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ABSTRACT 
 

The efficient removal of fine dust from exhaust gas reduces the harm to human health and minimizes material waste. A 
circumfluent cyclone (CFC) was designed to perform with increased gas-solid separation efficiency and decreased pressure 
drop compared to conventional cyclone separators, and its flow pattern and velocity distribution were investigated. 
Commercial computational fluid dynamics software was used to simulate the 3D-gas-flow field using the Reynolds stress 
model (RSM). The simulation results (e.g., for the velocity profile, pressure drop, and separation efficiency) were in good 
agreement with the experimental results and indicated that about 78% of the gas flows directly out of the CFC through the 
inner cylinder and then the vortex finder, which significantly shortens the cleaned gas flow path and thereby reduces 
friction loss. The CFC also decreases the shortcut flow rate near the vortex finder entrance, reducing particle escape. 
Finally, the discrete particle model (DPM) was used to predict the flow pattern of particles of different sizes. 
 
Keywords: Circumfluent cyclone; Flow pattern; Separation efficiency; Pressure drop. 
 
 
 
INTRODUCTION 

 
Cyclone separators, which separate dispersed solid 

particles from a fluid suspension by centrifugal and vortex 
action, have played an important role in industry for the 
separation and recovery of fine particles. For a cyclone 
separator, collection efficiency and pressure losses are the 
main performance characteristics. 

Numerous studies have shown that many factors can 
affect the separation performance of separators, such as the 
geometric structure and dimension of a cyclone separator 
(Liu et al., 2018), particles size and distribution (Ma et al., 
2015), particle loading (Lin et al., 2018). Studies have been 
conducted to evaluate geometric effects on conventional 
cyclones, typically of the Stairmann and Lapple types 
(Lapple, 1951; Stairmand, 1951). For example, literature 
surveys (Avci and Karagoz, 2003; Lim et al., 2004b; Qian 
and Zhang, 2005) showed that the vortex length is vitally 
important for the prediction of collection efficiency. 
Gimbum et al. (2005) and Chuah et al. (2006) evaluated 
the effects of cone tip diameter on the collection efficiency 
and pressure drop of gas cyclones. Lim et al. (2004a) and 
Raoufi et al. (2008a) studied the effects of the vortex finder 
shape and diameter on cyclone performance, also reported  
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by El-Batsh (2013); Elsayed and Lacor (2013) and Brar et 
al. (2015a). The effects of inlet type on cyclone performance 
characteristics have been widely investigated, including 
single and double inlets (Lim et al., 2003; Zhao et al., 
2004), tangential inlet and spiral inlets (Zhao et al., 2004), 
inlet dimensions (Yang et al., 2013), different inlet section 
angles in relation to the cyclone body (Bernardo et al., 
2006; Misiulia et al., 2017), and symmetrical inlets with a 
volute scroll outlet (Martignoni et al., 2007). In addition, 
more parameters, such as cyclone height (Xiang and Lee, 
2005), dust outlet (Obermair et al., 2003), conical length 
(Yoshida et al., 2012; Brar et al., 2015b; Hamdy et al., 
2017), inlet temperature (Siadaty et al., 2017) and double 
conical section (Yoshida et al., 2001) have been considered 
in detail. Furthermore, various new cyclone models have 
been developed to improve performance parameters, such as 
the Lee type (Kim and Lee, 1990), semi-spherical cyclone 
(Ogawa et al., 1991), PV type (Tian et al., 1992), PoC type 
(Plomp et al., 1996), reverse flow cyclone (Jo et al., 2000), 
dynamic cyclone (Jiao et al., 2008), and square cyclone 
(Raoufi et al., 2009). Researchers have also proposed some 
changes in cyclone structure to improve collection efficiency. 
Abrahamson et al. (2002) installed different upstream bends 
in the feed pipe. Chmielniak et al. (2000, 2001) applied a 
vortex baffle to reduce the effect of vortices on separation 
efficiency. These research show that both the dimensions and 
the shapes of the cyclone separators all affect the separation 
performance. It means that the separation performance 
improvement could be achieved by optimizing cyclone 
structural or dimensions, or by a new structure design. 
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Based on the idea, we have designed a novel cyclone 
separator, called circumfluent cyclone (CFC), which has two 
differences in configuration compared with a conventional 
cyclone: (1) a concentric internal cylinder is installed in 
the main cylinder, and (2) the inlet duct is located at the 
bottom of the shell in the CFC rather than at the upper 
section in the conventional one. In our previous work (Wang 
et al., 2010), we reported the structure and separation 
performance of CFC. Our experimental results showed that 
the CFC had a higher separation efficiency and a lower 
pressure drop than the common one. It is well known that 
the velocity distribution and the flow pattern in a cyclone 
are closely related to its performance (Hsu et al., 2014). In 
order to understand the separation mechanism, we focus on 
the flow pattern and the velocity distribution in the CFC in 
this work. 

Numerical simulations have been widely used to predict 
the flow field characteristics inside a cyclone (Griffiths 
and Boysan, 1996). They provide better fundamental 
understanding and process optimization (Boysan et al., 
1982; Zhou and Soo, 1990; Chuah et al., 2006; Gupta and 
Kumar, 2007). The key to the success of numerical 
simulations lies with the accurate description of the turbulent 
behaviour of the flow (Griffiths and Boysan, 1996). The 
standard k-ε, RNG k-ε and realizable k-ε models are not 
optimized for strong-vortex flows found in cyclones (Bhaskar 
et al., 2007). Reynolds stress model (RSM) and large-eddy 
simulations (LES) are only effective turbulent models to 
simulate vortex flow in cyclones (Derksen and Van den 
Akker, 2000; Slack et al., 2000; Chuah et al., 2006; Zhao 
et al., 2006; Bhaskar et al., 2007). In general, RSM can 
yield an accurate prediction of vortex flow pattern, axial 
velocity, tangential velocity and pressure drop in cyclone 
simulations (Hoekstra et al., 1999; Chuah et al., 2006; 

Zhao et al., 2006; Bhaskar et al., 2007). LES has also been 
used to simulate vortex flow in cyclones (Derksen and Van 
den Akker, 2000; Slack et al., 2000). Because large eddies 
are resolved directly while small eddies are modelled in 
LES, the coherent fluctuations in cyclones can be explicitly 
resolved by LES as long as the resolution is sufficiently 
high. However, LES needs excessive computational effort 
and much CPU time. Moreover, recent studies also suggest 
that RSM can improve the accuracy of the numerical 
solution. Thus, RSM model was chosen in the all numerical 
tests in this work. 

In the present work, commercial computational fluid 
dynamics (CFD) software (FLUENT 14.0) was used to 
simulate the flow pattern and the velocity profiles of CFC. 
The computational investigation on the effect of the angle 
of the cone was also conducted. 

 
EXPERIMENTAL SETUP 

 
The main configuration of a CFC is shown in Fig. 1(a) 

and 1(b). The cyclone’s main dimensions are shown in 
Table 1. There are two configuration differences between a 
CFC and a conventional cyclone. One is that the CFC has 
an inner cylinder, which is situated in the main cylinder 
and plays a major role in the collection of fine particles. 
The other one is that the inlet duct is located at the bottom 
of the main cylinder in the CFC, rather than at the upper 
part in a conventional cyclone. 

The experiment procedure was that the fly ash in the 
feed hopper was blown into the gas pipe by pressure air, 
then dispersed and mixed with the gas from the air blower. 
The weights of the collected dust in the filter bag and dust 
hopper were then measured, by which the total collection 
efficiency of the cyclones can be calculated. The total

 

 
Fig. 1. CFC configuration and grids. (a) Physical map, (b) geometrical dimensions, and (c) cyclone separator mesh. Units 
in mm. 
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Table 1. The main dimensions of the CFC. 

Dimension (mm) a b D H Do Di Hc Dc 
CFC 25 50 138 240 50 90 365 50 

 

cyclone separation efficiency, η, is the percentage of the 
collected particles in dust hopper from the total particles 
entered into the cyclone. The mean size of fly ash particle 
diameter was approximately 10.2 µm; the density of the 
particles is 2800 kg m–3; and the solid loadings of particles 
are 15 g m–3. At the same time the pressure-drops over the 
cyclones were also measured by using a U tube water 
manometer. More detailed testing methods and procedures 
can be found in our previous work (Wang et al., 2010). 

 
NUMERICAL SETUP 
 
Turbulence Method 

FLUENT 14.0 was used to carry out calculations with 
reference to the conservation of mass and momentum 
equations. The conservation equation for mass in an 
incompressible Newtonian flow is: 
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where ρ is the fluid density, U is the fluid mean velocity, 
and the subscripts i denote direction. For the turbulent flow 
in the cyclones, the RSM was used in this study. The 
Reynolds stress transport equation is written as: 
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where u is the fluid fluctuating velocity. The two terms on 
the left-hand side are the partial time derivative of stress 
and the convective transport term, respectively. And the 
first and the second terms on the right-hand side are the 
stress diffusion terms, while the others are the stress 
production term, the pressure strain and the dissipation 
term in sequence. 
 
Particle Equation of Motion 

To calculate the trajectories of particles in the flow, the 
discrete phase model (DPM) was used to track individual 
particles through the continuum fluid. The particle loading 
in the cyclone separator is typically small (less than 12% 
volume fraction). Therefore, it can be safely assumed that 
the presence of the particles does not affect the flow field 
(one-way coupling) (Chuah et al., 2006; Raoufi et al., 
2008b). The equation of motion for an individual particle, 

including the effects of nonlinear drag and gravitational 
forces, can be written as: 
 

    / ,p
D p x p p

du
F u u g

dt
       (3) 

 
where up is the particle velocity, ρ is the fluid density, ρp is 
the density of the particle, and FD is the drag force, defined 
as: 
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where µ is the molecular viscosity of the fluid, Dp is the 
particle diameter, and CD is the drag force coefficient for 
the particles, and the Reynolds number, Re, is: 
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  (5) 

 
In FLUENT, the drag coefficients for spherical particles 

and non-spherical particles are calculated using the different 
correlations developed by Alexander and Levenspiel (Fluent 
Inc., 2005). The virtual mass force, the Basset force, the 
Saffman force, the Brownian force and the Magnus force 
can be neglected since the particles has a much larger 
density than the gas phase. Once the particle velocity field 
is calculated from the force balance discussed above, the 
trajectories of all the particles can be obtained using the 
following equation: 
 

.p
dx

u
dt

  (6) 

 
The collection efficiency was obtained by releasing a 

specified number (about 1140) of monodispersed particles 
at the inlet of the CFC and monitoring the number escaping 
through the outlet (Jiao et al., 2008). Collisions between 
the particles and walls of the CFC were assumed to be 
perfectly elastic. 

 
Numerical Method 

The momentum equations in fluid flows are expressed 
in terms of non-linear partial differential correlations. The 
finite volume method was used to discretize the partial 
differential equations of the model using the SIMPLE 
(Semi-Implicit Method for Pressure-Linked Equations) 
method for pressure-velocity coupling. The segregated 
solution algorithm was selected. The geometry and the mesh 
were created using the Design Modeler (DM) package of 
the ANSYS Workbench, starting from its primitives. The 
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computational grid was defined by hexahedral cells, non-
uniformly distributed, with a total of 676,500 cells. 
Numerical tests were carried out using 41,300, 676,500 
and 822,600 cells to determine the effect of mesh size on 
the calculated results. The results show that the differences 
in predicted velocities with 676,500 and 822,600 cells are 
negligible. The body-fitted technique was used once the 
grid system was established. The numerical calculation 
was made with the numerical grids shown in Fig. 1(c). The 
second-order upwind QUICK scheme was used to discretize 
the convection term in the model. For pressure, linear 
discretization was used. A convergence criterion of 1.0E-05 
was used for continuity in the x, y and z momentum 
equations, and the k, ε and other stress equations. 

 
Boundary Conditions 

Derksen (2003) established that the simulation accuracy 
is not affected by the inlet gas flow profile in terms of 
average velocities and fluctuation levels. Therefore, uniform 
inlet boundary conditions were assumed in this work. The 
inlet gas velocity and the particle velocity were both constant 
values. The boundary conditions at the outlet of the CFC 
were prescribed by zero stream-wise gradients for all flow 
variables. For gas phase, no-slip conditions were assumed 
at the wall. And for solid particles, a reflect condition was 

used at the wall, and the trap conditions were used at the 
dustbin wall and at the down flow. The air density is 
1.0 kg m–3, and the dynamic viscosity is 1.8E-5 Pa·s. The 
turbulent intensity equals 5% and the characteristic length 
is set to be 0.07 times the inlet width (Elsayed and Lacor, 
2010). 
 
Verification 

In order to verify the obtained results, we compared the 
predictions with the measured tangential velocity profiles at 
some axial stations using Hot-Wire Anemometers (HWA). 
The present simulation was compared with the measured 
tangential velocity profiles at some axial sections on the y-z 
plane (shown in Fig. 1). Fig. 2 shows that RSM simulation 
basically matches the experimental velocity profile. 
Considering the complexity of the fluid flow in the cyclones, 
the agreement between the predictions and measurements 
is considered quite acceptable. 

 
RESULTS AND DISCUSSION 
 
Flow Field in CFC 

Fig. 3 illustrates the flow pattern in the CFC. Figs. 3(a), 
3(b), 3(c) and 3(d) plot the velocity vectors, pressure 
distribution, tangential velocity and axial velocity, 

 

 
Fig. 2. Comparison of the time-averaged tangential velocity between the HWA measurements and the calculated results at 
some sections on the y–z plane. (—: model; ■: experimental) 
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Fig. 3. The velocity vector and the contour plots for the time-averaged flow variables. (a) Velocity vector, (b) pressure 
distribution, (c) tangential velocity, and (d) axial velocity. Top: the vertical plane x = 0, bottom: z = 20 mm. 

 

respectively, on the vertical plane x = 0 mm at the inlet 
velocity of 19 m s–1. As shown in Fig. 3, the gas flows first 
enter the inner cylinder and the vortex flow generated by 
the tangential inlet moves upward, meanwhile, most of the 
particles would be separated from the rotating gas flow. 
The upward flow divides into two parts when the vortex 
flow comes near the bottom of the vortex finder. One part, 
the pure separated gas, directly flows out of the CFC 
through the vortex finder. The other one with the fly ash 
particles flows into the annular space between the inner 
cylinder and the main cylinder, and continues to flow 
downward to the cone zone, in which the air is further 
separated from the dust. Thus, the CFC provides a new 
separation approach, different from that in a common 
cyclone. 

The time-averaged static pressure decreases radially 
from the wall to the centre. A low-pressure zone appears in 
the central forced vortex region due to high swirling 
velocity. The flow field indicates the expected quasi-
forced/quasi-free combination of the Rankine type vortex, 
with the inner vortex behaving like solid body rotation and 
the outer vortex behaving like the rotation of an inviscid 
fluid (Brar et al., 2015b). The difference is that two vortex 

motions all move up in the main cylinder, rather than the 
outer vortex moving down and the inner vortex moving up 
as in a common cyclone (Wang et al., 2006). 

 
Shortened Gas Flow Path in CFCs 

Figs. 4(a) and 4(b) show the sketch map of the flow 
pattern in the CFC and in a common cyclone, respectively. 
As shown in the figure, the gas (Qin) flows into the inner 
cylinder (Zone A in Fig. 4) and comes together with the 
flow (Q2) from the cone, then spirals upwards in the CFC. 
The upward flow separates into two parts around the bottom 
of the vortex finder. The major part Qout (see Fig. 4(a)), 
about 78% [= Qout/(Qout + Q2)], directly flows out of the 
CFC through the vortex finder. It means that the flow path 
of the main part of the gas only traverses the inner cylinder 
and the vortex finder. It is considerably shorter than the path 
in a convention cyclone, in which it traverses a complicated 
route through the main cylinder zone, the cone zone and 
the vortex finder (see Fig. 4(b)) based on the results in the 
literature (Derksen, 2003; Lee et al., 2006). This should 
indicate that the circumfluent cyclone (CFC) can reduce the 
air path, and thus decrease the friction loss and the pressure 
drop. 
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Fig. 4. The sketch map of the flow pattern. (a) CFC and 
(b) a common cyclone. 

 

Improved Cut Flow in CFCs 
Fig. 5 shows the velocity vector near the vortex finder 

entrance in the CFC Zone A and a common cyclone (Xu et 
al., 2016). Many studies showed that there is a shortcut 
flow at the entrance of the vortex finder in a reverse-flow 
cyclone separator (Derksen and Van, 2000; Xiang and Lee, 
2005). Moreover, the shortcut flow is significant, up to 

roughly 38% of the inlet flow rate, which escapes from the 
separator through the vortex finder inlet in a common 
cyclone separator (Xu et al., 2016). Fig. 5(a) shows the gas 
flow in the CFC vortex finder. Most clean gas enters the 
vortex finder, while the gas containing particles moves to 
Zone B (see Fig. 4(a)). There is little shortcut flow in the 
CFC separator. This indicates that the CFC can reduce the 
shortcut flow rate, prevent particle entrapment in the 
vortex finder, and thus enhance the collection efficiency. 

 
Effect of the Cone Angle 

Studies have shown that the cone dimension and cone 
angle have critical effects on cyclone performance 
characteristics in a common cyclone (Xiang et al., 2001; 
Brar et al., 2015b). The effects of the cone angle on the 
separation performance were investigated in the CFCs at 
the range of the cone angle from 18 to 30. Figs. 6(a) and 
6(b) show the variations with respect to cone angle of 
calculated separation efficiencies and pressure drops under 
different inlet velocities, respectively. The figures show 
that the separation efficiency first increases, and then 
decreases with the increase of the cone angle within the 
range of the inlet velocity from 22 to 30 m s–1, while the 
pressure drop shows a decline first followed by a rise. The 
turning point for both is around 24 for the cone angle. 
Such results differ from the results in a common cyclone, 
in which increasing cone angle leads to increasing the 
static pressure and the total pressure drop (Hamdy et al., 
2017). The main cause should be that cone zone has an 
important contribution for the pressure drop in a common 
cyclone, while it has a lesser effect in the CFC, due to the 
path difference of the main gas flow in the two kinds of 
cyclones. 

 
Particle Trajectory 

Fig. 7 shows the trajectories of particles with different 
diameters. As shown, the particles with diameters of 1–6 µm  

 

 
Fig. 5. The velocity vector near the vortex finder entrance. (a) CFC and (b) a common cyclone (Xu et al., 2016). 
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Fig. 6. The effect of cone angle on the separation performance. (a) Separation efficiency and (b) pressure drop. 

 

 
Fig. 7. Particle with different diameter trajectories (particle diameters from left to right are 1.0 µm, 2.0 µm, 6.0 µm). 

 

all flow into the inner cylinder and helically move upward 
around the inner cylinder wall. They move into the annular 
space by centrifugal force from the top of the inner cylinder 
and continue to flow downward to the cone zone. Afterwards, 
different diameter particles have different paths. 

Many 1-µm-diameter particles are carried into the centre 
of the inner cylinder and soon flow out of the cyclone from 
the vortex finder. The larger particles, with 6 µm diameter, 
flow further down to the cone zone and ash collector, then 

can be trapped. Most 2-µm-diameter particles spin down to 
the conical part and then keep spinning near the wall in a 
certain plane. This is probably because, with the decease of 
the radius at the conical zone, the tangential and axial gas 
velocities also increase. However, the increase rate of the 
tangential velocity is less than that of the axial component 
due to the former being almost inversely proportional to 
the radius, while the latter is roughly inversely proportional to 
the square root of the radius. Thus, the centrifugal force 
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and the axial component force on the particle all increase, 
but the former increases less. The particle will move up 
when the axial component force is larger than the sum of 
the gravity and the axial component of the gas drag force. 
If the axial component force is equal to the sum of the 
gravity and the axial component of the gas drag force, the 
particle will keep spinning at a certain height (Wang et al., 
2006). However, a small amount of 1-µm-diameter particles 
also keep spinning at a certain height. And very few 2-µm-
diameter particles would escape from the outlet. 

 
CONCLUSION 

 
The Reynolds stress model was used to simulate the 

flow pattern and flow velocity distribution in a CFC, 
which has an inner cylinder situated inside the main 
cylinder. The model’s applicability was verified by good 
agreement between the calculated and measured tangential 
velocities, pressure drops, and separation efficiencies. The 
experimental results (Wang et al., 2010) confirmed that the 
CFC exhibited a higher separation efficiency and a lower 
pressure drop than a conventional cyclone. Numerical 
results were used to explain why the CFC has superior 
performance. 

First, the flow pattern shows that the major portion of 
the gas flows directly out of the CFC through the vortex 
finder, which causes a smaller pressure drop. Second, the 
CFC reduces the shortcut flow rate near the vortex finder 
entrance. About 10% of the total flow escapes the cyclone 
through the vortex finder after being separated by the 
inertial force around the top of the inner cylinder, when the 
diametric ratio of the inner cylinder to the main cylinder is 
0.65. The diametric ratio affects the separation performance, 
an issue that will be studied in subsequent work. The 
numerical results also indicate that a cone angle of 24 
produces optimal separation performance. 
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NOMENCLATURE 
 
a Cyclone inlet width (m) 
b Cyclone inlet height (m) 
D Cyclone body diameter (m) 
Dc Cyclone dust outlet diameter (m) 
Di Cyclone inner cylinder diameter (m) 
Do Cyclone gas outlet diameter (m) 
H Cyclone cylinder height (m) 
Hc Cyclone cone height (m) 
v Gas inlet velocity (m s–1) 
Dp Particle diameter 
CD Drag coefficient 
g Gravitational acceleration 
ρp Particle density 

Re Relative Reynolds number 
u Gas velocity 
up Particle velocity 
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