [22], valves 
[23], pipes [24], and gas cyclones [25–27]. Sedrez et al. 
[21] conducted an experimental and computational study 
of particle wear on cylindrical and conical portions of the 
cyclone. They reported that augmenting the gas velocity and 
solids loading accelerated erosion and increased pressure 
drop. Parvaz et al. [28] conducted CFD simulations of a gas 
cyclone to show that the erosion rate decreases as the resti-
tution coefficient increases. The effect of wall roughness of 
cyclones on erosion rate and performance of gas cyclones 
was investigated using CFD in the study of Foroozesh et al. 
[29]. The findings of their investigation demonstrated that 
the roughness of the cyclone wall had a substantial impact 
on airflow behavior and cyclone performance. It was also 
revealed that solid loading and inflow gas velocity had a 
major effect on erosion rate, even more than particle size. 
Dehdarinejad and Bayareh [20] investigated the effect of 
nonuniform surface roughness on the improvement and ero-
sion rate of a Staimand gas cyclone. Nonuniform roughness 
is addressed for the cylindrical component, cone, and vortex 
finder of the cyclone. They demonstrated that the erosion 
rate of cyclones with nonuniformly roughened walls is lower 
than that of smooth-walled cyclones including all mass load-
ing conditions.
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The presented literature survey revealed that, although 
some studies have been done in the area of PML on cyclone 
performance, a fundamental understanding of particle con-
centration inside the cyclone is still in its early evaluation 
and analytical modeling steps. More emphasis was put on 
cyclone design and parametric analysis than on particle 
behavior and gas flow characteristics. Following the influ-
ences on cyclone performance, particularly square cyclone 
separator, there is quite limited experimental and numerical 
data for PML. This study attempts to address this gap in 
the literature by providing a quantitative analysis of particle 
concentration and conducting a comprehensive assessment 
of PML and its impact on cyclone separation efficiency. 
Finally, the effect of particle-induced erosion on different 
inlet velocities, and various PMLs were studied.

2 � Numerical modeling

2.1 � Model description

Figure 1a, b shows a schematic perspective and 3D model 
of a square cyclone according to the experimental results of 
Su and Mao [30]. Also, Table 1 depicts the square cyclone's 
geometrical dimensions. In this study, the commercial pro-
gram ANSYS-ICEM CFD is utilized to create a structural 
hexahedral grid, which is shown in Fig. 1c.

2.2 � Governing equations

A 3D CFD simulation was done to simulate the flow within 
the cyclone. The URANS equations for the incompressible 
flow are as follows [31]:

where ui represents the mean velocity, xi indicates the spatial 
position, � is the gas density, and � corresponds to the gas 
kinematic viscosity. Here P shows the mean pressure and 
Rij = u

�

i
u

�

j
 is the Reynolds stress tensor, where denote the ith 

fluctuating velocity component.
According to the previous studies, only the Reynolds 

Stress Turbulence Model (RSTM) and Large Eddy Simula-
tion (LES) are widely recognized to accurately capture the 
major aspects of complex swirling flows of gas cyclones 
[32–34]. The LES method offers more accurate findings than 
the RSTM for estimating flow within cyclones, but it has 
a higher computational cost. Hence, the RSTM [35] was 
utilized to analyze turbulent airflow in a square cyclone in 
the present CFD simulation. The RSTM computes differ-
ential transport equations for evaluating turbulence stress 
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Fig. 1   Schematic perspective 
of a geometrical model, b 3D 
model, c structural grid

Table 1   Dimensions of cyclone 
(D = 200 mm)

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

Cyclone separator 0.5 0.75 0.2 1.2 2 4 0.25
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components, with the following turbulence production terms 
[35]:

where, Pij can be defined as [36]:

with Pf  is the fluctuating energy production, �t represents 
the turbulent (eddy) viscosity, and �k = 1 , C1 = 1.8 , C2 = 0.6 
are empirical constants. The transport equation for turbu-
lence dissipation rate, � , is expressed as follows [37]:

K =
1

2
u

�

i
u

�

i
 is the fluctuating kinetic energy, and � is the 

turbulence dissipation rate. The values of constants are 
�� = 1.3 , C�1 = 1.44 , C�2 = 1.92.

The Eulerian–Lagrangian approach was used to model 
the two-phase flow with the CFD code Ansys Fluent 2021 
R1. In this technique, the gas phase was considered to be 
continuous by solving momentum equations, but the solid 
phase (discrete phase) was addressed by tracking particles 
through the flow field [38].

If the dispersed second phase has a low volume percent-
age, particle–particle interactions can be ignored. Because 
the particle volume fraction was less than 10–3 in most areas, 
particle interaction was insignificant, and the two-way cou-
pling approach, which took into account particle interaction 
with the gas stream, was adopted in the current investiga-
tion [17]. By determining the size and density of individual 
particles, the Discrete Phase Model (DPM) of the Ansys 
Fluent CFD code was used to model particle trajectories in 
the Lagrangian reference frame [6, 31].

(3)

�

�t
Rij + uk

�

�xk
Rij =

�

�xk

(
�t

�k

�

�xk
Rij

)

−

[

Rik

�uj

�xk
+ Rjk

�ui

�xk

]

− C1

�

K

[
Rij −

2

3
�ijK

]
− C2

[
Pij −

2

3
�ijP

]
−

2

3
�ij�

(4)Pij = −

[

Rik

�uj

�xk
+ Rjk

�ui

�xk

]

, Pf =
1

2
Pij

(5)

��

�t
+ uj

��

�xj
=

�

�xj

((
� +

�t

��

)
��

�xj

)

− C�1 �

K
Rij

�ui

�xj
− C�2 �

2

K

The stochastic tracking model may forecast particle dis-
persion owing to fluid phase turbulence. This model captures 
the impact of instantaneous turbulent velocity variations on 
particle trajectories by using stochastic techniques [39]. The 
Discrete Random Walk (DRW) model [40] was used in the 
current CFD simulation to analyze turbulent particle dis-
persion. The Rosin–Rammler equation was used to account 
for the particle size distribution. Morsi and Alexander [41] 
correlation is employed to estimate the drag coefficient of 
spherical particles in terms of relative Reynolds number (
Rep

)
.

The particle equation of motion is defined as [42]:

where the term 18�
�pd

2
p

CDRep

24

(
ui − upi

)
 is the drag force per unit 

particle mass.
In Eq. (6), �p and dp represent the particle density and 

diameter, respectively, CD is the drag coefficient, ui . and upi 
show the instantaneous gas and particle velocities, respec-
tively. gi is the gravitational acceleration and Rep indicates 
the relative Reynolds number, which can be written as:

where � corresponds to dynamic viscosity.

2.2.1 � Modeling of erosion

The particle effect on the wall causes erosion. The impacts 
of tangential erosion on the surface of swirling flows are 
often stronger than conventional erosion impacts on the sur-
face [28]. The Det Norske Veritas (DNV) erosion model 
was utilized for modeling surface erosion in the gas cyclone 
which is presented in Table 2. The DNV model is a basic 
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Table 2   Characteristics of 
erosive model [28]

Erosion model of DNV
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f (a) = 2.4647 × 10−3a + 2.9284 × 10−4a2 − 2.1974 × 10−6a3

Constant

n � ρp qp qw Yp Yw

1 3.1 × 106 Pa 2740 kg/m3 0.25 0.25 4.01 × 1011 Pa 2.9 × 109 Pa
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erosion model which has been widely used [43–45]. Accord-
ing to previous studies, the DNV erosion model is the most 
proper model used in several engineering fields [46, 47], par-
ticularly in gas cyclones [27–29]. Therefore, the mentioned 
model was employed in the current investigation. As a result, 
the erosion rate of the gas cyclone wall may be determined 
as follows [28]:

where E indicates the erosion rate; α is the contact angle; K 
denotes a constant associated with the physical characteris-
tics of the wall and the particles [46, 47]; f(α) corresponds 
to the impact angle function which characterizes the sur-
face material’s fragility and brittleness. In the DNV erosion 
model, parameter n represent u�

i
= ui − uis the exponent of 

the exponential velocity and is a function of contact angle, 
whereas parameter vp represents the particle impact velocity. 
Finally, the erosion is modeled from CFD data by multiply-
ing the erosion flux by the following equation:

where the erosion is expressed in the unit of mass flux (kg/
m2s) [28].

2.3 � Solver setting

In the present study, the finite volumes approach was used to 
numerically solve the governing equations of gas flow. The 
current modeling started with a steady solver (gas alone) 
for 12,000 iterations before switching to an unsteady solver 
(particle tracking) with a fixed time step of 10–4 s. The vol-
ume of a cyclone and the volumetric flow rate of the gas 
influenced the period of residence [28]. The RSTM and a 
standard wall function based on the strong swirl flow in a 
gas cyclone were used to explore the impact of turbulence 
[6, 48–50]. 10,000 Fly ash particles having a density of 
1989.7 kg/m3 were modeled in this case. A coal-fired boiler 
at a power plant is injected into the square cyclone from 
the inlet surface with a size distribution of 1–32 µm. The 
inlet velocity boundary condition was given at the gas inlet 
region, and it was assumed that the particle and gas inlet 
velocity was identical. The inflow velocity ranges between 
12 and 28 m/s. The hydraulic diameter was adjusted to 
0.0857 m, with a turbulence intensity of 4% [38, 50, 51]. 
For the gas outlet, the outflow was considered. Additionally, 
the cyclone walls were no-slip, and the dust outflow section 
was adjusted to capture DPM.
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The SIMPLEC (semi-implicit method pressure-linked 
equations consistent) pressure–velocity coupling algorithm 
and the PRESTO (pressure staggered option) interpola-
tion algorithm were implemented. The QUICK (quadratic 
upstream interpolation for convective kinetics) algorithm 
was used to solve the momentum equations. The turbulent 
kinetic energy and the dissipation rates were discretized by 
the second-order upwind scheme, and the Reynolds stresses 
were solved by the first-order upwind scheme because of 
the difficulty to reach the convergence in computations. The 
convergence errors were set as 10−5 for all equations.

Table 3 includes details on the thermophysical properties 
of the gas phase (air), such as viscosity and density at low 
and high temperatures. The temperature values were chosen 
to correspond to the temperature ranges reported in earlier 
research [13, 39, 41, 42]. The current study did not solve 
heat transfer, and the gas flow was supposed to be isothermal 
but at various temperatures. The influence of temperature-
dependence of gas thermo-physical characteristics on the 
performance of gas cyclones, on the other hand, was inves-
tigated. In addition, six distinct PMLs with inflow velocities 
ranging from 12 to 20 m/s were chosen, as shown in Table 4.

2.4 � Grid independence study and validation

Three distinct grid levels were used to validate the grid 
independence test. In the first situation, a coarse-type mesh 
with 480,000 elements was created. A medium-type with 
720,000 elements was generated in the second case. A fine-
type mesh with 1,080,000 elements was created in the third 
condition. The pressure profiles for three different meshes 
at z/D = 0.75 are then shown in Fig. 2. Because the pressure 
difference between two sequential meshes was less than 1%, 
the computational findings proved mesh independence. As 

Table 3   Thermo-physical 
characteristics [13, 39, 41, 42]

T (K) ρ (kg/m3) μ × 105 (Pa.s)

293 1.188 1.7894
700 0.4975 3.388

Table 4   Values of PML

Velocity (m/s) Particle mass flow rate 
(g/min)

30 90 180

Mass loading (g/m3) 12 6.9 20.8 41.7
20 4.2 12.5 25.0



	 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44: 411

1 3

411  Page 6 of 17

a result, a grid with 720,000 cells (medium mesh) was used 
for all future numerical simulations. This mesh achieves a 
reasonable computational cost while retaining significant 
grid independence. To validate the present computational 
model, the results obtained were compared to Su and Mao’s 
[30] experimental investigation and Su et al. [3] numerical 
results for the square cyclone illustrated in Figs. 3 and 4. The 
CFD modeling conditions were chosen to be comparable to 
those used in prior investigations [3, 30]. The current result 
is consistent with experimental data and modeling results 
revealed in prior publications. The difference is less than 
8%, which is within acceptable limits. This illustrates that 
the current technique is well suited for estimating the separa-
tion efficiency and other characteristics of a square cyclone.

3 � Results and discussion

3.1 � Tangential velocity

Figure 5 shows the relationship between the maximum tan-
gential velocity of a square cyclone and PML at v = 12 m/s. It 
should be noted that around the interface between the inner 
and outer vortexes, the highest tangential velocity values 
have been observed [37]. The maximum tangential velocity 
from the time-averaged velocity field was therefore identi-
fied at an exact position below the vortex finder (z/D = 0.75). 
The PML in this study was relatively low; hence, the particle 
impacts on the flow field were low. The maximum tangential 
velocity only slightly increased when the PML was low, as 
seen in Fig. 6. The increase was significantly larger even 
though the PML increased to 41.7 g/m3 Maximum tangential 
velocity increased up to 2% for PML of 41.7 g/m3 compared 
to PML of 6.9 g/m3.
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Tangential velocity is a crucial flow parameter since 
it directly affects the cyclone's pressure drop and separa-
tion effectiveness. The maximum tangential velocity of 
all cyclones significantly reduced as the inlet temperature 
increased. This can be attributed to an increase in shear 
stress which is the result of an increase in dynamic viscos-
ity when the inlet temperature is raised from 293 to 700 K. 
However, at high temperatures (T = 700 K) compared to 
low gas temperatures, the increase in maximum tangential 
velocity caused by PML was greater. Particularly at high 
temperatures, any increase in PML increased maximum 

tangential velocity. When compared to PML of 6.9 g/m3, 
maximum tangential velocity increased by up to 12% for 
PML of 41.7 g/m3. Greater separation efficiency is produced 
by higher tangential velocity [44]. As a result, at high tem-
peratures and low PML, the square cyclone had a decreased 
separation efficiency.

The distributions of tangential velocity for the cyclone 
separator at v = 12 m/s and z/D = 0.75 (below the vortex 
finder) under varied PML and different gas temperatures are 
shown in Figs. 6 and 7. The tangential velocity contours for 
cyclones as they are influenced by PML and gas tempera-
ture are shown in Figs. 8 and 9, respectively. To evaluate 
the impact of gas temperature on tangential velocity, the 
minimum and maximum gas temperatures (T = 293 K and 
T = 700 K) were examined. The forced/free Rankine-type 
vortex combination was visible in the cyclone’s body dis-
tribution [45]. The tangential velocity was distributed uni-
formly along the core axis of a cyclone. Additionally, the 
area between the inner and outer vortexes was where the 
maximum tangential velocity was seen [37].

The tangential velocity distributions were demonstrated 
to be only slightly impacted by PML differences. While tan-
gential velocity profiles in the free and forced vortex zones 
altered dramatically as PML rose, those profiles near the 
wall remained mostly constant. When the findings were 
compared, it was discovered that when the gas temperature 
was increased from 293 to 700 K, the tangential velocity 
significantly decreased. This tendency was consistent with 
what was discovered in other studies [42, 46]. At T = 293 K, 
the maximum tangential velocity for the square cyclone with 
PML of 41.7 g/m3 was around 1.1 times the inlet velocity, 
whereas, at T = 700 K, it was found to be 0.9 times the inlet 
velocity.

3.2 � Distribution of particle concentration

Particulate simulations were conducted to evaluate the cat-
egorization of particle concentration distributions. Figure 10 
illustrates the distribution of particle concentration for 
PMLs of 6.9, 20.8, and 41.7 g/m3 inside the square cyclone. 
T = 293 K and v = 12 m/s were used for this comparison. 
Three categories may be established for the particle concen-
tration distribution. The major portion of the cyclone, which 
followed the gas swirling downward flow patterns, had a 
lower particle concentration. Because the cone radius was 
reduced, the gas tangential velocity increased at the conical 
zone of the square cyclone.

Particles were dragged toward the conical wall by the 
higher centrifugal force caused by the increased tangential 
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velocity. As the conical volume reduced and the number 
of particles increased along the wall area, the particle con-
centration was higher in the conical portion of the square 
cyclone. Figure 10c, where the PML is noticeably big-
ger than in the other, makes this pattern clear. As can be 
observed, the particle concentration in the area along the 
wall increased significantly as the PML was raised. The ceil-
ing effect, also known as the recirculation gas flow at the 
top portion of a cyclone with a cylindrical form, has been 
demonstrated in earlier research to enhance the concentra-
tion of bigger particles and, consequently, a greater particle 
accumulation [47, 48]. According to the current findings, 
the particle deposition caused a larger particle accumulation 
close to the top of the cyclone.

The effect of gas temperature on particle concentration 
distribution within the square cyclone with PML of 41.7 g/
m3 and at v = 12 m/s is also shown in Fig. 11. At high tem-
peratures, it is evident that fewer particles were concentrated 
on the bottom of the square cyclone. This is due to a weak-
ening of the enhanced centrifugal force brought on by an 

increase in gas tangential velocity, which led to fewer parti-
cles being driven in the direction of the conical wall.

To further understand how particles with varied mass 
loading behave, particularly below the vortex finder, Fig. 12 
illustrates the radial distribution of particle concentration at 
the square cyclone z/D = 0.75 at v = 12 m/s. The inertia sepa-
ration design idea caused the particle collection to signifi-
cantly increase close to the cyclone wall. The particle con-
centration at the wall region (radial position = 0.095–0.1 m) 
increased up to six times when the PML increased from 
6.9 g/m3 to 41.7 g/m3. The enhanced sweeping action of 
bigger particles pushed the smaller particles toward the wall 
zone as the PML grew, improving particle concentration at 
the wall zone [49]. Increased mass loading might concen-
trate the particles along the wall in Fig. 12 according to the 
current CFD results.

Figure 13 represents the impact of gas temperature on the 
particle concentration distribution inside a square cyclone 
with a PML of 41.7 g/m3 and at v = 12 m/s. Lower separa-
tion efficiency was caused by a considerable reduction in 
centrifugal force as a result of increased inlet temperature. 

Fig. 8   Comparison of the tan-
gential velocity contours under 
different PMLs a 6.9 g/m3, b 
20.8 g/m3 and c 41.7 g/m3
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The more particles were pushed up against the wall and 
accumulated in the bottom of the cyclone at T = 293 K, the 
greater the centrifugal force.

Figure 14 demonstrates the dispersion of particle con-
centration along with the cyclone height at the centerline. 

The great gas swirling flow patterns that formed to progres-
sively flow downward as the particles were transported to the 
conical section may have contributed to the increased parti-
cle deposition at the bottom of the square cyclone. Particle 
concentration at the bottom of the square cyclone rose 11 
times when the PML was increased from 6.9 to 41.7 g/m3. 
Figure 15 shows the distribution of particle concentration at 
the centerline at low and high temperatures together with the 
height of the gas cyclone. This comparison was carried out 
at v = 12 m/s and for a PML of 41.7 g/m3. As was already 
mentioned, the increase in gas temperature decreased the 
tangential velocity. At the bottom of the square cyclone, the 
particle concentration was significantly reduced as a result, 
by around four times.

3.3 � Particle motion through the cyclone

Figure 16 shows particle movement through a cyclone sepa-
rator at a velocity of 12 m/s for one second at a temperature 
of 293 K. This figure shows how PML affects the move-
ment of particle clouds with sizes between 1 and 15 μm. The 
temporal evolution changes in particle motion patterns are 
clearly seen in this figure. All three PMLs’ particles traveled 
downward to the cyclone's main body, which served as the 
separation zone, as they entered the square cyclone. The 
gas was separated from the particles that had gathered on 
the wall's surface due to centrifugal force and those that had 
accumulated on the bottom due to gravity deposition.

While the various particle separation procedures are 
examined, it becomes clear that the larger particles (≥ 8 μm) 
had a stronger centrifugal force and were thus more simply 
separated. While the majority of the 3 μm tiny particles tried 
to escape via the vortex finder. The centrifugal force acting 
on these tiny particles, which had a diameter of 3 μm, was 
insufficient to overcome the effect of gas drag. The main 

Fig. 9   Comparison of the tangential velocity contours with PML of 
41.7 g/m3 at a T = 293 K and b T = 700 K

Fig. 10   Comparison of particle 
mass distribution in the gas 
cyclone under different mass 
loading a 6.9 g/m3

, b 20.8 g/m3 
and c 41.7 g/m3
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portion of the cyclone's top experienced a higher particle 
concentration due to the accumulation of bigger particles 
driven by the recirculation gas flow. For the first second after 
entering the square cyclone, this was more apparent for low 
PML. Some particles could not be removed from the gas as 
a consequence. Likewise, more particles accumulated at the 
conical bottom section and stayed there for a longer period 
as the gas tangential velocity grew with PML, increasing 
the likelihood that the particles would separate from one 
another.

Figure 17 shows the temporal history of particle clouds 
with a mass loading of 41.7 g/m3 moving through square 
cyclones at different temperatures and v = 12 m/s. The bulk 
of the particles remained in the conical core of the square 
cyclone. It was envisaged that these particles would interact 
with the upward flow and leave the exit region. On the other 
hand, some of the particles were separated from the gas, 
and the majority of them concentrated at the bottom of the 
square cyclone. This is because the impact of centrifugal 
force was greater at 293 K.

Fig. 11   Comparing the distribution of particle mass with PML of 
41.7 g/m3 at a T = 293 K and b T = 700 K
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3.4 � Particle separation efficiency

Figure 18 shows how PML affects a square cyclone’s par-
ticle separation efficiency at basically two inlet velocities 
(v = 12 m/s and v = 20 m/s). The DPM model was used to 
calculate the separation efficiency based on the collected 
dustbin particles, which ranged in size from 1 to 32 μm. As 
was expected, efficiency increased as particle size increased. 
The load of the particle accumulation on the wall increases 
with particle size. By examining separation efficiencies, 
it was discovered that PML appeared to have different 
effects on cyclone efficiency at low and high inlet veloci-
ties. Enhancing the PML increased the cyclone separation 
efficiency at a lower inlet air velocity of 12 m/s, as shown 
in Fig. 18a. The fundamental reason can be attributed to the 
agglomeration of smaller particles and the augmentation of 
bigger particles with sweeping effects [49]. The PML has 
less of an impact on separation efficiency with the higher 
velocity in Fig. 18b. The substantial interaction between 
the smaller particle aggregations prevented the aggrega-
tion collection process at higher flow velocities. Figure 18b 
demonstrates a slight improvement in separation efficiency 
for smaller particles at higher PMLs, which is most likely 
caused by the sweeping motion of bigger particles.

The square cyclone operated consistently at high and low 
gas temperatures, as shown in Fig. 19a, b. It is clear that as 

the temperature increased, separation efficiency dropped and 
the tangential velocity decreased. Reduced centrifugal force 
would also result in less particle trapping. According to a 
prior study [39], the maximum value of separation efficiency 
was determined at the lowest temperature (T = 293 K), while 
the lowest value was obtained at the highest temperature 
(T = 700 K). Additionally, when the inflow velocity rose, the 
separation efficiency of all square cyclones increased. The 
efficiency of particle separation and the centrifugal force 
were both improved by increasing tangential velocity [46]. 
When the 50% cut size was examined, it was found that as 
the gas temperature rose, it grew dramatically. The particle 
size at which the cyclone efficiency is 50% is referred to as 
the “50% cut size” [44]. The 50% cut size was 17.7 μm at 
T = 293 K, but it raised to 18.6 μm at v = 12 m/s with a PML 
of 41.7 g/m3, which is an increase of 5%.

3.5 � Pressure drop

One of the most important characteristics of a gas cyclone 
is pressure drop. Pressure drop is calculated using the 
pressure difference between the inlet and outlet sections. 
The pressure in the cyclone lowers due to friction between 
the gas flow and the wall of the cyclone and the vortex 
finder. Figure 20 depicts the effect of temperature on pre-
dicted pressure drop for the square cyclone at various inlet 
velocities ranging from 12 to 28 m/s and PML of 41.7 g/
m3. Furthermore, an increase in inlet velocity led to a sig-
nificant rise in pressure drop, this behavior is reported in 
previous studies [48].

CFD findings indicated that increasing the inlet tem-
perature considerably reduced the pressure drop. This 
is most visible at higher inlet velocities, as swirl flow 
dominates throughout the square cyclone. At v = 28 m/s, 
increasing the inlet temperature (from 293 to 700 K) 
decreased pressure loss by approximately 36%. The reduc-
tion in pressure drop may be represented as an increase 
in dynamic viscosity due to a rise in the inlet flow tem-
perature, which causes an increase in shear stress and a 
decrease in tangential velocity of the fluid in the cyclone 
body. The higher the tangential velocity of the fluid, the 
greater the dissipation [48], which causes a greater pres-
sure drop at low temperatures.
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Fig. 16   Particles motion under different mass loading at v = 12 m/s a 6.9 g/m3 b 20.8 g/m3 and c 41.7 g/m3 at T = 293 K
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3.6 � Erosion analysis

The present section addressed the cyclone erosion walls 
induced by the impact of carbon particles. As the one-way 
coupling was employed in the present simulations for ero-
sion prediction, the influence of particles on the continuous 
phase may be ignored for low solid loadings [52, 53]. Fig-
ure 21 depicts the influence of PML on the erosion rate of 
a square cyclone with inlet velocities of 12 m/s and 20 m/s. 
It was found that as the PML augmented, so increased the 

erosion rate. When PML is 41.7 g/m3, the maximum erosion 
rate is nearly four times that of PML of 6.9 g/m3. Further-
more, the erosion rate is greater for all PML at v = 20 m/s 
than at v = 12 m/s.

Figure 22 demonstrates the erosion patterns of the cyclone 
wall surfaces for various PMLs at v = 12 m/s. The erosion 
rate in the cone is substantially higher than in the entry and 
cylindrical region of the square cyclone, as predicted. This 
might be because of the stronger vortex created in this region 
in conjunction with higher negative static pressure values. 

Fig. 17   Particles motion with v = 12 m/s at a low (T = 293 K) and b high temperatures (T = 700 K)
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Fig. 18   Impact of PML on changes of separation efficiency versus 
particle size at a v = 12 m/s and b v = 20 m/s
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Fig. 19   Changes of separation efficiency in terms of particle size with 
PML of 41.7 g/m3 a v = 12 m/s and b v = 20 m/s
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Because the erosion rate distribution follows the particle tra-
jectories, it may be argued that the particles interact with the 
cyclone's cone wall rather than its cylindrical section. These 
patterns were comparable to those described for cylindrical 
cyclone separators in ref. [21]. To mitigate the detrimental 
impacts of a high erosion rate, the cone surface should be 
covered with erosion-resistant materials.

4 � Conclusions

The present study utilized CFD modeling to investigate the 
effects of PML on the internal flow field and particle separa-
tion efficiency of the square cyclone at low and high tem-
peratures. The airflow and particle dynamics in the square 
cyclone were examined using the Eulerian–Lagrangian 
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method. The CFD simulation makes it possible to calcu-
late the essential features of particle motion and analyze the 
separation efficiency. PMLs with a range of 6.9–41.7 g/m3 
were taken into consideration. The estimated pressure drop 
and separation efficiency were compared to experimental 
data from reference [30] and numerical findings from refer-
ence [3], which showed good agreement, to highlight the 
accuracy of CFD modeling.

•	 CFD modeling led to a better understanding of the par-
ticulate flow in the square cyclone separator.

•	 The flow pattern and performance of the square cyclone 
were influenced by both PML and gas temperature, with 
gas temperature having the most impact.

•	 When the separation processes of different particles are 
compared, it is apparent that the bigger particles (8 μm) 
were subjected to more centrifugal force and so separated 
more effectively. The great majority of small particles 
with diameters of less than 3 μm exited via the outflow 
section of the cyclone.

•	 Larger particles with lower PML aggregated near the top 
of the main part of the cyclone, where they could not be 
separated from the gas, according to observations about 
the motion of the particles that were compatible with the 
particle concentration profiles.

•	 With the increase in gas temperature at v = 12 m/s and 
PML of 41.7 g/m3, a 5% improvement of the 50% cut size 
was predicted.

•	 It was revealed that with the increase in inlet velocity 
and PML, the erosion rate was enhanced. With a PML 
of 41.7 g/m3, the maximum erosion rate was nearly four 
times that of a PML of 6.9 g/m3.
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Fig. 21   Variation of highest erosion rate with the PML for a 
v = 12 m/s, b v = 20 m/s

Fig. 22   Comparison of erosion 
rate in the gas cyclone under 
different mass loading a 6.9 g/
m3 b 20.8 g/m3 and c 41.7 g/m3 
at v = 12 m/s
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