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ABSTRACT: In this research, a numerical study was conducted to analyze a novel design 

 for overcoming the detrimental effect of high‑temperature operating conditions on the separation 

efficiency of a square-based cyclone. This kind of cyclone can be utilized in the Circulating 

Fluidized Bed (CFB) boiler and it was shown to become one of the most appropriate cleaning 

tools for high-temperature gases. Previous studies found that the separation efficiency of a cyclone 

reduced remarkably with the increment of inlet temperature resulting in weaker swirling flow 

over cyclones at extremely high temperatures. Hence, it is vital to develop an effective approach 

to prevent this detrimental impact. The novel cyclone design is based on the idea of altering  

the inlet shape on the flow field and enhancing the cyclone collecting efficiency in 

high‑temperature operating conditions. Three separate inlet configurations, namely flat, oblique, 

and curved inlets were particularly developed and investigated numerically through  

the Computational Fluid Dynamics (CFD) method to maximize the low separation efficiency  

of a square cyclone influenced by the high‑temperature operating condition. For simulating  

the flow of particles, the Eulerian-Lagrangian methodology is implemented for solving Unsteady 

Reynolds-Averaged Navier-Stokes (URANS) equations. The Discrete Random Walk (DRW)  

is utilized for modeling fluctuations of velocity. Numerical results indicated that using oblique 

and curved inlets generated a raising in pressure drop but they significantly improved  

the separation efficiency of the cyclone separator. Among all inlet shapes, oblique inlet 

dramatically enhanced the separation efficiency by up to 15% at an inlet velocity of 12 m/s. 
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INTRODUCTION 

Cyclones are used for a wide range of applications, 

including air pollution control and industrial-related 
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technologies. Gas cyclones have been proven as  

a crucial particle separation tool because of their 
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advantageous properties such as simplicity in design, 

reasonable operating costs, and excellent compatibility  

with harsh operating conditions [1]. Cyclones are  

often categorized as square or conventional [2-5].  

The conventional cyclone with a round cross-section was 

the most extensively utilized in the industry 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 

disadvantage with the growth of CFB boilers owing  

to the thick refractory wall needing a lengthy start-up time. 

A square cyclone can be used as an option to effectively 

deal with these limitations. This gas cyclone offers several 

benefits over the conventional circular cyclone, including 

design simplicity, and faster start-stop time [6-8]. The 

square cyclone is smaller than the 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 integrated with 

the boiler [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 characteristics. For example, 

Wasilewski et al. [10] focused on the flow field of a gas 

cyclone with different vortex finder sizes. Their study 

analyzed several vortex finder arrangements and 

determined that the geometric form of the vortex finder has 

a substantial impact on particle removal efficiency. 

Venkatesh et al. [11] experimentally and numerically 

considered three square cyclones that were connected  

in the series arrangement. Their experimental work  

was done to evaluate collection efficiency and pressure 

drop. Their series arrangement cyclone's collecting 

efficiency is predicted to be 61%. The series arrangement 

layout reduces the pressure drop to 14.3%. Moreover,  

the flow pattern outcome is more consistent with the 

experimental data. Safikhani et al. [12] numerically 

studied the particle separation efficiency of small square 

and round (traditional) cyclones. They found that the 

pressure drop in cyclones is less than that in round one.  

In a study, Fatahian et al. [13] demonstrated that 

incorporating a linearizer into a conventional or square 

cyclone improves particle separation efficiency.  

Fatahian et al. [14] computationally considered the effect 

of the dual inverse cone on the performance of the square 

gas cyclone. Their research confirmed that the dual inverse 

cone raises pressure drop and collection efficiency 

marginally.  

It is important to remove solid particles from a high-

temperature gas in various industrial operations, such as 

chemical material manufacturing, cleaning the outlet gas 

of industrial units' chimneys, and several operations  

in thermal power plants [15]. By utilizing proper materials 

and production techniques, a cyclone separator may be 

utilized in extreme working conditions. Thermo-physical 

properties of fluids change with temperature. As a result, 

the performance of a cyclone is affected by the temperature 

of its working fluid [15]. According to the existing 

literature, few studies have been done to consider  

the performance of cyclone separators under extreme 

operating conditions. Safikhani et al. [1] conducted  

a numerical analysis of the flow field in the new-style 

cyclones with five distinct wall temperature profiles.  

This new design was developed on the concept of 

expanding the vortex length to boost cyclone collection 

efficiency and pressure drop. They revealed that in all 

temperature profiles, the novel design cyclones exhibited 

better separation efficiency and reduced pressure drop, 

proving their advantages over their conventional ones.  

Gimbun et al. [16] explored the role of temperature and 

velocity on cyclone pressure drop. They realized that when 

the inlet temperature goes up, the pressure drop reduces. 

Karagoz and Kaya [17] analyzed the heat transfer 

characteristics in the cyclone separator. They proved that 

heat transfer from gas cyclone walls started to rise  

as inflow velocity increased. Siadaty et al. [15] carried out 

a detailed examination to evaluate the influence of flow 

and particle temperatures on cyclone efficiency. Their 

results indicated that raising the inlet temperature reduces 

the maximum tangential velocity at a specific segment. 

Based on the above-mentioned literature review, it was 

found that the role of inlet temperature on separation 

efficiency and gas flow patterns for cyclone separators, 

particularly square cyclones, is still poorly known. In our 

previous study [18], the square cyclone performance under 

high‑temperature operating conditions was numerically 

analyzed using 3D CFD modeling. Computational results 

revealed that when inlet gas temperature increased, 

particle separation efficiency reduced considerably due to 

weaker swirling flow within gas cyclones. The majority  

of the past works lacked a sufficient method for overcoming 

the reduction in separation efficiency under high‑temperature  
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Table 1: Dimensions (D=200 mm) 

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

Square cyclone 0.5 0.75 0.2 1.2 2 4 0.25 

 

 
Fig. 1: Gas cyclone with a) Flat inlet b) Oblique inlet  

c) Curved inlet. 

 

operating circumstances. 

Therefore, the novelty of the present research is to 

present an appropriate design to overcome the negative 

impact of the high‑temperature operating condition on the 

efficiency of a square cyclone. To enhance the low 

separation efficiency of a square cyclone impacted by inlet 

temperature, three distinct inlet designs, namely flat, 

oblique, and curved inlets, were selected and numerically 

examined using the CFD approach. 

 

NUMERICAL ANALYSIS 

Cyclone geometry  

Fig. 1 depicts the gas cyclone with various inlet 

sections, such as flat, oblique, and curved inlets. Based on 

Su and Mao's [19] experimental results, the square cyclone 

(with a flat inlet) was created. The base cyclone's 

dimensions are also presented in Table 1. As it can be 

observed, only the inlet section's form was altered; all 

other components remained the same. 

 

 Mathematical formulations  

A 3D CFD simulation was done to consider the flow 

within the cyclone. The URANS equations for the 

incompressible flow can be defined as [20]:  

𝜕𝑢𝑖

𝜕𝑥𝑖
= 0                                                                             (1) 
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Where �̅�𝑖  represents the mean velocity, 𝑥𝑖 indicates the 

spatial position, 𝜌 is the gas density, and 𝜈 corresponds to the 

gas kinematic viscosity.  Here �̅� shows the mean pressure and 

𝑅𝑖𝑗 = 𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅  is the Reynolds stress tensor, where 𝑢𝑖
′ = 𝑢𝑖 − �̅�𝑖 

denote the 𝑖th fluctuating velocity component. 

For evaluating the flow within cyclones, the LES approach 

provides more accurate results than the Reynolds Stress 

Turbulence Model (RSTM), although it has a larger computing 

cost. In the present study, the RSTM [21] was utilized to 

analyze turbulent airflow in a square cyclone in the present 

CFD simulation. The RSTM computes differential transport 

equations for evaluating turbulence stress components, with the 

following turbulence production terms [21]: 
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where, 𝑃𝑖𝑗 can be defined as [31]: 
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with 𝑃𝑓  is the fluctuating energy production, 𝜈𝑡  

represents the turbulent (eddy) viscosity, and 𝜎𝑘 = 1, 

𝐶1 = 1.8, 𝐶2 = 0.6 are empirical constants. The transport 

equation for turbulence dissipation rate, 𝜀, is expressed as 

follows [22]: 

𝜕𝜀

𝜕𝑡
+ �̅�𝑗

𝜕𝜀

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
((𝜈 +

𝜈𝑡

𝜎𝜀)
𝜕𝜀

𝜕𝑥𝑗
) − 𝐶𝜀1 𝜀

𝐾
𝑅𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
−

𝐶𝜀2 𝜀2

𝐾
                                                                                        (5) 

𝐾 =
1
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′𝑢𝑖
′̅̅ ̅̅ ̅̅  represents the fluctuating kinetic energy, 

and 𝜀 corresponds to the turbulence dissipation rate. The 

values of constants are 𝜎𝜀 = 1.3, 𝐶𝜀1 = 1.44, 𝐶𝜀2 = 1.92. 

The CFD code Ansys Fluent 2021 R1 was used to 

model the two-phase flow by using the Eulerian-Lagrangian 

method. By solving momentum equations, the gas phase 

was assumed continuous in this methodology, whereas the 

solid phase (discrete phase) was solved by tracking 

particles through the flow field. Particle-particle 

interactions can be neglected if the dispersed second phase  
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Table 2: Thermo-physical properties [18,26,27] 

T (K) ρ (kg/m3) μ×105 (Pa.s) 

293 1.188 1.7894 

700 0.4975 3.388 

 

has a low volume fraction. Since the particle volume fraction 

was lower than 10-3 in most zones, the interaction between the 

particles was negligible and the two-way coupling approach 

investigating the interaction between the particles and the gas 

stream was employed in the present work. The Discrete Phase 

Model (DPM) was adopted for evaluating particle trajectories 

in a Lagrangian reference frame by characterizing the density 

and size of individual particles. 

The stochastic tracking model may predict particle 

dispersion because of turbulence in the fluid phase. Through 

the adoption of stochastic methods, the stochastic tracking 

model incorporates the influence of fluctuations of 

instantaneous turbulent velocity on particle trajectories. In the 

present CFD simulation, to evaluate turbulent particle 

dispersion, the DRW model was utilized. The Rosin–

Rammler equation was employed to account for the particle 

size distribution. Morsi and Alexander [23] correlation is 

applied to calculate the drag coefficient of spherical particles 

in terms of relative Reynolds number (𝑅𝑒𝑝). 

The particle equation of motion is expressed as [24]:  

𝑑𝑢𝑝𝑖

𝑑𝑡
=

18𝜇

𝜌𝑝𝑑𝑝
2

𝐶𝐷𝑅𝑒𝑝

24
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                         (6) 
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18𝜇

𝜌𝑝𝑑𝑝
2

𝐶𝐷𝑅𝑒𝑝

24
(𝑢𝑖 − 𝑢𝑝𝑖) denote the drag force 

per unit particle mass. 

In Equation (6), 𝜌𝑝 and 𝑑𝑝 indicate the particle density 

and diameter, respectively, 𝐶𝐷 is the drag coefficient, 𝑢𝑖  

and 𝑢𝑝𝑖  represent the instantaneous gas and particle 

velocities, respectively. 𝑔𝑖  indicates the gravitational 

acceleration and 𝑅𝑒𝑝 denote the relative Reynolds number, 

which is described as: 

𝑅𝑒𝑝 =
𝜌𝑝 𝑑𝑝|𝑢−𝑢𝑝|

𝜇
                                                            (8) 

Where 𝜇 denotes the dynamic viscosity. 

 

Numerical setting  

The finite volumes method (CFD code Ansys Fluent 2021 

R1) was employed in this research to numerically solve the 

governing equations of gas flow. The present CFD simulation 

started with a steady solver (gas alone) for 10000 iterations 

before switching to an unsteady solver (particle tracking) with 

a time step of 10-4 seconds. The residence time was influenced 

by cyclone volume and the volumetric flow rate of the gas. 

The influence of turbulence was investigated using the RSTM 

and a standard wall function based on the strong swirl flow in 

a gas cyclone [2,18,25]. The case was modeled in which 

10,000 Fly ash particles with a density of 1989.7 kg/m3 were 

injected into the square cyclone from the inlet surface with a 

size distribution of 1 to 32 µm from a coal-fired boiler in a 

power plant.  

At the gas inlet segment, the inlet velocity boundary 

condition was specified, and it was supposed that the 

particle and inlet velocity of the gas was equal. The inflow 

velocity varies from 12 to 28 m/s. The hydraulic diameter 

was set to 0.0857 m and the turbulence intensity was set to 

4% [2,18]. The outflow was assumed for the gas exit. 

Furthermore, the cyclone walls had a no-slip condition, 

and the dust outlet segment was adjusted to trap the DPM 

condition. Table 2 presents details of thermo-physical 

parameters of the gas phase (air) including viscosity and 

density at low and high temperatures. The temperature data 

were selected to match the ranges of temperature which  

is reported in previous studies [18,26,27]. Heat transfer 

was not solved in the present study, and the gas flow  

was assumed to be isothermal but at diverse temperatures. 

On the other hand, the effect of the temperature 

dependence of gas thermo-physical properties on the 

performance of gas cyclones was analyzed.  

 

Grid independence study and validation 

The proper grid resolution is crucial to reveal the 

reliability of the numerical simulation. To verify the grid 

independence study, three different grid levels were adopted. 

In the first case, a coarse-type mesh was produced which 

contains 480,000 elements. In the second case, a medium-

type with 720,000 elements was developed. In the third 

case, a fine-type mesh with 1,080,000 elements was generated. 

Following that, Fig. 2 illustrates the pressure profiles for 

three different meshes at z/D=-0.25. The results confirmed 

mesh independence because the pressure difference 

between two subsequent meshes was less than 1%. 

Therefore, for all subsequent numerical simulations, a grid 

with 720,000 cells (medium mesh) was utilized. This mesh 

achieved a fair computational cost while maintaining  

a sufficient amount of grid independence. 
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Fig. 2: Radial static pressure profiles at v=12 m/s 

 
 

 

Fig. 3: Comparing the pressure drop with refs. [3,19] 

 

To gain confidence in the simulation, the results must be 

compared to existing numerical or experimental studies.  

The mesh validation refinement ratio is 0.9963, which is quite 

near to unity. Since the findings are in the asymptotic range 

and independent of the number of cells, the grid has been 

sufficiently refined. For validating the current computational 

model, the results were compared with the experimental study 

done by Su and Mao [19] and the numerical study of Su et al. [3] 

for the square cyclone depicted in Figs 3 and 4. The condition  

of CFD modeling was chosen to be similar to those utilized 

in previous studies [3,19]. The present finding agrees well 

with the experimental and numerical results published  

in previous works. The difference is less than 8%, which is 

within an acceptable range. This demonstrates that the 

present methodology is quite well to predict the 

performance of a square cyclone in terms of separation 

efficiency and other parameters. 

 

RESULTS AND DISCUSSION 

Tangential velocity 

Fig. 5 shows the influence of the inlet part on the tangential 

velocity distribution at z/D = -0.25 for a square cyclone  

 
Fig. 4: Comparing the separation efficiency with refs. [3,19] at 

v=20 m/s 

 

 

Fig. 5: Comparing the tangential velocity distribution 

 at z/D= -0.25 and v=12 m/s 

 

with v=12 m/s. 

The tangential velocity distribution in all gas cyclones was 

composed of a free vortex in the outer zone and a forced 

vortex in the interior region (V-shaped), which revealed the 

predicted Rankine-type vortex [18]. Tangential velocity is 

dispersed somewhat equally along the center axis of the 

square cyclone. 67Moreover, the zone between the inner 

and outer vortexes had the highest tangential velocity. A 

comparison of the findings revealed that changing the 

geometry of the inlet zone has a direct effect on the 

distribution of the tangential velocity. Tangential velocity 

profiles in the free and forced vortex zones differed 

dramatically when the inlet geometry changed from flat to 

oblique and curved. When the tangential velocity profiles 

at the wall remained relatively constant, both oblique and 

curved inlets substantially enhanced the tangential velocity 

in the other areas. The maximum tangential velocity was 

around 1.1 times the inlet velocity for the square cyclone 

with an oblique inlet, while it was expected to be 0.98 

times and 0.89 times the inlet velocity for the square 

cyclone with a curved inlet and 
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 Fig. 6 Comparing the tangential velocity at different gas 

temperatures a) Flat b) Oblique c) Curved inlets 

 

 
Fig. 7: Influence of inlet velocity on pressure drop at T=293 K 

 

 
Fig. 8: Influence of inlet velocity on pressure drop at T=700 K. 

 

a flat inlet, respectively. It is possible to derive that the 

cyclone with oblique and curved inlets generated greater 

tangential velocity values than the base cyclone. This 

demonstrated that the oblique and curved inlets might 

improve tangential velocity, resulting in a considerable 

augment in separation efficiency.  

Fig. 6 demonstrates the impact of inlet temperature on 

the tangential velocity profile for three distinct inlet 

geometries. For investigating the influence of gas 

temperature on tangential velocity, the minimum and 

maximum gas temperatures (T=293 K and T=700 K) were 

studied. Tangential velocity profiles along the wall remain 

essentially constant as the temperature of the gas rises, but 

tangential velocity profiles in free and forced vortex zones 

change significantly. The maximum tangential velocity of 

all cyclones fell considerably as the inlet temperature 

increased. Enhanced separation efficiency comes from 

higher tangential velocity. Therefore, the separation 

efficiency of the square cyclone was decreased at high 

temperatures. 

 

Pressure drop 

Fig. 7 demonstrates the pressure drop (Pa) for gas 

cyclones with various inlet geometries versus inlet 

velocity. In general, when the inflow velocity increased, 

the pressure drop rose slightly. The inlet angle has a direct 

impact on the direction of gas entry, which affects pressure 

drop and separation efficiency. Consequently, the inlet 

direction and shape are critical elements for cyclone flow 

pattern and performance. It is apparent that altering the 

design of the inlet section had a substantial impact on 

cyclone performance and flow pattern since it directly 

altered the entering direction of gas flow. When compared 

to the base square cyclone with a flat entrance, both square  
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Fig. 9: Comparison between separation efficiencies of all 

cyclones at v=12 m/s.  

 

cyclones with oblique and curved inlets had a larger 

pressure drop. This was more noticeable at lower inlet 

velocities, particularly at v=12 m/s. Using an oblique inlet 

enhanced the pressure drop by roughly 43% compared to 

the cyclone with a flat cyclone. 

Fig. 8 clearly shows the changes in pressure drop 

versus inlet temperature. It is evident that the pressure drop 

is augmented by raising inlet velocity, a trend that has been 

seen in previous studies [2,5]. Increasing the inlet 

temperature substantially reduced the pressure drop in all 

circumstances. This was more visible at higher inflow 

velocities when the cyclone was dominated by a swirl 

flow. This is defined as an augmentation in dynamic 

viscosity produced by the increment of inlet flow 

temperature, which causes greater shear stress and a 

reduction in fluid tangential velocity in the cyclone body. 

The greater the fluid's tangential velocity, the larger the 

dissipation. This is why pressure drops significantly at low 

temperatures. So when the density of the gas raises and the 

viscosity reduces at low temperatures, the tangential 

velocity raises, increasing pressure drop. 

 

Particle Separation Efficiency 

Fig. 9 shows the effect of inlet temperature on the 

separation efficiency of a gas cyclone with flat, oblique, 

and curved inlet configurations at v=12 m/s. The 

separation efficiency was found using the DPM model 

based on the number of particles exiting from the bottom 

outlet. For comparison, a particle size of dP=16 m is 

chosen. It is evident that augmenting the inlet temperature 

caused decreasing the separation efficiency. It is mainly 

because when temperature increases, tangential velocity is 

reduced. At the lowest temperature (T=293 K), the  

maximum separation efficiency was estimated, while 

the lowest separation efficiency was attained at the highest 

temperature (T=700 K). By increasing the inlet temperature 

from 293 K to 700 K, the separation efficiency of the cyclone 

with a flat inlet was reduced 23%. This was attributed to 

higher tangential velocity being generated as the inlet velocity 

raised. By comparing the separation efficiency of all square 

cyclones, it was concluded that the inlet configurations had a 

substantial effect on the cyclone's performance. Only the 

square cyclone with oblique and curved inlets yielded higher 

separation efficiencies than the flap inlet cyclone at both 

temperatures. Consequently, the suggested oblique inlet 

shape enhanced separation efficiency, particularly at higher 

inlet temperatures. Using oblique and curved inlet shapes 

instead of the inlet shape considerably helped the cyclone in 

collecting particles, indicating the possibility to operate at 

higher inlet temperatures. 

 

CONCLUSIONS 

The inlet temperature influence on the flow field and 

separation efficiency of the square cyclone at low and high 

temperatures were examined in the present research using 

CFD modeling. In order to augment the separation 

efficiency of the cyclone in high-temperature operating 

conditions, only the inlet shape is modified and other parts 

of the cyclone have remained unchanged. The Eulerian-

Lagrangian technique was utilized to analyze the airflow 

and particle dynamics in the square cyclone. The precision 

of CFD modeling was demonstrated by comparing 

predicted pressure drop and separation efficiency to 

experimental data of ref. [19] and numerical results of ref. 

[3], which showed good agreement. 

• Generally, the idea of altering the direction of 

incoming gas flow through the inlet segment was 

promising for performance improvement of the square 

cyclone. 

• Changes in inlet flow temperature harmed 

cyclone performance and flow pattern. 

• The maximum tangential velocity was derived 

about 1.1 times the inlet velocity with an oblique inlet, while 

it was expected 0.98 times and 0.89 times the inlet velocity 

with a curved inlet and square cyclone with the flat inlet. 

• When the inlet temperature was raised, the 

maximum tangential velocity of all cyclones decreased 

dramatically. 
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• By increasing the inlet temperature from 293 K  

to 700 K, the separation efficiency with a flat inlet was reduced 

23%. While using an oblique inlet instead of a flat one 

improved the separation efficiency by up to 15%. 
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