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Graphical abstract 
 

 

Abstract 
 

A numerical simulation technique was employed to model the two phase flow in cyclones 

using computational fluid dynamics (CFD). Three different inlet angles of cyclone, including 

45, 0 and -45 degrees were compared to describe the efficiency of the conventional 

cyclone with the modified inlet angle ones. The results showed that the interaction 

between solid particles in dilute system could be neglected. The pressure drop was 

decreased when the inlet angle of the cyclone increased. The cyclone with 45 degrees 

inlet angle tended to have the lowest pressure drop. The collection efficiency was 

improved with 45 degrees inlet angle due to high swirling motion of gas flow.  
 

Keywords: CFD, collection efficiency, pressure drop, cyclone, inlet section angle 

 

© 2016 Penerbit UTM Press. All rights reserved 

  

 

 

1.0  INTRODUCTION 
 

Cyclone is one of the most popular devices used in 

many industrial processes in order to reduce solid 

emission by capturing and separating the solid 

particles using centrifugal and gravity forces since it is 

compact, low capital cost and easy to maintenance 

[1]. Adding cyclone to the circulating fluidized bed 

reactor leads to higher overall process chemical 

reaction due to the unreacted solid particles is able 

to re-enter the reactor. As a fundamental of cyclone, 

gas and solid particles are transported into cyclone 

inlet and moved toward the wall in swirling motion. 

The particular size of the solid particles will be 

separated. The solid particles hit the wall, lost their 

energy and fall into the dust bin. The gas then moves 

out the cyclone at the top [2].  

Two parameters that most researchers used to 

assess the performance of cyclone are pressure drop 

and collection efficiency. The collection efficiency is 

identified as the portion of specific solid particle size 

that is captured by the cyclone [3] while the pressure 

drop is more likely related to energy consumption 

with representing the operation cost of cyclone. 

Computational fluid dynamic is problem solving 

method using numerical method [4]. The calculation 

domain is divided into small control volumes. The 

calculation is based on conservation equations of 

momentum, mass, and energy. The flow 

hydrodynamics is derived based on Navier-Stokes 

equations [5, 6]. The employed differential equations 

then discretize into algebraic equations and solve 

using high performance computer.  

From previous literature studies, Yang et al. [7] 

suggested that the vortex length played important 

roles in cyclone efficiency. By increasing the cone 

height, the vortex length was extended resulting in 

the increase of collection efficiency. In contrast, if 
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vortex length was exceed over to the cone space, 

the efficiency tended to decrease. Wang et al. [8] 

composed that the position of the feed point gave 

different collection efficiency. In addition, a solid 

particle with the size above critical diameter tended 

to stagnate to the wall of cyclone cone. Bernardo et 

al. [9] studied the three-dimensional computation 

fluid dynamics of cyclone by varying three different 

inlet angles, 30, 45, and 60 degrees. The computation 

showed that the overall collection cyclone efficiency 

increased from 54.4% to 77.2% under the same 

operation condition. Qian and Wu [10] purposed a 

numerical method of flow behavior of talcum 

powder inside cyclone with inlet angle of 15, 30 and 

45 degrees. The results illustrated that the velocity in 

tangential direction at the cyclone center was slower 

than the outer vortex, which then drove the solid 

particles to flow toward the wall. This enhanced the 

cyclone performance and reduced the cyclone 

pressure drop.  

In this study, the three-dimensional model for two 

phase flow inside cyclone that has different inlet 

angle and particle size distribution using Euler-Euler 

approaches was developed to describe the 

efficiency of the conventional cyclone comparing 

with the modified inlet angle ones. The CFD 

simulations, which will describe in the next section, 

were used to explore the flow of the gas-solid 

particle. 

 

 

 
 

Figure 1 Cyclone design notations and dimensions. 

 
 
2.0  EXPERIMENTAL 
 

2.1  Computational Domain 

 

The cyclone design was originally based on Lim et al. 

double cyclone [11]. Figure 1 illustrates the drawing 

and the notations of the cyclone. Table 1 shows their 

designing values. The cyclone diameter and height 

were 46 mm and 99 mm, respectively. The cyclone 

inlet was modified to be inclined with the tangent 

line. The computational domain was divided into grid 

(mesh) with the sizes in the range of 22,000 to 190,000 

cells. A grid examination turned out that when the 

mesh is too coarse, the mesh can have a remarkable 

influence on the simulation results as shown by the 

pressure drop results in Figure 2. Therefore, it can be 

concluded that the mesh with 49,000 cells was 

adequate and the change in the result was very 

small when the number of cells was increased. This 

suggested that computational results were 

independent of the mesh size and it required less 

computational resources than it was at 190,000 cells. 

  
Table 1 Dimensions of cyclone design 

 

 

 
 

Figure 2 Grid independent test 

 

 

2.2  Mathematical Model 

 

ANSYS FLUENT 14.0 was used in this study to simulate 

the model. The numerical model was based on 

conservation equations and constitutive (from the 

kinetic theory of granular flow) equations of Euler-

Euler multiphase flow model. Correspondingly, each 

phase was solved separately. The drag force 

between solid particle and gas was calculated using 
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Parameter Value 

Inlet height, a (mm) 6 

Inlet width, b (mm) 12 

Inlet angle, θ -45°, 0°, 45° 

Outlet diameter, d (mm) 7 

Vortex finder diameter, De (mm) 7 

Vortex finder length (mm) 69 

Cyclone diameter, D (mm) 46 

Cylinder height, H (mm) 69 

Cone height, h (mm) 30 
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Wen-Yu drag model as the system was diluted [12]. 

This model is similar to Schiller-Naumann model with 

the modification of Reynolds number as following 

equations [13].  

 

𝐶𝐷 =
24

𝑅𝑒𝑝(1−𝜖𝑠)
[1 + 0.15 ((1 − 𝜖𝑠)𝑅𝑒𝑝)

0.687

 (1) 

 

𝛽 =  
3

4
𝐶𝐷

(1−𝜖𝑠)𝜖𝑠𝜌𝑔|𝑣𝑔−𝑣𝑠|

𝑑𝑠
(1 − 𝜖𝑠)−2.65 (2) 

 

Where,  

 

𝑅𝑒𝑝 =
𝑑𝑠𝜌𝑔|𝑣𝑔−𝑣𝑠|

𝜇𝑔
    (3) 

 

To simulate turbulence flow, the Reynolds stress 

model (RSM) with standard wall function was 

considered to be used as suggested by Wang et al. 

[8]. This model appeared to be in good agreement 

between the experiment and calculation, which was 

verified to use for predicting the flow pattern of solid 

particles inside cyclone reactor. The Reynolds stress 

model is described below: 

 

𝜕

𝜕𝑡
(𝜌𝑢𝑖

′𝑢𝑗
′) +

𝜕

𝜕𝑥𝑘
(𝜌𝑢𝑘𝑢𝑖

′𝑢𝑗
′) = 𝐷𝑖𝑗 + 𝑃𝑖𝑗 + Π𝑖𝑗 + 𝜀𝑖𝑗        

      (4) 

The stress diffusion term 

𝐷𝑖𝑗 = −
𝜕

𝜕𝑥𝑘
[𝜌𝑢𝑖

′𝑢𝑗
′𝑢𝑘

′ + (𝑝′𝑢𝑗
′)𝛿𝑖𝑘 + (𝑝′𝑢𝑖

′)𝛿𝑗𝑘 + 𝜇(
𝜕

𝜕𝑥𝑘
𝑢𝑖

′𝑢𝑗
′)] 

      (5) 

The shear production term 

𝑃𝑖𝑗 = −𝜌[𝑢𝑖
′𝑢𝑘

′ 𝜕𝑢𝑗

𝜕𝑥𝑘
+ 𝑢𝑗

′𝑢𝑘
′ 𝜕𝑢𝑖

𝜕𝑥𝑘
]   (6) 

 

The pressure-strain term 

Π𝑖𝑗 = 𝑝(
𝜕𝑢𝑖

′

𝜕𝑥𝑗
+

𝜕𝑢𝑗
′

𝜕𝑥𝑖
)    (7) 

 

The dissipation term 

𝜀𝑖𝑗 =  −2𝜇
𝜕𝑢𝑖

′

𝜕𝑥𝑘

𝜕𝑢𝑗
′

𝜕𝑥𝑘
    (8) 

 
The notation of each symbol in the model can be 

found in ANSYS FLUENT’s user guide [14].  

 

2.3  Boundary Conditions 

 

All the simulation was operated in a three-

dimensional space. The no-slip wall boundary 

condition was specified. Initially, a cyclone was filled 

with small amount of solid particles with uniform solid 

volume fraction for preventing the divergence 

problem at the simulation beginning. The gas then 

flowed in the system with the flow rate of 10, 20, 30 

and 40 L/min, respectively, with an equal solid 

volume fraction of solid particles. Polystyrene latex 

solid particles with a size of 0.5, 1.1, 2.0, 3.2 and 4.3 

µm and density of 1,050 kg/m3 were used in this 

simulation. The solid particle size distribution is shown 

in Table 2. The solid particles were supposed to be 

elastically reflected by the wall. The inlet was set as 

velocity inlet and both outlets were set as outflow. 

The summary of the simulation conditions are 

illustrated in Table 3. 

 

Table 2 Particle size distribution 

 

 
Table 3 Simulation conditions 

 

Parameter Value 

Multiphase model Euler-Euler 

Turbulence model Reynolds stress model 

Calculation scheme Phase coupled SIMPLE 

Spatial discretization Second order upwind 

Gas-solid drag model Wen-Yu 

Solid-solid drag model Syamlal-Obrien-Symmetric 

Inlet flow rate 10, 20, 30, and 40 L/min 

 

 

2.4  Overview of Experiment 

 

The experiments were initially performed to 

investigate the effect of solid-solid interaction 

between each particle size. The multi-size particles 

with equal volume fraction were fed into cyclone. 

Then, the mass flow rate of each size was recorded 

and calculated to obtain the collection efficiency. 

Afterward, the solid particle with normal size 

distribution and mono-size particle were studied. As 

mention above, the simulation results and numerical 

models were validated with the experimental result 

from Lim et al. [11]. Finally, three different cyclone 

inlet angles was explored. 

The CFD simulations were performed with 4th 

Generation Intel® Core™ i7 4.00 GHz processor with 

24 GB of memory. The iteration time was varied 

between 8-12 hours for each case. 

 

 

3.0  RESULTS AND DISCUSSION 
 

3.1  The Effect of Particle Size Distribution 

 

Figure 3 shows overall collection efficiency of 

cyclone when fed with multi-size particles, normal 

distributed-size particles, and mono-size particle. The 

result indicated that the collection efficiency for 

Diameter (µm) 0.5 1.1 2.0 3.2 4.3 

Solid weight 

percent  (%) 
8.72 18.27 32.09 27.35 8.73 
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each solid particle size distribution was very similar. It 

can be implied that in dilute system, the interaction 

between solid particles is negligible. This is because 

the interaction between the two phases is 

remarkably dominant. Therefore, the rest of the study 

was simulated based on multi-size solid particles.  

Figure 4 shows the tangential velocity contour of 

gas inside the cyclone after the system reached 

steady state. As the gas mixture entered the annulus 

cylindrical region, the vortex was built up in a swirling 

motion in the cylindrical part of cyclone downward 

toward the solids outlet. The main vortex in cyclone 

body was flowed with high velocity from inner wall 

approaching the outer wall which will be described 

in the next section. A small vortex with the moderate 

velocity was formed between the end of vortex 

finder and the cone. This vortex then drove the solid 

particles reversely up toward the gas outlet.  

Figure 5 shows the solid volume fraction contour 

of solid particle inside the cyclone after the flow was 

reached steady state. The solid particles were flown 

under the influences of centrifugal and frictional 

forces. The larger solid particles moved along the 

vortex and collide with the wall. The smaller solid 

particles were substantial entrained. The solid 

particles with the size above 2.0 µm were seemed to 

be accumulated in the cone of cyclone as shown in 

Figure 5 [15, 16], due to the gravitational and 

frictional forces between the solid particles and 

cyclone wall are higher than gas-solid particle drag 

forces.  

 
Figure 3 Cyclone collection efficiency with (a) multi-size 

particles feed, (b) normal distributed-size particles feed and 

(c) mono-size particle feed 

 

 
Figure 4 Tangential velocity contour of gas phase in cyclone 

with multi-size particles feed 

 

 
 (a) (b) (c) (d) (e) 

 

Figure 5 Solid volume fraction contour of solid particles in cyclone with different particle sizes, (a) 0.5 µm, (b) 1.1 µm, (c) 2.0 µm, (d) 

3.2 µm and (e) 4.3 µm
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3.2  The Effect of Inlet Angle 

 
3.2.1  Cyclone Pressure Drop 

 

Figure 6 displays the relation between gas flow rate 

and pressure drop. The changing of absolute 

pressure between cyclone inlet and outlet was 

calculated as the pressure drop. As of Figure 6, the 

cyclone pressure drop with -45° inlet angle using flow 

rate of 10 L/min could not be determined because 

gas velocity was too low to push the solid particles 

toward an inclined plane, which caused the solid 

particles to flow in reverse direction. The pressure 

drops were increased with the increase of flow rate 

as expected [17]. The cyclone pressure drop with the 

inlet angle of 45° was slightly lower than that of the 

cyclone with conventional inlet due to the solid 

particles with this cyclone geometry were driving 

towards the cyclone wall with the greater centrifugal 

force. Overall, the result trend clearly showed that, 

with the change of the inlet, the pressure drop was 

considerably decreased. The cyclone pressure drop 

is occurred because of the conveyance of gas and 

solid particles. The cyclone pressure drop is greatly 

increased corresponding to gas flow rate and solid 

particle loading.  

 

3.2.2  Cyclone Collection Efficiency 

 

This study result was found to be related with the flow 

study by Qian and Zhang [18]. Figure 7 displays the 

comparison of tangential velocity at the plane of Z = 

-69 mm and Y = 0 mm. The increasing inlet angle 

would seem to improve the collection efficiency. At 

higher inlet angle, the velocity in tangential direction 

was clearly noticeable. In case of positive inlet angle, 

the velocity in tangential direction near the inner 

vortex finder wall was slightly increasing toward the 

outer vortex. The high tangential velocity in the outer 

vortex drives the solid particles to proceed against 

the cyclone wall and lost their energy leads to the 

higher collection efficiency [10]. Figure 8 showed that 

the cyclone inlet angle could improve overall 

cyclone collection efficiency. For the cyclone with 

positive angle value, the solid particle flows reclined 

with the higher velocity as the higher gravity force 

and the lower frictional force between fluid and walls 

led to the higher tangential velocity as shown in 

Figure 7. For the cyclone with negative angle value, 

the gas phase moves slower because the air hit 

against the top wall of cyclone first and lost its energy 

caused the velocity of the flow to drop. In 

conclusion, cyclone inlet angle improved overall 

efficiency of the solid particle with the size of 4.3 µm 

by over 9% and slightly deceased as the solid particle 

size get smaller. However, both inclined and declined 

inlet angles improve the cyclone collection 

efficiency compared with conventional inlet section. 

 

 

 
Figure 6 Cyclone pressure drop with different inlet angle, 45° 

inlet angle (●), 0° inlet angle (+) and -45° inlet angle (▲) at 

flow rate of 10 to 40 L/min 

 

 
Figure 7 The tangential velocity profile, 45° inlet angle (●),  0° 

inlet angle (+) and -45° inlet angle (▲) at flow rate of 40 

L/min 
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Figure 8 Overall collection efficiency of cyclone with 

different inlet angle, 45° inlet angle (●), 0° inlet angle (+) 

and -45° inlet angle (▲) at flow rate of 40 L/min 

 

 

4.0  CONCLUSION 
 

A computational fluid dynamics was used to model 

the flow behavior in cyclones. The employed 

cyclones with five different inlet angles, 45, 0 and -45 

degrees were compared to determine which ones 

give better cyclone performance parameters. The 

obtained information then can be used for designing 

the cyclone. The results acquired from the study can 

be concluded as 

 

1) With the increasing of cyclone inlet angle, the 

cyclone pressure drop decreased. The cyclone 

with 45 degrees inlet angle tended to have the 

lowest pressure drop. 

2) The collection efficiencies of cyclone were 

significantly improved when the inlet angle of 

the cyclone was increased especially for the 

solid particles with the size greater than 2 µm. 

The cyclone with 45° inlet section angle was 

found to be the most desirable result for large 

particle size. The appropriate force balance 

inside the system is the reason for this obtained 

phenomenon. 

3) The higher inlet angle, the tangential velocity 

tended to be higher across the section, which 

leads to the greater overall collection 

efficiency. 

4) The solid particle interaction in dilute system was 

negligible. This is because the interaction 

between gas phase and solid particle phase 

was dominant. 
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