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ABSTRACT 

Although the particle adhesion is a classic problem in cyclones, it is not clearly 

understood in previous studies. This study was set out to determine factors affecting 

the micro-particle adhesion in an Acrylonitrile Butadiene Styrene (ABS) cyclone by 

developing a mesh-free simulation method to predict the dynamic motion of a single 

particle in a 2D horizontal section of the cyclone with the presence of the wall 

boundary layer. Simulation results showed that the centrifugal force played a minor 

role on the particle adhesion but it was important on the transportation of the particle. 

In contrast, the electrostatic force was important on the particle adhesion but it was 

not important on the transportation of the particle. Moreover, simulation results 

suggested that the particle adhesion can be reduced by increasing the inlet velocity of 

the cyclone or by increasing the coefficient of restitution (CoR) of the particle-wall 

collision. In contrast, the particle adhesion can be increased by increasing the radius 

of the cyclone, the particle charge and the coefficient of friction (CoF). Furthermore, 

simulation results on the effect of the inlet velocity and particle charge were validated 

by experimental results. 
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Nomenclature 

a Width of cyclone inlet [m] 

b Height of cyclone inlet [m] 

d Diameter of cyclone tip [m] 

D Diameter of cyclone cylindrical body [m] 

De Diameter of cyclone vortex finder [m] 

Hc Length of cyclone cylindrical body [m] 

L Length of cyclone conical body [m] 

Ra Surface roughness [m] 

S Length of cyclone vortex finder [m] 

th Thickness of vortex finder [m] 

𝑈𝜃 Flow tangential velocity [m·s-1] 

𝑈𝑖𝑛 Inlet velocity of cyclone separator [m·s-1] 

𝑈𝑟 Flow radial velocity [m·s-1] 

x Diameter of particle [m] 

𝜃 Tangential location of particle [1] 

�̇� Tangential velocity of particle [s-1] 

r Radial location of particle [m] 

𝑟0 Initial radial location of particle [m] 

�̇� Radial velocity of particle [m·s-1] 

𝐹𝑆𝜃 Tangential aerodynamic force [m·s-2] 

𝐹𝑆𝑟 Radial aerodynamic force [m·s-2] 

𝐹𝐶 Centrifugal force [m·s-2] 

𝐹𝐸 Electrostatic force [m·s-2] 



𝐹𝑉 van der Waals force [m·s-2] 

𝐹𝑐 Capillary force [m·s-2] 

𝐹𝐹 Friction force [m·s-2] 

dt Time step [s] 

𝜏 Particle relaxation time [s] 

𝜌𝑝 Particle density [kg·m-3] 

𝜇 Flow dynamic viscosity [kg·m-1·s-1] 

휀0 Dielectric constant of free space [kg-1·m-3·A2·s4] 

q Particle electrostatic charge [A·s] 

e Elementary charge [A·s] 

R Radius of cyclone separator cross section [m] 

Q Cumulative particle charge [A·s] 

�̇� Number flux rate of particles [s-1] 

�̇� Mass flux rate of particles [kg·s-1] 

 

Abbreviations 

CoF Coefficient of Friction 

CoR Coefficient of Restitution 

TCG Triboelectric Charge Generator 

 

1. Introduction 

In the particle handling area, cyclones are popular used devices, due to its simple 

geometry and robust performance. During operation, particle adhesion can block the 

cyclone, which is unwanted. Therefore, it is necessary to avoid particle adhesion in 

cyclones (O’Callaghan and Cunningham, 2005). So far, in the industry application, 

some methods to reduce particle adhesion are used. For example, the use of jet flow 



tube to blow away particle adhesion (Huang et al., 2013; He et al., 2014); adding a 

portable rod to scrap and remove particle adhesion (Mozley, 1979); replacing the cone 

tip with a vibrating rubber nozzle in a commercial vacuum cleaner. 

A number of academic investigations have been carried out on analysing the particle 

adhesion in cyclones. Some of them dealt with visualizing particle adhesion patterns 

and identifying locations of particle adhesion patterns (Yuu et al., 1978; Bogodage 

and Leung, 2016). Houben (2011) discussed various forces that affect the particle 

adhesion in the cyclone. His findings suggested that the dominating forces on particle 

adhesion in a cyclone were the capillary force, the van der Waals force, the 

electrostatic force and the aerodynamic force, which agreed well with other 

researchers’ findings of the particle adhesion on the flat surface (Jones et al., 2002; 

Bowling, 1985; Corn, 1961; Cleaver and Yates, 1973; Mittal and Jaiswal, 2015). 

However, the flow condition in the cyclone was more complicated than the flat 

surface. For example, a sudden increase in particle adhesion behind the vortex end 

was reported by Peng et al. (2007). Zhou et al. (2017) suggested that the sudden 

increase in particle adhesion was due to low wall shear stress, i.e. weak aerodynamic 

force, behind the vortex end at the cyclone tip. In addition, Song et al. (2017) found 

that the amount of particle adhesion in the cyclone was not uniform on the outer 

surface of vortex finder, which was caused by the local uneven particle concentration.   

In the cyclone, the particle adhesion is a dynamic process that involved the 

transportation of particles from a faraway location to the wall surface. In previous 

study (Houben, 2011), particle adhesion is mainly considered in a steady state, that 

particle is on the surface. In the steady state, van der Waals force is the dominate force 

on particle adhesion. However, from the view of dynamic process, the kinetic energy 

of particle is also important. If particle keeps moving, adhesion will not form. 

Whether electrostatic force and centrifugal force can increase the kinetic energy of 

particle is unclear. Therefore, the electrostatic force and the centrifugal force might be 

more important, because the electrostatic force was found to account for the 

transportation of particles to the wall (Lim et al., 2012) and the centrifugal force 



pushed particles moving towards the wall.  

In order to explore the transportation of particles from a faraway location to the wall 

surface in the cyclone, the computational fluid dynamics (CFD) simulation was a 

popular choice (Wang et al., 2006; Chu et al., 2011). Although results of the CFD 

simulation were able to provide adequate knowledge on the particle trajectory and 

two-way coupled interactions, it was limited to predict the particle adhesion, because 

the particle adhesion was usually formed by micro-particles, of which the sizes were 

much smaller than mesh sizes on the wall in the CFD simulation. It meant that the 

CFD simulation usually overestimates the flow velocity in the wall boundary layer for 

the particle adhesion, unless using enough small mesh sizes or introducing a damp 

factor to correct the flow velocity (Houben et al., 2012). 

Even though CFD simulation can be improved for particle transportation and 

adhesion in the cyclone, effects of the electrostatic force and centrifugal force on 

particle adhesion have not been discussed in detail. Therefore, there is need to 

understand effects of the electrostatic force and centrifugal force on the particle 

adhesion in the cyclone. 

In this study, to overcome the limitation of the mesh size in the CFD simulation on the 

particle adhesion in the cyclone, a mesh-free simulation method was proposed. The 

flow velocity was continually interpolated by combining our previous CFD results 

with a linear flow velocity profile in the wall boundary layer. According to the 

interpolated flow velocity, the dynamic process of the particle adhesion that involved 

the transportation of a single particle from a faraway location to the wall surface in a 

2D horizontal section of the cyclone was simulated. The effect of the electrostatic 

force and centrifugal force on the particle adhesion was discussed based on the 

particle trajectory. Besides, factors affecting the particle adhesion in the cyclone were 

investigated. Experimental validations of the simulation were also conducted. 

2. Material and methods 



2.1. Particle and cyclone 

As plaster particles can easily form the adhesion, Thistle Dura-Finish plaster, 

manufactured by British Gypsum Ltd. was used in the experiment. The density of the 

plaster particle is about 2300 kg/m3. Before the experiment, plaster particles were 

stored in a sealed tank at the room temperature, so that particles were not wetted by 

the humidity. Samples of particles were diluted by air in a sedimentation tank and the 

particle size (in terms of dynamically equivalent diameter) was measured by a particle 

sizer (TSI 3321). The average size of plaster particles was 1.13 μm.  

The cyclone used in this study was made by Acrylonitrile Butadiene Styrene (ABS). 

Its configuration consisted of a tangential inlet, a cone shape body and a vortex finder, 

as shown in Figure 1. The dimensions of the cyclone are listed in Table 1. In this 

study, the particle adhesion in the cyclone was focused on the conical part of the 

cyclone, because most of particle adhesion occurred on this part. The conical part had 

a surface roughness of Ra = 7.63 μm (measured by Keyence VK-X200K 3D Laser 

Scanning Microscope). Before the experiment, the cyclone was washed by the water 

and dried in the air to have a clean surface. 

Table 1 Dimensions of the cyclone used in the experiment 

Feature Dimension, mm Feature Dimension, mm 

a 5 S 13.55 

b 11.6 Hc 12.1 

D 35 L 87.11 

De 8.54 d 6.6 

th 1   

* Measurement errors are within 0.01 mm 

 

 

 



 

Figure 1 Illustration of a typical cyclone and its key dimensions 

2.2.Experimental methods 

The experiment test was designed to validate the simulation. The test rig consisted of 

a triboelectric charge generator (TCG), a cyclone, a fibre filter, an air pump with a 

pump voltage adjustor and sensors for pressure and mass flow rate measurement, as 

shown in Figure 2.  

In order to generate the particle charge, the TCG was made from a commercial 

vacuum cleaner. During the experiment, the TCG was operating at a fixed air flow 

rate (2000 L/min). Particles were prepared and fed into the TCG through the shaker 

(model V20/PA100 manufactured by Gearing &Watson Ltd.) at a stable load rate. On 

the side wall of the TCG, a hole (around 10 mm diameter) was drilled. A tube with a 

diameter of 10 mm was placed as a bridge to connect the cyclone to the TCG. By 

running the air pump (model Secoh JDK-S-500, ATAC Ltd., Maidstone, UK), a small 

portion of the dusty air (105 - 150 L/min) would move into the cyclone from the 



TCG.  

During the experiment, the mass flow rate, the pressure drop and the particle charge 

were measured. The mass flow sensor (model TSI 40241, TSI Ltd.) was located 

behind a fibre filter. The pressure sensor (Sensortechnics HDIM series, 

Sensortechnics Ltd., Rugby, UK) was placed across the cyclone separator for pressure 

drop measurement. Both the mass flow sensor and the pressure sensors produced 

voltage signals. An NI card (model NI PCI-6221, National Instruments Ltd., 

Newbury, UK) was used to record the voltage signals, with a sampling rate of 200 Hz. 

To quantify the particle charge, a short section of the inlet tube of the cyclone 

separator was made by conductive steel, as shown in Figure 3. It allowed the particle 

charge to be measured by the electrostatic charge sensor, which was a digital coulomb 

meter (model XJC-205-010F, full scale ±1999 nC, Fisher-Scientific, UK). It was 

noted that the digital coulomb meter read the cumulative particle charge over time. 

The duration of each test was 20 minutes. 

After the experiment, the level of particle adhesion was indicated by its weight, which 

was measured by a digital weight scale (model Kern PCB 100-3, RS-online, UK) with 

a resolution of 0.001 g. The environmental temperature and humidity during the 

experiment was 20±2℃ and 50±5% RH, respectively. The variation of room 

pressure was less than 5% of 101 kPa over one year, according to the data from centre 

of atmospheric science in the university. Thus, the test environment condition is 

regarded as constant. 

Effects of two factors were examined with this test rig. They were the particle charge 

and the inlet velocity of the cyclone. With the TCG, particles were charged due to 

triboelectric effect. The condition that particles had the charge was defined as the 

charged condition. In contrast, the TCG was removed so that the uncharged condition 

with zero particle charge was achieved. The variation of the inlet velocity of the 

cyclone was achieved by using the pump voltage adjustor to control the flow rate.  

The inlet velocity and particle load rate for different tests were listed in Table 2. 



Table 2 Flow rate and particle load rate for different conditions 

 Inlet velocity, m/s Particle load rate, g/min 

Effect of particle charge 30 0.029 - 0.101 

Effect of inlet velocity 30 - 43 0.101 

 

 

Figure 2 Experimental test rig 

  

Figure 3 Measurement technique of particle charge 



2.3. Simulation methods 

2.3.1. 2D model of the particle dynamic motion in the cyclone 

As the particle dynamic motion in a cyclone was complicated, a simplified model, 

focusing on a single spherical particle moving in a horizontal cross section of a 

smooth cyclone, was proposed to describe the 2D particle dynamic motion in the 

cyclone, as shown in Figure 4. A fixed polar coordinate was defined to locate the 

particle. The 𝜃-direction was the tangential direction and 𝑟-direction was the radial 

direction. The flow was assumed to be swirling in the whole cross section.  

 



Figure 4 2D model of the particle dynamic motion in the cross section of the cyclone 

According to the model, the motion of the particle was classified into three stages. 

They were the flying stage, collision stage and friction stage. The flying stage was 

defined as the period when the particle did not contact with the wall. In this period, 

the particle was mainly affected by the air flow. The collision stage was the 

instantaneous period when the particle-wall collision occurred. The friction stage was 

the period when the particle was on the wall surface. The particle was allowed to be 

submerged into the wall surface at the collision stage and friction stage, as it can 

represent the deformation of the particle on the wall surface. The submerge distance 

was set to be 1/10 of particle diameter. 

The state of the particle was written by [𝜃 �̇� 𝑟 �̇�], where 𝜃, 𝑟 was the location of 

the particle centroid, and �̇�, �̇�  was the particle centroid velocity in the relevant 

direction. The forces acting on the particle in the cyclone were shown schematically 

in Figure 5. These forces included the aerodynamic forces in two directions 

(𝐹𝑆𝜃, 𝐹𝑆𝑟), the centrifugal force (𝐹𝐶), the electrostatic force (𝐹𝐸), the van der Waals 

force (𝐹𝑉), the capillary force (𝐹𝑐) and the friction (𝐹𝐹). The gravity was neglected, 

as it much smaller than the aerodynamic forces in cyclone (Hoffmann and Stein, 

2002). It was noted that all these forces were normalized to the particle mass. 

 

Figure 5 Forces acting on an invididual particle in the cyclone 

In flying stage, Newton’s second law is applied. In collision stage, elastic collision 

model is applied. In friction stage, a sliding detachment model (Wang, 1990) was 



adopted. The general equations of the particle dynamic motion were given as below: 
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(3) 

Where t is the time, 𝑑𝑡 is the time step, and the CoR is the coefficient of restitution. 

In this study, some simplifications on estimating forces were applied. The 

aerodynamic force was assumed to be the Stokes’ drag, as the lift force was smaller 

than the Stokes’ drag in an order of magnitude (Hoffmann and Stein, 2002). The near 

wall effect on the Stokes’ drag was not considered, at it did not change the Stokes’ 

drag in an order of magnitude (O’Neill, 1968). The electrostatic force was determined 

by the Coulomb’s law between a single particle and a conducting infinitely long flat 

surface, as the particle was much smaller than the size of the wall curvature. The van 

der Waals force and capillary force were assumed to be zero, as they were constant in 

the experiment. Because, velocity is the integration of acceleration (force/mass) and 

position is the integration of velocity, a constant van der Waals force and capillary 



force will lead to a constant shift in velocity and position but remain the curve trend 

the same, compared with the zero assumption. Thus, the effect of van der Waals force 

and capillar force was regarded as the base value that was set to be zero. Actually, a 

lack of experimental data on determining the van der Waals force and capillary force 

limits an accurate prediction of these two forces. 

According to above simplifications, forms of thoses forces (normalized to the particle 

mass) acting on the particle were written as below: 
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(4) 

Where 𝑈𝜃, 𝑈𝑟  is the flow velocity in the relevant direction, 𝜏 = 𝜌𝑝𝑥2 18𝜇⁄  is the 

particle relaxation time, 𝜇 is the flow dynamic viscosity, 휀0 is the dielectric constant 

of free space, 𝑅  is the radius of cyclone cross section, CoF is the coefficient of 

friction, and 𝜌𝑝, 𝑥, 𝑞  is the particle density, diamter and electrosatic charge, 

respecitvely. (A detailed derivation of Equation (4) can be found in Appendix) 

2.3.2. Mesh-free simulation treatment 

In order to have a better resolution of the boundary layer flow velocity, a mesh-free 

simulation treatment was developed. First of all, the tangential velocity profile of the 

swirling flow in the cyclone was generated. It was set to follow the theoretical 

‘Rankine vortex’ that contained a ‘solid-body rotation’ and a ‘loss free vortex’.  

Secondly, a boundary layer velocity profile with a constant velocity gradient was 



created to modify the tangential velocity profile in the near wall region. Although the 

created boundary layer only revealed the linear viscous sublayer, it was acceptable to 

use this created boundary layer to represent the whole boundary layer, because the 

purpose of creating the boundary layer velocity profile was to decrease the flow 

velocity rapidly in the near wall region. 

The tangential velocity profile was given based on our previous CFD simulation 

results (Zhou et al., 2017). As shown in Figure 6, the maximum tangential velocity 

was 2.4𝑈𝑖𝑛(𝑈𝑖𝑛  is the inlet velocity of the cyclone), the radius of the ‘solid-body 

rotation’ was 0.3𝑅, and the thickness of the boundary layer was given as 0.05𝑅. In 

addition, the radial flow velocity and the turbulence were assumed to be zero. 

 

Figure 6 Generated tangential velocity profile for the mesh-free treatment 

2.3.3. Simulation conditions 

A case-study approach was adopted to determine factors that may affect the particle 

adhesion in the cyclone. Parameters used in different cases were determined based on 

our experimental conditions. Firstly, some basic parameters were given. The particle 

density and size was 2300 kg/m3 and 1.13 μm, respectively. The flow dynamic 

viscosity was 1.8*10-5 Pa*s. The elementary charge was 1.60217662*10-19 C. The 

dielectric constant of free space was 8.859*10-12 F/m. Secondly, rest parameters were 

set as adjustable factors, covering possible values in the experiment. They had 



different values in different cases, as listed below: 

Table 3 Case-study of factors affecting the particle adhesion in cyclone 

 𝑟0 (mm) 𝑅 (mm) 𝑞 (C) 𝑈𝑖𝑛 (m/s) 𝐶𝑜𝑅 𝐶𝑜𝐹 

Case 0 0.1𝑅 10 100𝑒 30 0.5 0.5 

Case 1 0 - 𝑅 10 100𝑒 30 0.5 0.5 

Case 2 0.5 𝑅 3.3 - 17.5 100𝑒 30 0.5 0.5 

Case 3 0.5 𝑅 10 0 - 200𝑒 30 0.5 0.5 

Case 4 0.5 𝑅 10 100𝑒 10 - 50 0.5 0.5 

Case 5 0.5 𝑅 10 100𝑒 30 0 - 1 0.5 

Case 6 0.5 𝑅 10 100𝑒 30 0.5 0 - 1 

* 𝑟0 is the initial radial location of the particle, 𝑒 is the elementary charge 

‘Case 0’ was designed to study the particle trajectory in the cyclone, aiming to 

understand the typical particle dynamic motion. ‘Case 1’ to ‘Case 6’ were designed to 

investigate the effect of the particle initial location, the effect of the radius of the 

cyclone, the effect of the particle charge, the effect of the inlet velocity of the cyclone, 

the effect of the CoR and the effect of the CoF, respectively.  

The time step during different stages of the particle dynamic motion was adjusted to 

meet the requirement of different particle velocity in different stages. Typically, the 

time step was 1/10 of the particle relaxation time. The stopping criterion for the 

simulation was the time that the particle could move after the first collision occurring. 

It was set to be 104 times the particle relaxation time. In this work, the simulation was 

conducted by software Matlab 2012a. 

3. Results and discussion 

3.1. Simulation results 

3.1.1.Particle dynamic motion in the cyclone 

The simulation of ‘Case 0’ was carried out to have an idea of the particle dynamic 

motion in the cyclone. As shown in Figure 7(b), the particle entered the boundary 



layer after being released for a short time (around 0.005 s). Within this period (< 

0.005 s), the tangential location and the radial location of the particle had a large 

amount of increment, as shown in Figure 7(a) and Figure 7(b). Such a large 

increment was due to the relative high particle velocity in the ‘Rankine vortex’, as 

shown in Figure 7(c) and Figure 7(d).  

After entering the boundary layer (> 0.005 s), a considerable amount of growth in the 

particle tangential location and a fall of the particle tangential velocity was found, but 

the particle radial velocity was close to zero and the radial location almost remained 

the same. 

Interestingly, after the first hit occurring, the particle almost had no movement in the 

scale of the radius of the cyclone. This finding suggested that the majority of the 

particle transportation in the cyclone happened when the particle was not on the wall 

surface. The spiral particle trajectory in the cyclone is shown in Figure 8. After being 

released near the centre of the cyclone, the particle moved spirally towards the wall. 

In addition, forces on the particle, written in the form of acceleration, were monitored 

during the simulation, as shown in Figure 9(a) and Figure 9(b). It can be seen that 

the tangential aerodynamic force (𝐹𝑆𝜃) started at a high level and then decreased, as 

the particle velocity increased from zero to the flow velocity. When the particle 

velocity had exceeded the flow velocity, the tangential aerodynamic force turned to be 

negative. After the first hit occurring, it switched from the negative to positive, 

because the particle velocity was smaller than the flow velocity. As the particle-wall 

collision occurred repeatedly, the tangential aerodynamic force would fluctuate after 

the collision. 

Meanwhile, the radial aerodynamic force (𝐹𝑆𝑟) and the centrifugal force (𝐹𝐶) had 

almost the same trend but the opposite value before the first hit occurring. It was 

because the radial flow velocity was assumed to be zero, so that the centrifugal force 

was balanced by the radial aerodynamic force. However, after the first hit, the balance 

was broken down that the centrifugal force was smaller than the radial aerodynamic 



force, because the particle velocity was relatively small. In addition, it was found that 

the electrostatic force (𝐹𝐸) increased from zero to a considerable level rapidly, when 

the particle was approaching the wall. The reason was that the electrostatic force was 

in inverse proportion to the particle radial distance to the wall. As the centrifugal force 

and radial aerodynamic force were far smaller than the electrostatic force after the 

first hit, the friction (𝐹𝐹) was mainly derived from the electrostatic force.  

a 

 

b 

 

c 

 

d 

 

Figure 7 2D mesh-free simulation results of ‘Case 0’ on particle location and velocity 

(a) tangential location, (b) radial location, (c) tangential velocity, (d) radial velocity 

 



 

Figure 8 2D mesh-free simulation results of ‘Case 0’ on particle trajectory 

 

a 

 

b 



 

Figure 9 2D mesh-free simulation results of ‘Case 0’ on forces on particle (a) before 

first hit, (b) after first hit 

3.1.2. Factors affecting the particle adhesion 

An indirect indicator describing the ability of the particle detachment from the wall 

surface was chosen to quantify the particle adhesion. This indirect indicator was 

defined as the tangential distance that the particle could move after the first hit. It was 

normalized to the particle size, which could be written by 𝛿(𝑟𝜃)/𝑥. In the same time 

period after the first hit, if the particle had a shorter tangential distance, it meant that 

the particle was closer to the state of the adhesion. Otherwise, the particle was 

unlikely to form the adhesion, if the particle had a longer tangential distance. 

3.1.2.1. Effect of particle initial location 

The simulation of ‘Case 1’ was conducted to examine the effect of the particle initial 

location. Results of the effect of the particle initial location are shown in Figure 

10(a). It is clearly seen that the initial location does not affect the particle tangential 

distance after the first hit. The reason was that the particle velocity before the first hit 

did not change with the initial location, as shown in Figure 10(b). It was because of 

the boundary layer that damped the particle velocity, no matter what the initial 



location was. 

a 

 

b 

 

Figure 10 Effect of initial location (‘Case 1’) (a) tangential distance (b) particle 

velocity before first hit 

3.1.2.2. Effect of radius of the cyclone separator 

The simulation of ‘Case 2’ was conducted to evaluate the effect of the radius of the 

cyclone. Results of the particle tangential distance after the first hit and the particle 

velocity before the first hit are demonstrated in Figure 11(a) and (b), respectively. It 

can be seen that the tangential distance decreased with the increasing in the radius of 

the cyclone. The reason was that the velocity gradient in the boundary layer decreased 

as the thickness of the boundary layer increased with the increasing radius of the 

cyclone. This finding suggested that a smaller sized cyclone would have less particle 



adhesion, due to the higher velocity gradient in the boundary layer. The velocity 

gradient in the boundary layer also affected the particle tangential velocity before the 

first hit. However, the particle radial velocity remained the same, as the radial flow 

velocity was constant.  

a 

 

b 

 

Figure 11 Effect of radius (‘Case 2’) (a) tangential distance, (b) particle velocity 

before first hit 

3.1.2.3. Effect of particle charge 

The simulation of ‘Case 3’ was conducted to help understand the effect of the particle 

charge. Results of the particle tangential distance are shown in Figure 12(a). It can be 

seen that the tangential distance decreased as the absolute value of the particle charge 



increased. It was obvious that the sign of the particle charge did not affect the results, 

because the electrostatic force was proportional to the square of the particle charge.  

What stands out in this study was the rapid growth of the tangential distance when the 

particle charge was close to zero. The reason was that, when the particle charge was 

zero, there was almost no friction between the particle and the wall surface. Thus, the 

particle acted like hovering on the wall and could move far in a tangential direction.  

Meanwhile, the particle velocity increased with the increasing particle charge, as 

shown in Figure 12 (b). It was because the electrostatic charge force pushed the 

particle move towards the wall, resulting in a high particle radial velocity. 

Furthermore, as the particle had a high radial velocity, the particle tangential velocity 

did not have enough time to be damped to the local low flow velocity, resulting in a 

high particle tangential velocity. It was noted that the friction increased with the 

increasing particle charge as well. As a whole, there was a decline of the particle 

tangential distance when the particle charge increased. 

 

 

 

 

 

 

 

 

 

 



a 

 

b 

 

Figure 12 Effect of particle charge (‘Case 3’) (a) tangential distance, (b) particle 

velocity before first hit 

3.1.2.4. Effect of inlet velocity 

The simulation of ‘Case 4’ was conducted to assess the effect of the inlet velocity. As 

shown in Figure 13(a), the particle tangential distance increased linearly with the 

increase of the inlet velocity. As the tangential distance is proportional to particle 

velocity, which is almost equal to air flow velocity in the boundary layer, the 

tangential distance is proportional to air flow velocity in the boundary layer. Since we 

model the air flow velocity profile using the reference value of inlet velocity, the 

tangential distance increased linearly with the inlet velocity. Meanwhile, the particle 



tangential velocity before the first hit also had a linear growth with the increasing of 

the inlet velocity and the radial velocity was constant, as shown in Figure 13(b).  
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Figure 13 Effect of inlet velocity (‘Case 4’) (a) tangential distance, (b) particle 

velocity before first hit 

3.1.2.5. Effect of coefficient of restitution 

The simulation of ‘Case 5’ was conducted to obtain the information on the effect of 

the coefficient of restitution (CoR). Results of the particle tangential distance and the 

particle velocity are shown in Figure 14(a) and Figure 14(b), respectively. It can be 



seen that the tangential distance increased as the CoR increased. The incline ratio of 

the tangential distance also increased with the increasing of the CoR. The reason was 

that the CoR affected the collision between the particle and wall. With a larger CoR 

the particle can recover with a higher velocity after the hit, resulting in a higher radial 

distance and a longer tangential distance that the particle can move. Meanwhile, the 

particle velocity before the first hit did not change with the CoR, because the CoR 

only affected the particle motion after the hit. 

a 

 

b 

 

Figure 14 Effect of CoR (‘Case 5’) (a) tangential distance, (b) particle velocity before 

first hit 

3.1.2.6. Effect of coefficient of friction 

The simulation of ‘Case 6’ was conducted to provide the illustrations of the effect of 



the coefficient of friction (CoF). As shown in Figure 15(a), the tangential distance 

decreased linearly as the CoF increased. It was because the friction was proportional 

to the CoF. Meanwhile, the particle velocity before the first hit did not change with 

the CoF, as the CoF only affected the particle motion after the hit, see Figure 15(b). 
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Figure 15 Effect of CoF (‘Case 6’) (a) tangential distance (b) particle velocity before 

first hit 

3.2. Validation of simulation 

3.2.1. Effect of particle charge 



According to the simulation results, there was a relative large difference of the 

particle adhesion between the particle with charge and the particle without charge. In 

order to validate simulation results, the effect of particle charge (𝑞) was studied at the 

charged condition, compared with the uncharged condition. 

To isolate the effect of the particle charge, the flow rate of the cyclone was fixed at 

105 L/min in the experiment, resulting in an inlet velocity of 30m/s. Four levels of 

particle load rates were tested in the experiment. They were the ‘low level’, ‘medium 

level’, ‘high level’ and the ‘very high level’, corresponding to 0.029 g/min, 0.063 

g/min, 0.078 g/min, and 0.101 g/min, respectively. 

The cumulative particle charge was measured by the digital coulomb meter. The 

results are shown in Figure 16. It can be seen that the cumulative particle charge was 

close to zero at the uncharged condition. However, at the charged condition, the 

cumulative particle charge increased almost linearly as the time progressed until it 

reached the maximum measurement range of the digital coulomb meter.  

The measured particle charge could be estimated by following equations:  
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Where 𝑄𝑐 is the cumulative particle charge, �̇� is the number flux rate of particles, and 

�̇� is the mass flux rate of particles.  

Based on experimental results, the average single particle charge (𝑞) was about 38𝑒 

and 1𝑒 for the charged and uncharged condition, respectively. It was noted that 1𝑒 was 

regarded as zero charge because it was not able to achieve absolute zero charge in the 

experiment.  

As the inlet velocity of the cyclone was controlled to be 30 m/s, the average pressure 



drop of the cyclone in 20 minutes’ test was similar for both conditions, shown in 

Figure 17. It was found the average pressure drop was unlikely to be affected by the 

particle load rate, which was not the same as Chu et al. (2011) predicted in CFD. This 

was probably due to particle size and property were different in our experiment. In 

cyclone, particle-air interaction resulted in the change of pressure drop. Since particle-

air interaction was coupled with particle-particle interaction, it was likely that changes 

in particle size and property would lead to different pressure drops. 

After the experiment, the amount of the particle adhesion was weighed for both 

conditions, as shown in Figure 18. The weight of the particle adhesion at the 

uncharged condition was close to zero regardless of particle load rate, which meant 

that there was no particle adhesion occurring. At the charged condition, the weight of 

the particle adhesion increased with the particle load rate. Compared with the 

simulation results (see Figure 12(a)), results of the experiment confirmed that the 

particle charge was one of factors that affected the particle adhesion and a higher 

particle charge resulted in more particle adhesion. 

It was noted that Houben (2011) found that there was a critical particle load rate 

(equal to 0.252 g/min in our experiment) for the particle adhesion. Within the critical 

particle load rate, particle adhesion increased with particle load rate. After exceeding 

the critical particle load rate, particle adhesion decreased. Since our highest particle 

load rate was 0.101 g/min and our experimental results showed that particle adhesion 

increased with particle load rate, on this point, the experimental results agreed well 

with Houben (2011) that particle adhesion increased with particle load rate within the 

critical particle load rate (0.252 g/min). 



 

Figure 16 Measured particle charge at different particle load rate (flow rate 105 

L/min) 

 

Figure 17 Pressure drop of cyclone for charged condition and uncharged condition at 

different particle load rate (flow rate 105 L/min)  

 

Figure 18 Weight of particle adhesion for charged condition and uncharged condition 



at different particle load rate (flow rate 105 L/min) 

3.2.2. Effect of inlet velocity 

In order to examine the effect of inlet velocity (𝑈𝑖𝑛), particle charge and particle load 

rate was fixed at charged condition and ‘very high’ level of particle load rate, i.e. 

particle charge was 38𝑒 and particle load rate was 0.101 g/min. The flow rates were 

105 L/min, 115 L/min, 125 L/min, 135 L/min and 150 L/min, respectively, resulting 

in the inlet velocity of 30 m/s, 33 m/s, 36 m/s, 39 m/s and 43 m/s, respectively.  As the 

inlet velocity changed, the average pressure drop increased with the inlet velocity, 

shown in Figure 19.  

 

Figure 19 Pressure drop of cyclone at different flow rates (particle load rate 0.101 

g/min) 

After the experiment, the weight of the particle adhesion was measured, as shown in 

Figure 20. Compared with the simulation results (see Figure 13(a)), it was confirmed 

that the inlet velocity affected particle adhesion and a higher inlet velocity reduced the 

particle adhesion, which was the same as the simulation. It was noted that Houben 

(2011) also found that the particle adhesion decreased as inlet velocity increased. 



 

Figure 20 Weight of particle adhesion at different flow rates (particle load rate 0.101 

g/min) 

3.3. Discussion 

In previous study, it was believed that the centrifugal force acting on particle on the 

wall surface would be one of the causes of wall supporting force, especially when the 

particle was becoming larger (Wang et al., 2006). However, according to our 

simulation results, the centrifugal force was less effective when the particle was in the 

boundary layer, as the particle velocity in boundary layer was small.  

It was also found that most of the particle transportation in the cyclone occurred 

during the flying stage. Only a minor amount of the particle transportation was found 

when the particle was in the other stages. It meant that the electrostatic force was not 

that important on the transportation of the particle in the cyclone. However, as the 

friction force was mainly derived from the electrostatic force, the electrostatic force 

played an important role on the particle adhesion. 

Moreover, according to results of the case-study approach, factors affecting the 

particle adhesion in the cyclone were identified. The effect of the particle initial 

location was eliminated, because the particle velocity before the first hit did not 

change with the initial location. The radius of the cyclone, particle charge, inlet 

velocity, CoR and the CoF were found to affect the particle adhesion. In general, a 

small radius of cyclone with a high inlet velocity and high CoR can have less particle 



adhesion, by essentially increasing the particle velocity in contact with the wall. In 

contrast, a large radius of cyclone with a high particle charge and high CoF can have 

more particle adhesion, by increasing the friction force in essence.  

Experimental investigations on the effect of the particle charge and inlet velocity were 

conducted so as to validate the simulation. According to pictures of the particle 

adhesion and the weight of the particle adhesion, the particle adhesion was found to 

increase with the increasing of the particle charge. In addition, the experiment results 

showed that the particle adhesion decreased as the inlet velocity increased. Both the 

results of the particle charge test and inlet velocity test agreed well with our 

simulation results. Therefore, the simulation was validated by the experiment.  

4. Conclusion 

A 2D model of the single particle dynamic motion in the cyclone was proposed, 

including the flying stage, the collision stage and the friction stage. Based on this 

model, a 2D mesh-free simulation of the single particle was developed and conducted, 

aiming to understand how the particle adhesion occurs in the cyclone. Results of the 

2D mesh-free simulation were validated by the experiment. The findings of the 2D 

mesh-free simulation suggested that: 

• The boundary layer was important for the particle adhesion in the cyclone 

• The centrifugal force was less effective in the particle adhesion 

• The electrostatic force was critical in the particle adhesion 

• Most of the particle transportation in the cyclone occurred at the flying stage 

• The initial location of the particle did not affect the particle adhesion 

• The radius of the cyclone, the particle charge, the inlet velocity, the CoR and 

the CoF were found to affect the particle adhesion 

• A less charged particle in a small cyclone with a high inlet velocity would 



have less particle adhesion, when the CoR was large and the CoF was small. 

Otherwise, there would be more particle adhesion. 

5. Future work 

The findings of this study were limited to the simplifications in the simulation, as real 

conditions of the particle adhesion in the cyclone were much more complicated, 

including the unsteady flow, turbulence, particle-particle interaction, the non-spherical 

geometry of the particle and the wall surface property. We can forecast the importance 

of those real conditions on the particle transportation in the cyclone. For example, if 

the particle was lifted by the turbulence of the radial flow, the particle might be 

suspending above the wall, which would lead to zero particle adhesion, as the particle 

was not on the wall surface.  

It is difficult to fully understand particle behaviour in cyclone. However, future work 

can be carried on refining the simulation with more accurate boundary layer velocity 

profile, which includes the viscous sublayer, log law layer and outer layer. Models to 

predict the van der Waals force and capillary force can be added to the simulation by 

using proper physical parameters of particle and wall surface. Furthermore, the 

simulation code can be written into CFD software, which will consider the flow 

velocity in other directions and turbulence as well. 
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