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Abstract: Cyclone separators, which have a high separation performance, play a crucial role in
mitigating the occurrence of dust explosion incidents. This study aims to improve the performance of
an axial cyclone separator using the results of simulations employing the RNG k − ε model together
with a user-defined function to simulate the wall collision process. The effectiveness of various
structural modifications to the vortex tube has been addressed. Specifically, we found that increasing
the number of blades, reducing the blade exit angle, and adopting L-shaped blades increase separation
efficiency. Additionally, enlarging the guide vane and exhaust pipe diameters, as well as increasing
the exhaust pipe inclination angle, contribute to an improved separation performance due to the
developed tangential velocity and vortex cores. However, it also increases the pressure drop losses
due to the increase in the turbulence pulsation entropy and the wall entropy, while the time-averaged
entropy is found to be less significant. As a result, our study sheds light on the flow characteristics,
the gas–solid separation process, and the energy loss mechanism in the cyclone separator.

Keywords: separation efficiency; pressure drop; structure parameter; entropy production

1. Introduction

Dust explosions pose a significant, persistent risk in various industries where flammable
particulates are processed [1–3]. Such incidents can cause severe harm to people and substantial
property damage. For instance, an explosion in an aluminum powder plant in Kunshan,
Jiangsu, China, in August 2014, initiated by an open flame, resulted in 75 deaths. More recently,
a starch dust explosion in Qinhuangdao, Hebei, in 2021, led to 21 deaths and 47 injured persons,
and a dust explosion in a Changzhou, Jiangsu, metalworking facility in January 2024 caused
8 deaths and as many injuries. These events highlight the critical importance of effective dust
management strategies in industrial environments. Minimizing airborne combustible dust
concentrations is essential for preventing such catastrophic events. This necessitates a concerted
effort toward implementing stringent dust control measures, enhancing safety protocols, and
fostering a culture of safety awareness across sectors susceptible to dust explosion hazards.

Dust removal technologies are pivotal in mitigating the risks associated with com-
bustible dust in industrial settings [4]. Many dust removal technologies can be used
to improve air quality, such as mechanical dedusting, filtering technology, electrostatic
precipitation, ultrasonic dedusting, pulse injection technology [5], corona dust removal
technology [6], and Fischer–Tropsch synthesis [7]. Among these, mechanical dedusting stands
out for its widespread application, offering advantages such as minimal spatial requirements,
low construction costs, simplicity in operation, and the absence of moving parts. Specifically,
cyclone separators, a subset of mechanical dedusting methods, play a crucial role in indus-
tries ranging from petrochemicals to agriculture. These devices leverage centrifugal force,
generated through a rotating airflow, to segregate particles from air streams. Predominantly,
cyclone separators are differentiated into two main types: conventional reverse flow cyclones
and straight flow (axial) cyclones. Reverse flow cyclones utilize a tangential inlet to generate
centrifugal forces [8], with purified air exiting upwards through the outlet [9]. Conversely,
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axial cyclone separators, employing a swirl generator, maintain the air flow’s initial direction,
resulting in a lower pressure drop [10]. This characteristic, alongside a higher throughput and
enhanced flexibility in the separation process, makes axial cyclones particularly effective in
controlling combustible dust accumulation and reducing explosion risks.

The evaluation of axial cyclone separators predominantly hinges on two critical
metrics—separation efficiency and pressure drop—that serve as benchmarks for assessing
technological performance. The genesis of axial cyclone design traces back to 1948 with
Umney’s pioneering model [11]. Initially, the axial cyclone’s lower separation efficiency
restricted its application range compared to its reverse-flow counterparts. Nevertheless,
ensuing research endeavors have substantially focused on augmenting the efficacy of
axial separators. It has been established that the geometrical dimensions of an axial sep-
arator profoundly influence its filtration capabilities. Notably, the design of swirl vanes
emerges as a pivotal factor, accounting for a significant portion of total pressure loss while
crucially impacting centrifugal force generation and, consequently, separation efficiency.
Innovations aimed at enhancing axial cyclone performance have been noteworthy [12–14].
Andreussi’s [15] introduction of an adjustable guide vane, tailored to inlet velocity, dust
concentration, and particle characteristics, marks a significant advancement. Similarly,
Trow’s exploration [16] into the impact of tube diameter on separator efficiency identi-
fied optimal long-length ratios, highlighting the nuanced relationship between structural
dimensions and performance. Dirkzwager’s research [17] further elucidated that a height-
ened centrifugal force field could be achieved through reduced diameter designs, offering
insights into optimizing the balance between efficiency and pressure management.

Experimental investigations stand as a cornerstone in the advancement of cyclone
separator technology, offering unparalleled precision and reliability in outcomes. Hsiao and
Chen’s exploration into multi-stage cyclones underscored the critical role of Reynolds and
Stokes numbers on particle separation efficiency, pinpointing the fluid dynamics and parti-
cle behavior as fundamental to optimizing cyclone design [18]. Similarly, Koffman’s study on
the parallel use of 14 cyclone separators revealed a decline in collective efficiency from 96% to
92.2%, with this reduction being attributed to variations in inlet velocity, thereby highlighting
the importance of uniform airflow for maximal performance [19]. Further, Akiyama’s research
on the impact of outlet structural variations on particle separation illuminated the intricate
relationship between design elements and functional efficacy. These studies not only deepen
our understanding of cyclone separator mechanics, but also guide the development of more
efficient, reliable systems through focused modifications in design parameters [20].

Many scientists have carried out studies aiming to improve the performance of vortex
tube separators. However, the existing methods can lead to an increase in pressure loss
and reduce the aerodynamic performance and the energy efficiency. Therefore, analyzing
the separation efficiency and pressure loss of the cyclone separator through numerical
simulation methods can help the design process. To deepen the understanding of internal
gas–solid flow, the complex dynamics in the cyclone tubes, as well as the influence of
various structural and operational variables on the performance, need further exploration.
This study uses Computational Fluid Dynamics (CFD), enriched by particle–wall collision
and entropy generation models, to dissect the impact of modifications in blade count,
morphology, outlet angles, guide cone, and exhaust pipe dimensions, as well as exhaust
pipe configuration, on the vortex tube’s energy dissipation, separation efficiency, and
entropy generation. Our findings offer some insights into the internal gas–solid two-phase
flow structure, which can contribute to a better understanding of the energy loss mechanism
and influence the performance of the separator.

2. Materials and Methods
2.1. Grid Generation Methods

The cyclone separator in Figure 1 mainly includes the blade, guide vane, straight pipe,
and exhaust tube. The parameters are given in Table 1, with a 50 mm outer diameter and
35◦ blade outlet angle.
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Figure 1. The structure of an axial cyclone separator.

Table 1. The dimensions of the swirl generator.

Variable Project Value/mm

D1 outer diameter 50
D2 inner diameter 46
d diameter of guiding cone
a1 wall thickness 2
a2 guide vane length 30
a3 guiding cone length 100

a4 distance between the pressure
hole and dust outlet 50

Figure 2 shows the mesh distribution generated by the ICEM 2020 R2 software with
2,991,661 grid cells. The inlet air is regarded as having incompressible turbulent flow
and the RNG k − ε model is used as the turbulence model since it has been proved useful
in simulations of rotation flows [21,22]. The discrete phase model (DPM) is used to track
the particle separation efficiency coupling with the continuous phase in ANSYS FLUENT.
The results in Figure 3 shows that the simulation of the pressure drop corresponds to the
experiment data, ensuring the calculation accuracy of the continuous phase. For the discrete
phase model, the simulated 167 µm and 296 µm particles are found to be 91.64% and 82.17%,
respectively; these values are close to the experimental ones: 87.00% and 79.13% (see [23]).
Overall, the maximum error of 5.3%, and the efficiency and pressure drop, in our view, let us
conclude that the simulations were performed with satisfactory computational accuracy.

Inventions 2024, 9, x FOR PEER REVIEW  4  of  20 
 

Z  
(a) Global grid distribution 

x

y

 
Outlet 

for dust

Outlet 
for air

Wall

 
(b) Inlet  (c) Outlet 

Figure 2. The grid distribution. 

5 10 15 20 25 30 35 40 45 50
0

50

100

150

200

250

300

350

400

P
re

ss
ur

e 
d

ro
p

(P
a)

Volume flow rate (m3/h)

 Simulation
 Test results

 

Figure 3. The pressure drops of the simulation and test values. 

2.2. Governing Equations 

The flow field in an axial cyclone separator is simulated using the following govern‐

ing equations [24]: 

The continuity equation of a fluid flow: 

0i

i

u

x





  (1)

The equation of momentum balance: 

+i j ji i

j i j j i

u u uu uP

t x x x x x

     

               
,  (2)

where  iu   and  ju   are the velocity components,     is the air density,  P   is the air pres‐
sure,     is the dynamic viscosity, and  t   is time. 

The equations of the  RNG -k    turbulence model are [25]: 

Figure 2. The grid distribution.



Inventions 2024, 9, 34 4 of 19

Inventions 2024, 9, x FOR PEER REVIEW  4  of  20 
 

Z  
(a) Global grid distribution 

x

y

 
Outlet 

for dust

Outlet 
for air

Wall

 
(b) Inlet  (c) Outlet 

Figure 2. The grid distribution. 

5 10 15 20 25 30 35 40 45 50
0

50

100

150

200

250

300

350

400

P
re

ss
ur

e 
d

ro
p

(P
a)

Volume flow rate (m3/h)

 Simulation
 Test results

 

Figure 3. The pressure drops of the simulation and test values. 

2.2. Governing Equations 

The flow field in an axial cyclone separator is simulated using the following govern‐

ing equations [24]: 

The continuity equation of a fluid flow: 

0i

i

u

x





  (1)

The equation of momentum balance: 

+i j ji i

j i j j i

u u uu uP

t x x x x x

     

               
,  (2)

where  iu   and  ju   are the velocity components,     is the air density,  P   is the air pres‐
sure,     is the dynamic viscosity, and  t   is time. 

The equations of the  RNG -k    turbulence model are [25]: 

Figure 3. The pressure drops of the simulation and test values.

2.2. Governing Equations

The flow field in an axial cyclone separator is simulated using the following governing
equations [24]:

The continuity equation of a fluid flow:

∂ui
∂xi

= 0 (1)

The equation of momentum balance:

∂ui
∂t

+
∂uiuj

∂xj
= − ∂P

∂xi
+

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi

)]
, (2)

where ui and uj are the velocity components, ρ is the air density, P is the air pressure, µ is
the dynamic viscosity, and t is time.

The equations of the RNG k − ε turbulence model are [25]:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

[
αkµe f f

∂k
∂xj

]
+ Gk − ρε (3)

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

[
αεµe f f

∂ε

∂xj

]
+

ε

k
(C1εGk − C∗

2ε)ρε (4)

where k is the turbulence kinetic energy, ε is the turbulence dissipation rate, Gk is the
turbulence kinetic energy generation rate, αε is the effective reverse Prandtl number, µe f f is
the effective viscosity coefficient, and C is a constant.

The equation of the DPM force balance model can be written as [26]:

mp(
dup

dt
) = mpFD(u − up) + m f (

Du

Dt
) +

1
2

m f

(
Du

Dt
−

dup

dt

)
+ (mp − m f )g +

1
2
(πρpr2)CLLV2 (5)

where up is the particle velocity, u is the air velocity, mp is the mass of the particle, m f
is the fluid mass, g is the gravity acceleration, r is the particle radius, ρp is the particle
density, CL is the Saffman lift coefficient, L is the directional cosine, V is the relative velocity
magnitude, and FD(u − up) is the drag force computed as:

FD =
18µ

ρpd2
p

CDRe
24

, (6)
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where dp is the particle diameter, µ is the air dynamic viscosity, CD = φ(Re) is the drag
coefficient, and Re is the relative Reynolds number:

Re =
ρdp
∣∣up − u

∣∣
µ

. (7)

To investigate the energy loss in a cyclone separator, in our study we employed the
entropy production theory to analyze the energy dissipation, i.e., considering the direct
viscous entropy production, turbulent entropy production, and wall entropy production
based on the Reynolds-averaged method. Herwig et al. provided the function for obtaining
the rate of entropy production per unit volume [27]:

(1) Rate of the time-averaged entropy production caused by viscous dissipations in the
average flow field:

S′′′

D
=

µ

T

{
2

[(
∂u
∂x

)2
+

(
∂v
∂y

)2
+

(
∂w
∂z

)2
]
+

(
∂u
∂y

+
∂v
∂x

)2
+

(
∂u
∂z

+
∂w
∂x

)
+

(
∂v
∂z

+
∂w
∂y

)}
(8)

(2) Since the Reynolds-averaged approach cannot explicitly provide the turbulent velocity,
Herwig et al. correlated the ‘ε’ variable in the RANS simulation model with the
entropy production rate. This correlation yields the turbulent dissipation entropy
production rate resulting from the flow field fluctuations:

S′′′
D′ =

ρε

T
. (9)

The entropy production induced by the time-averaged velocity and fluctuating velocity
can be obtained by integration, i.e.,

SD =
∫
V

S′′′
D

dV (10)

SD′ =
∫
V

S′′′
D′dV (11)

In these expressions, SD is the direct dissipation entropy production caused by time-
averaged velocity, W/K, SD′ is the turbulent dissipation entropy production induced by
fluctuating velocity, W/K, and ‘V’ represents the volume of the computational domain, m3.

(3) The entropy production generated at the wall due to velocity gradients is calculated
by the following expression [28]:

SW =
∫
A

τw · uw

T
dA. (12)

Here, τw is the wall shear stress, Pa, uw is the velocity at the center of the first layer of
the grid near the wall, m/s, and ‘A’ is the area, m2. The total entropy production ‘S’ within
the computational domain is:

S = SD + SD′ + SW (13)

2.3. Boundary Condition and Solver Settings

The inlet boundary condition is velocity inlet, and the DEFINE_PROFILE macro was
used to calculate the fully developed turbulent flow as:

uave = umax(1 − r/r0)
1/7, (14)



Inventions 2024, 9, 34 6 of 19

where r represents the radial position, r0 is the radius of the cyclone, uave is the average
velocity, and umax is the maximum velocity:

uave =
49
60

umax (15)

The discrete phase boundary condition for particles is trap with 0.9 flow rate weighting,
and, for cleaned air, it is defined as escape with 0.1 flow rate weighting. The separation
efficiency is calculated by the ratio of the escaped particles and the released particles:

η =
Ntrap

Ntrack
(16)

where η is the separation efficiency, Ntrap is the number of trapped particles at the outlet,
and Ntrack is the number of tracked particles.

Figure 4 shows the particle size distribution measured by the Microtrac S3500 particle
size distribution analyzer [23]. The median diameter is 167 µm, the maximum diameter is
296 µm, and the particle concentration is 20 g/min. To simplify the calculation, the efficien-
cies of 167 µm and 296 µm particles are considered with 2650 kg/m3 particle density.
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The solution method for the cyclone separator is pressure-based with a steady state
using the RNG k − ε turbulence model. The standard wall function is adopted for the
near-wall, which is assumed to be a no slip wall. The Navier–Stokes equation is solved
by the SIMPLE method, and approximations for the gradients are computed by the least
squares cell-based method. The governing equations for the turbulent kinetic energy and
turbulent dissipation rate are solved by the second order upwind method.

2.4. Particle–Wall Collision Model

In order to improve accuracy of the separation efficiency, the 410 stainless steel collision
model is adopted to characterize the particle–wall collision effects considering the particle
velocity after impact to the particle velocity before impact. The DEFINE_DPM_BC macro is
used to simulate the particle–wall interaction process considering the tangential velocity
restitution ratio and the normal velocity restitution ratio component. The 410 stainless steel
collision model is [29]:

eN = VN2/VN1 = 1−0.4159β1 − 0.4994β2
1 + 0.292β3

1,

eT = VT2/VT1 = 1 − 2.12β1 + 3.0775β2
1 − 1.1β3

1,
(17)



Inventions 2024, 9, 34 7 of 19

where eN represents the normal velocity restitution ratio, eT is the tangential velocity
restitution ratio, VN1 is the normal particles’ velocity before collision, VN2 is the normal
particles’ velocity after collision, VT1 is the tangential particles’ velocity before collision,
and VT2 is the tangential particles’ velocity after collision.

2.5. Calculation Steps

Step 1. The single-phase gas flow is simulated.
Step 2. For the flow computed at the previous step, the particle separation efficiency is

calculated using the DPM model based on the particle wall collision process governed by
the user-defined function.

Step 3. The energy loss process is analyzed by the entropy production model and
using the CFD-Post 2020 R2 software. The direct viscous and turbulent entropy production,
as well as the wall entropy production, are computed from the simulation results obtained
at the previous step.

3. Results and Discussion
3.1. Effect of Blade Number

The blade structure has a significant impact on the separation efficiency and pressure
drop. Figure 5 shows the separation performance in the axial cyclone separator at 5 m/s
inlet average velocity as a function of the blade number. These results indicate that more
blades can result in the increase in energy loss, and improve the separation efficiency of
the 167 µm particle. The 296 µm particle has a higher efficiency when the blade number is
4. With the blade number changing from 2 to 8, the pressure drop is gradually increased
from 75.83 Pa to 244.62 Pa. For 167 µm for 296 µm particles, the separation efficiencies
are increased from 78.32%, and 62.96% to 94.85%, and 79.53%, respectively. This indicates
that the reasonable blade number is 4, and, although increasing the number of blades also
contributes to efficiency, this causes more energy loss.
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Figure 6 shows the flow field and pressure distribution in the cyclone separator, and
the X velocity represents the tangential velocity which is related to the separation process.
The units for pressure and velocity are Pa and m/s, correspondingly. The flow field has
visible differences—the seven-blade cyclone has a negative pressure region at the rear of
guide vanes, with a more uniform and fully developed tangential velocity. The 167 µm
particles have more spiral rotation in the seven-blade cyclone separator. This indicates that
a stronger rotating field is generated in the cyclone with a greater number of blades.
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Figure 6. Flow field in the cyclone.

Figure 7 shows the vortex core region in the cyclone at the condition of 0.06 swirling
strength. When the blade number is 2, the vortex core region is unstable. By increasing the
blade number, the rotation flow is gradually developed; the vortex core is close to a steady
state when the blade number is 4.

Inventions 2024, 9, x FOR PEER REVIEW  9  of  20 
 

20
0
−20
−40
−60
−80
−100
−120
−140
−160
−180
−200
−220
−240
−260
−280
−300

 

12
10
8
6
4
2
0

−2
−4
−6
−8

−10
−12

   

0
−50

−100
−150
−200
−250
−300
−350
−400
−450
−500
−550

 

15
13
11
9
7
5
3
1

−1
−3
−5
−7
−9

−11
−13
−15

   

(a) Two‐blade cyclone    (b) Seven‐blade cyclone 

Figure 6. Flow field in the cyclone. 

Figure 7 shows the vortex core region in the cyclone at the condition of 0.06 swirling 

strength. When the blade number is 2, the vortex core region is unstable. By increasing the 

blade number, the rotation flow is gradually developed; the vortex core is close to a steady 

state when the blade number is 4. 

   
 

 
   

2  3  4  5  6  7 

Figure 7. Vortex core region (swirling strength = 0.06). 

Figure 8 compares the velocity distributions at the center of the discharge pipe at the 

monitoring line (in Figure 1). The flow velocity is zero at the discharge wall because of the 

non‐slip condition. Due to the presence of the centrifugal force, the velocity at the center 

of the tube is relatively low. Total and tangential velocity decrease significantly at the dis‐

tance of 0.1 D–0.2 D from the out wall. When the number of blades increases, the maxi‐

mum total velocity increases from 9.7 m/s to 19.5 m/s, and the maximum tangential veloc‐

ity increases from 8.6 to 16.9 m/s, reflecting the improvement in the separation efficiency 

for a higher number of blades. 

Figure 7. Vortex core region (swirling strength = 0.06).

Figure 8 compares the velocity distributions at the center of the discharge pipe at the
monitoring line (in Figure 1). The flow velocity is zero at the discharge wall because of the
non-slip condition. Due to the presence of the centrifugal force, the velocity at the center of
the tube is relatively low. Total and tangential velocity decrease significantly at the distance
of 0.1 D–0.2 D from the out wall. When the number of blades increases, the maximum total
velocity increases from 9.7 m/s to 19.5 m/s, and the maximum tangential velocity increases
from 8.6 to 16.9 m/s, reflecting the improvement in the separation efficiency for a higher
number of blades.
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Figure 9. Entropy production rates and wall shear distribution. 

Figure 8. The outlet velocity distribution in various blades.

Figure 9 depicts the entropy production and wall shear stress distributions through
cloud diagrams, focusing on viscous, turbulent entropy production, and wall shear stress
across the system. The analysis reveals a concentration of both average and fluctuating
entropy production near the guide vanes, at the draft tube cone’s wall surface, and within
the exhaust pipe. Notably, wall shear stress predominantly occurs at the guide vanes’ exit
and along the exhaust pipe’s walls. With an increase in blade count from 2 to 7, there is a
marked enhancement in the mixing dynamics between the high-velocity airflow at the draft
cone’s tail and the slower-moving flow within the recirculation zone. This interaction boosts
the time-averaged and turbulent entropy production values. The acceleration of airflow at
the guide vanes’ exit further amplifies, intensifying the vortex tube wall shear stress. As a
result, the measurements of time-averaged entropy production, turbulent entropy production,
and wall entropy production escalate significantly from 8.0 × 10−5 W/K, 6.9 × 10−4 W/K,
and 6.5 × 10−4 W/K to 2.1 × 10−4 W/K, 1.9 × 10−3 W/K, and 1.6 × 10−3 W/K, respectively,
indicating an increase in energy dissipation. Extended analysis reveals that the time-averaged
entropy production constitutes around 5.7% of the total, significantly less than the contribu-
tions from the turbulent (50.3%) and wall entropy production (44.0%). This delineates the latter
two as the primary mechanisms driving energy losses within the vortex tube, highlighting the
importance of optimizing design and operational parameters to mitigate these losses.
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3.2. Effect of Blade Outlet Angle

The effect of the blade outlet angle on the separation capacity is shown in Figure 10.
When the blade outlet angle changes from 20◦to 50◦, the separation efficiency of the 167 µm
particle decreases from 97.27% to 87.50%, the efficiency of the 296 µm particle decreases
from 88.70% to 73.65%, and the pressure drop decreases from 297.35 Pa to 82.57 Pa. This
shows that a smaller blade outlet angle has a higher efficiency and pressure dissipation.
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Figure 12 demonstrates the entropy production at different blade outlet angles. When 
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Figure 10. The separation performance under different blade outlet angle.

Figure 11 shows the velocity variation with the blade outlet angle along the monitoring
line (see Figure 1). There is no large difference between the flow distribution characteristics
for the total and tangential velocity. The only visible difference is that the total velocity
decreases from 21.78 m/s to 12.60 m/s and the tangential velocity decreases from 19.16 m/s
to 10.13 m/s when the blade outlet angle changed from 20◦ to 50◦. This reveals that a
smaller angle creates a stronger centrifugal field, which helps to increase the efficiency.
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Figure 12 demonstrates the entropy production at different blade outlet angles. When
it changes from 20◦ to 50◦, the production of time-averaged entropy, turbulent entropy,
and wall entropy decrease from 2.8 × 10−4 W/K, 3.0 × 10−3 W/K, and 2.4 × 10−3 W/K
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to 1.4 × 10−4 W/K, 8.5 × 10−4 W/K, and 5.8 × 10−4 W/K, respectively. This is due to a
decrease in the total velocity, leading to a decrease in the mixing effect at the rear end of the
guide vane and the exhaust pipe. Furthermore, the decreasing relative speed between the
rotating air and the wall may also cause a smaller energy loss.
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Figure 12. The influence of blade outlet angle on entropy production rates.

3.3. Influence of the Blade Shape

Figure 13 demonstrates the structure parameter of the blade. In Figure 13a, x represents
the blade length alone the flow direction, y represented the circumferential length of the
blade, and the functions between x and y relating to the different blade curves are shown in
Table 2. Figure 13b is the blade control line along the circumferential direction, the control
line of the C blade is an arc line, the lines of M1, M2, and M3 are power functions, and the
line of L is a straight line.
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Table 2. The function relationships and parameters of different blades.

Blade Shape Function Parameter

C y = r −
√

r2 − x2 r = 37.84
M1

y = AxB
A = 0.0328 B = 1.9107

M2 A = 0.1969 B = 1.4657
M3 A = 0.6280 B = 1.1889
L y = x/ tan(β) β = 35◦

The dust removal performance at different blade shapes is shown in Figure 14. As
the blade shape changes from C to L, the calculated efficiency of the 167 µm particles
increases from 91.65% to 98.76%, the efficiency of the 296 µm particles increases from
82.17% to 93.37%, and the pressure drop is drastically changed from 163.19 Pa to 595.28 Pa.
These results demonstrate that a long circumferential length can improve the separation
capability; however, it introduces more pressure loss.
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Figure 14. The separation performance varies with blade shape.

The influence of the blade structure on the flow field is shown in Figure 15. When
the blade shape is changed from C to L, the flow path gradually increases, and smaller
vortex regions are generated. This indicates that the L blade can produce a stronger
induced action.
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According to Figure 16, when the blade shape changes from C to L, the production of
time-averaged entropy, turbulent entropy, and wall entropy change from 2.1 × 10−4 W/K,
1.5 × 10−3 W/K, and 1.1 × 10−3 W/K to 6.0 × 10−4 W/K, and 5.7 × 10−3 W/K,
5.4 × 10−3 W/K, respectively. The flow becomes more turbulent in a long flow-guiding
passage, leading to the increase in entropy production and wall shear at the position of the
blade and the guide vane, resulting in a higher energy loss.
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Figure 16. Effect of blade structure on entropy production rates and wall shear.

3.4. Guide Cone Diameter

The influence of the cyclone guide cone diameter on the separation efficiency and
the pressure drop can be seen in Figure 17. When the guide cone diameter is changed
from 10 mm to 40 mm (0.2 D to 0.8 D), the separation efficiency of the 167 µm particles is
increased from 59.10% to 100%, the separation efficiency of the 296 µm particles is increased
from 48.16% to 98.98%, and the pressure drop is increased from 43.02 Pa to 977.76 Pa.
Comparing the numerical results, we conclude that the 30 mm and 35 mm guide cones
(0.6 D and 0.7 D) have satisfactory properties and the separation efficiencies for the 167 µm
particles are 91.87% and 98.83% with 163.19 Pa and 303.81 Pa pressure drops, respectively.
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The flow fields between the 10 mm and 35 mm guide cones are given in Figure 18
(the units for the pressure and velocity fields are Pa and m/s, respectively). For the 35 mm
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guide vane, the flow has a larger pressure gradient, a higher tangential velocity, and a larger
reflow region than that of the 10 mm guide cone. The maximum tangential velocity in the
10 mm guide cone cyclone is mainly distributed at the rear of guide cone. By comparison,
the tangential velocity in the 35 mm guide vane tube is increased significantly near the
particle outlet.
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Figure 18. Details of the flow field in the cyclone.

When the diameter of guide vane is changed from 0.2 D to 0.8 D (see Figure 19),
the maximum outlet velocity is increased from 9.48 m/s to 31.54 m/s and the maximum
tangential velocity is changed from 6.61 m/s to 29.09 m/s. This can be explained by the
fact that the cross-sectional area is changed by the guide vane, creating a higher diameter of
the guide vane and enabling a higher tangential velocity; hence, the particles are separated
more efficiently.

Inventions 2024, 9, x FOR PEER REVIEW  15  of  20 
 

guide vane, the flow has a  larger pressure gradient, a higher tangential velocity, and a 

larger reflow region than that of the 10 mm guide cone. The maximum tangential velocity 

in the 10 mm guide cone cyclone is mainly distributed at the rear of guide cone. By com‐

parison, the tangential velocity in the 35 mm guide vane tube is increased significantly 

near the particle outlet. 

20
0

−20
−40
−60
−80

−100
−120
−140
−160
−180
−200
−220
−240

 

8
6

4

2

0

−2
−4
−6
−8

 

8
7
6
5
4
3
2
1
0

−1
−2

 

−50
−100
−150
−200
−250
−300
−350
−400
−450
−500
−550
−600
−650
−700
−750

 

20
15
10
5
0

−5
−10
−15
−20

 

12
10
8
6
4
2
0

−2

 

(a) 10 mm guide vane (0.2 D)  (b) 35 mm guide vane (0.7 D) 

Figure 18. Details of the flow field in the cyclone. 

When the diameter of guide vane is changed from 0.2 D to 0.8 D (see Figure 19), the 

maximum outlet velocity is increased from 9.48 m/s to 31.54 m/s and the maximum tan‐

gential velocity is changed from 6.61 m/s to 29.09 m/s. This can be explained by the fact 

that the cross‐sectional area is changed by the guide vane, creating a higher diameter of 

the guide vane and enabling a higher tangential velocity; hence, the particles are separated 

more efficiently. 

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

0

5

10

15

20

25

30

V
el

oc
it

y 
(m

/s
)

Position (mm)

 0.2D
 0.3D
 0.4D
 0.5D
 0.6D
 0.7D
 0.8D

 

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
-30

-25

-20

-15

-10

-5

0

5

10

15

20

25

30

V
el

oc
it

y 
(m

/s
)

Position (mm)

 0.2D
 0.3D
 0.4D
 0.5D
 0.6D
 0.7D
 0.8D

 

(a) Total velocity  (b) Tangential component velocity 

Figure 19. The velocity under different diameters of guide vanes. 

Figure 20 presents the entropy production at different diameters of the guide vane. 

When the diameter of the guide vane is increased from 0.2 D to 0.7 D, the time‐averaged 

entropy, turbulent entropy, and wall entropy are gradually increased from 4.3 × 10−5 W/K, 

2.2 × 10−4 W/K, and 2.0 × 10−4 W/K to 4.6 × 10−4 W/K, 3.1 × 10−3 W/K, and 2.7 × 10−3 W/K due 

to the higher velocity and turbulence intensity.   

Figure 19. The velocity under different diameters of guide vanes.

Figure 20 presents the entropy production at different diameters of the guide vane.
When the diameter of the guide vane is increased from 0.2 D to 0.7 D, the time-averaged
entropy, turbulent entropy, and wall entropy are gradually increased from 4.3 × 10−5 W/K,
2.2× 10−4 W/K, and 2.0× 10−4 W/K to 4.6× 10−4 W/K, 3.1× 10−3 W/K, and 2.7 × 10−3 W/K
due to the higher velocity and turbulence intensity.
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Figure 20. Entropy dissipation rates and wall shear at different guide vanes.

3.5. Exhaust Pipe Diameter

Figure 21 illustrates the separation performance for different exhaust pipe diameters.
By increasing the exhaust pipe diameter from 36 mm to 44 mm, the efficiency of the 167 µm
particles is decreased from 96.52% to 67.82%, that of the 296 µm particles is decreased from
90.03% to 49.09%, and pressure drop is decreased from 195.11 Pa to 116.83 Pa. A smaller
diameter of the exhaust tube can increase the particle separation efficiency. Similarly, it also
leads to an increase in the pressure drop.
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Figure 21. Influence of exhaust pipe diameter on performance.

The cyclone exhaust pipe diameter has a notable influence on the velocity distribution,
as shown in Figure 22. With the exhaust pipe changing from 44 mm to 36 mm, the
distribution of internal velocity showed no significant difference, except for the variation in
the velocity value. Correspondingly, the maximum total velocity changed from 13.70 m/s
to 18.04 m/s and the maximum tangential velocity changed from 11.53 m/s to 14.17 m/s.
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Figure 22. Effect of the exhaust pipe diameter on the outlet velocity.

Figure 23 shows the entropy production for different outer diameters of the exhaust
pipe changing from 36 mm to 44 mm. The entropy production rate at the rear end of the
guide vane and exhaust pipe caused by the cross-section area gradually decreases, which
results in a decrease in the time-averaged entropy, turbulent entropy, and wall entropy from
2.5 × 10−4 W/K, 2.0 × 10−3 W/K, 1.3 × 10−3 W/K to 1.8 × 10−4 W/K, 1.1 × 10−3 W/K,
1.0 × 10−3 W/K.
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Figure 23. Entropy dissipation rates and wall shear for different exhaust pipe diameters.

3.6. Exhaust Pipe Shape

The cyclone performances of different exhaust pipe shapes are shown in Figure 24.
When the inclination angle is changed from 2◦ to 10◦, the efficiencies of 167 µm particles
and 296 µm particles are increased from 95.44% and 88.30% to 100% and 96.36%. Cor-
respondingly, the pressure drop is increased from 166.33 Pa to 968.38 Pa. This indicates
that a larger inclination angle can improve the dust removal efficiency and increase the
pressure consumption.
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Figure 24. Effects of outlet pipe shape on performance.

Figure 25 shows the axial flow velocity distribution measured in m/s. The downstream
flow field of the guide cone is significantly affected by the shape of the exhaust pipe. A
higher inclination angle can increase the velocity at the inlet of the exhaust pipe, causing
more zones to be affected by the back flow at the inlet of exhaust pipe.
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Figure 25. The axial velocity distribution with different outlet shape.

From Figure 26, one sees that as the exhaust pipe inclination angle increases, the fluid
distribution at the blade and guide vane has little variation. However, an obvious accelera-
tion zone and a recirculation zone appears at the rear end of the guide vane and exhaust
pipe, leading to higher energy loss at this position. Correspondingly, the time-averaged
entropy production, turbulent entropy production, and wall entropy production are in-
creased from 2.4 × 10−4 W/K, 1.7 × 10−3 W/K, and 1.2 × 10−3 W/K to 3.9 × 10−4 W/K,
7.5 × 10−3 W/K, and 1.9 × 10−3 W/K.
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Figure 26. Entropy dissipation rates and wall shear at different exhaust pipe angles.

4. Conclusions

A study of the separation performance of the axial cyclone separator was performed
using the RNG k − ε model based on the entropy production model. The effects of blade
number, blade outlet angle, and blade shape on the separation performance are considered.
In addition, the influence of guide cone diameter, exhaust pipe diameter, and exhaust pipe
shape are investigated.

Numerical simulation shows that a higher performance of an axial cyclone separator
can be achieved by an appropriate structure design. Increasing blade number, decreasing
blade outlet angle, and choosing the L blade form increase the separation efficiency. Further-
more, a larger guide cone diameter, a smaller exhaust pipe diameter, and a large exhaust
pipe inclination angle can also improve the separation efficiency. All of these methods can
lead to a larger pressure drop and entropy production due to a higher turbulence dissipa-
tion entropy and wall entropy, which is a main reason for energy loss. Our results provide
new insights into the particle separation processes and give practical recommendations for
improving the dust removal performance of industrial axial flow cyclone separators.
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