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ARTICLE INFO ABSTRACT

In this study, the separation of silica particles was investigated
experimentally and numerically using a cyclone separator. Computational
Fluid Dynamics (CFD) simulation was performed using a multi-phase
Eulerian-Eulerian model for air-silica powder and a k-¢ turbulent model. In
the experiments, the effects of operating parameters including silica particle
size, airflow rate, and rotational speed on cyclone efficiency were
examined. The results showed that by increasing the particle size, the flow
rate, and the body speed, the cyclone efficiency enhances. Furthermore,
body rotation in the opposite direction of the inlet flow decreases cyclone
efficiency by around 48%, and increasing the flow rate and rotation speed
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Introduction

Cyclone is a device used to dust and collect suspended particles in the gases. Cyclones
perform separation based on centrifugal and gravitational forces. Operating parameters such as
inlet gas velocity, particle size, longest radial path, rotational velocity, and temperature
influence the design and cyclone efficiency [1-3]. Numerous studies on cyclones have been
carried out in which the previous studies first examined the effects of cyclones geometry with
considering a relative diameter for other cyclone fragments [4-6]. The findings of these studies
revealed that the geometrical measurements of cyclones have a significant effect on their
hydrodynamics [7-8]. In addition, some researchers looked into the influence of temperature
and the amount of steam in the inlet gas on cyclone performance. [9-11]. The viscosity of the
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gases increases as the temperature rises, and the cyclone performance reduces as a result. If the
gas temperature is very high (above 400°C), the cyclone body's inner surface must be lined with
refractory bricks, and the outlet must be filled with heat-resistant or ceramic covers. When the
gas is at a moderate temperature, it should be at least 20 to 25 °C above the dew point of the
gas, and the cyclone's surface outlet should be filled with heat insulation for this reason. Since
air does not penetrate the cyclone or vice versa, gates must be installed on the outlet body to
prevent air from entering. The amount of vapors in the gas has a corrosive effect on the dew
point of the gas. The authors looked into the cohesion and adhesion of dust particles to the
cyclone wall, as well as the frequency of dust discharge, dust corrosion properties, and cyclone
wall erosion rate as effective parameters on cyclone efficiency [12-14]. The researchers looked
through mathematical models with various parameters and created various models to decide the
proper geometry of the cyclones, with the cyclone diameter being the most important parameter
in cyclone design. The cyclones' other geometrical properties were calculated based on their
particular ratio to the body's diameter [15-16]. The effects of increasing flow rate and particle
size on performance were investigated, and the findings revealed that increasing flow rate and
particle size improved efficiency. The results of using two symmetric inlets for feed have
recently been investigated, and previous studies on increasing flow rate and particle size on
single-input cyclones have been replicated for this cyclone model. The findings revealed that
increasing the flow rate and particle size improves cyclone performance, and using two inlets
improves cyclone efficiency in general [9, 17]. The separation performance of cyclones has
been simulated using numerical approaches such as the computational fluid dynamics (CFD)
methodology. Venkatesh et al. [18] reported that the separation pattern and separation
efficiency were obtained using CFD simulations, and these results showed that the optimal
square cyclone had the best results. In another research, the flow pattern of a cyclone that
collects large particles and adjoining cyclones that collect smaller particles was studied as
experimental and CFD simulation [19, 20]. As shown above, several studies have been
conducted to study and investigate the effects of particle agglomeration on separation
efficiency. Furthermore, only a few experimental and numerical experiments have been
conducted to investigate the influence of reverse rotation on separation efficiency [21-23].

The aim of this research is to examine the effects of rotating the cyclone body on the
performance of a two-inlet feed cyclone model using experimental and numerical methods. In
contrast to a stationary cyclone, it was expected that moving the cyclone body in the direction
of the inlet flow would help to increase performance. Furthermore, the effects of different
parameters on cyclone efficiency and particle volume distribution in the cyclone are studied,
including pressure drop, body rotation speed, rotation direction, and particle volume
distribution in the cyclone. Due to the development of more centrifugal force and a turbulent
flow, the effect of reverse rotation on cyclone performance was investigated using an
experimental and numerical method.

Experiments
Material and Methods

Silica powder with a density of 2620 kg/m?® was used in this study. These powders were
supplied by Abadan Refinery Catalyst Cracking Unit, which was first milled due to its
coarseness and then passed through a low-yield cyclone repeatedly to produce the final product.
Thus, the dust outlet pipe at the bottom of the cyclone was removed and particles passed through
the cyclone faster than allowed to enter the cyclone. Initially, the available powder was passed
through a cyclone with low-yield several times and the upper and lower outputs were separated.
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This is repeated several times to ensure that the output has more the same size particles.
Similarly, three particles with an average size of 15, 25, and 40 um were prepared using a low-
yield cyclone to prepare silica powders of the same size. Scanning electron microscope (SEM)
was used to investigate the structural properties of the powder and its results are shown in Fig.
1.

SEM HV: 30.00 kY WD: 7.1928 mm VEGAR SCAN
SEM MAG: 500 Det SE 50 um .
View field: 2889 ym PC: 11 Performance in nanospace n

SEM HV: 30 00 kY WO 6.8256 mm VEGAWTESCAN
SEM MAG: 500 x Det SE 50 pm .
View field: 2889ym PC: 11 Performance In nanospace n
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SEM HV. 30.00 k¥ WD: 6.5775 mm VEGAWTESCAN
SEM MAG: 500 x Det SE 50 um 7
Miew field: 2883 uym PC. 11 Performance in nanospace n

Fig. 1. SEM images of silica particles (a) 40 um (b) 25 um (c) 15 um

Experimental Set-Up

A schematic view of the experimental set-up used in this study is depicted in Fig 2.

Blower

Fig. 2. Experimental set-up schema
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The experimental set-up included the instruments such as a motor, stroboscope, bearing,
blower, sucker, rotameter, pulp, balancer, filter, powders, and cyclone. The electrical motor
with different speeds was used to rotate the cyclone body. Another advantage of this motor is
that it can also be rotated counter-clockwise, which could be adjusted by rotating the chassis.
The stroboscope was used to locate the device by turning the lamp on and off while the device
was running. By rotating the chassis embedded behind the device, the speed of light switched
on and off was raised to the point where only the object could be seen at one point. At the
moment that the object was observed to be stationary at one point, the number on the chassis is
the speed rate per minute. The upper and lower cyclone outlet tubes were attached to the bearing
to generate the rotation. These bearings were selected as 2RS (for more resistance to soil
diffusion) with two different models 6208 and 3206 for the top and bottom of the cyclone,
respectively. To prevent entering the dust and sitting on the bearings, the cases were mounted
on both sides of the bearing and blown into each one with a tube. The technical specifications
of the blower are given in Table 1.

Table 1. Technical specifications of blower and suction pump.
Voltage Power Current Frequency Suction pressure Pressure  Speed Max flow rate
V) (kW) (A) (Hz2) (kPa) (kPa) (r/min) (m3/hr)
380 4 8.17 50 -28 38 2800 250

Instead of blowing, suction was used to feed into the cyclone in the tests, which changed the
flow rate. One of the experimental parameters, the suction flow rate, was informed and adjusted
using a rotameter. A filter is mounted at the outlet above the cyclone to collect dust escaping
from the cyclone and calculate the volume of cyclone dust by measuring filter weight shifts.
The cyclone inputs are built to be as close to the Stairmand model as possible in terms of
proportions and scale. The Stairmand model is used to plan the dimensions and scale of the
cyclone inputs. Due to the use of two inputs and similarly symmetrical inputs on both sides, the
necessary surface area for the dust input is halved when Stairmand considers geometrical
equations centered on a dust inlet of two inputs. Extensive analysis into the geometry of
cyclones has culminated in comparatively individual components of the cyclone having a
diameter that can be considered in the fabrication of cyclones to achieve high efficiency [24].
The manufactured cyclone is located within another chamber, which is attached to the container
on both sides by a tube to pour powders into the container during testing and to join the chamber
symmetrically from the tubes on both sides and finally into the cyclone.

Experimental Procedure

The bearing plate was first placed in the cyclone chamber, then the whole chamber was
added to the trash bin, and the bushings were covered at each stage of the experiment. The
cyclone was inserted into the chamber, and the motor was connected to its surface, accompanied
by the gears and the strap. A suction attachment flange was mounted on the suction side and
attached to the filter, as well as from the filter to the rotameter output, in the upper chamber.
From the rotameter input, another tube was attached to the vacuum cleaner. The blower was
installed on the outlet, and four narrow tubes were broken into two bearings and blown into the
chamber, each of which was placed in its bottle. 250 g of powder was used in a steady-state
blower with a continuous flow rate of suction and a specific motor rpm, and the powders slowly
entered the cyclone. This procedure was repeated until all of the powder had gone through the
cyclone and the separation had been completed. Finally, the variations in weight between the
filter and the bin were calculated. The overall filtered and filter weight variations were recorded
to provide more accurate results, and the ratio of the bin to feed weight showed the efficiency
in each experiment.
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Modeling
Governing Equation

The ANSYS FLUENT software was applied to solve the governing equations on the fluid
flow. The continuity and Navier-Stokes equations are represented as follows [25]:

Continuity equation:

o,

. 0 (1)
Momentum equation:

%_Fm ai— g _a—p+ —azui 2
P TP e TR T T e 2)

where tis time, u is velocity, p is the density, y is the viscosity, p is pressure, X, and x; are the
Cartesian coordinate directions, respectively.

To simulate the turbulence in the cyclone, the Eulerian-Eulerian multiphase model for air-
powder flow, the k- model is applied which its equations are presented below [26].
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Where k is the kinetic energy, ¢ is the dissipation rate, z« is the turbulent viscosity as follows:

k 2
th=pC,— (5)
£
The turbulence generation is determined as follows:
—— OU;
G, =—pU;u; 8X_| (6)

Other constants of Ci¢, Ca¢, Cyu, ok and o: in Egs. 3 and 4 are equal to 1.44, 1.92, 0.09, 1.0
and 1.3, respectively.

Boundary Conditions and Solution Algorithm

One of the important issues in numerical solutions is to determine the boundary and initial
conditions. The appropriate boundary condition is a function of the flow regime type, the
information on the input and output of the flow, and the compatibility of the solver type and the
numerical algorithm used with the boundary condition. In the present study, the inlet velocity
boundary condition was used for the input flows and the feed volume fraction was considered
in the simulation. The output of the device was assumed to be zero due to suction and the
pressure difference between the top and bottom of the cyclone was calculated by a pressure
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gauge and considered as boundary conditions. Multiple Reference Frame (MRF) method was
used to apply the body rotation. The triangle mesh structure was used to simulate the cyclone.
Continuous phase equations were discretized using the finite volume method and the SIMPLE
algorithm was utilized to couple continuity and momentum equations. To approximate the
values in the momentum and volume fraction equations, the discrete method of the QUICK
scheme was applied. The turbulent equations are discretized using the first-and second-order
schemes.

Mesh Independency

The mesh independency to reduce the simulation errors was studied. To ensure the
independence of the simulation results from the mesh size and experiment validation,
comparing of the simulation and experimental results have been done. The detailed mesh
independency results are given in Table 2.

Table 2. Comparison of mesh independency results

Processing  Average Experimental Simulation Mesh

Time (hr)  Error (%)  Efficiency (%)  Efficiency (%)  Number (-)
75 16.66 97.97 81.31 18223
15.5 13.49 97.97 84.48 35132
19.0 7.24 97.97 90.73 64985
29.0 1.03 97.97 87.94 87562
35.0 12.83 97.97 85.14 109542

According to the results, the mesh number 64985 was used for simulation. As the mesh
increases, the average error decreases, but due to increasing the mesh sizes, causes little change
in the results. So, the mesh size was optimized and provided a higher quality of results. The
optimal mesh size causes a decrease in error in comparison to the experimental data and reduces
the computational time. The final structural mesh grid is shown in Fig. 3.

Fig. 3. Structural triangle mesh grid
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Results and Discussion
Experimental Results

The efficiency of cyclones is highly dependent on both operating conditions and system
geometry. Proper selection of these geometrical and operational variables can expect the system
with good performance. On the other hand, if the particles are well separated and the
accumulation of particles at the same size in each experimental sample is such that the large
volume of each sample is the powders with equal size, it may be a suitable criterion to obtain
accurate results.

Rotation in Inlet Flow Direction

First, the effects of cyclone body rotation speed in the inlet direction on cyclone efficiency
at the same flow rate and powder size are investigated. Experiments were performed in the
cyclone at a speed range of 0-1900 rpm, different particle sizes of 15, 25 40 um, and flow rates
of 30, 50 and 70 m3/hr. As expected, the increase in rotation speed increased efficiency. As
shown in Figs. 4a to 4f, the speed increases, and the centrifugal force is increased due to the
increase in tangential velocity, which increases particle velocity along the wall. This causes the
particles to move away from the cyclone's inlet flow, resulting in recirculation and outflow from
the top of the cyclone. Another effect of the cyclone body rotation can be to make the movement
more uniform, which allows for good separation. As the body rotates, particles are more likely
to accumulate along the cyclone wall. Increasing the accumulation of particles along the walls
indicates that the body velocity produces a good centrifugal force, which is much higher than
the stationary body, resulting in an increase in efficiency.
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Fig. 4. Comparison of cyclone efficiencies at various rotation speeds, particle sizes, and flow rates (a-f)

The experiment was repeated at different flow rates, but the results were approximately the
same, suggesting that increasing the rotation speed influenced the efficiency. The experimental
results showed that increasing the rotation speed by up to 1900 rpm improves the efficiency
from 10 to 13% relative to the stationary body. According to the laboratory results, the
improvement of efficiency by increasing speed from zero to 900 rpm is about 4 to 5% and about
6 to 7% from 900 to 1900 rpm. To understand the efficiency changes with different parameters,

the results are shown in Figs. 4a to 4f as a comparison of cyclone efficiency at different rotation
speeds, particle sizes, and flow rates.

Rotation in Reverse Direction of Inlet Flow

In this section, to ensure that the cyclone body is rotated correctly, several tests on the flow
rate and particle size were performed by varying the rotation speed in the opposite direction of
the inlet flow. As can be deduced from Table 4, the choice of the reverse for the cyclone body
rotation strongly reduced cyclone efficiency and indicates that the choice of the current
direction was appropriate. In case of the body moves in the opposite direction, the turbulence
within the cyclone increase. Increasing turbulence within the cyclone causes the entering dust
to the middle flow of the cyclone outlet and exits the cyclone with clean air, which greatly
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reduces cyclone efficiency. Table 3 shows the cyclone efficiency at a volume flow rate of 70
m3/hr, 40 um powders, and a rotation speed range of 0-1900 rpm in the current and reverse
directions of inlet flow. By rotating the cyclone body up to 1900 rpm in the reverse direction of
inlet flow, the efficiency will decrease by about 48% and at 900 rpm by about 35%.

Table 3. Cyclone efficiency in the inlet flow at a volume flow rate of 70 m3/hr with powders size of 40 um.
Speed (rpm)  Efficiency Current direction (%) Efficiency Reverse Direction (%)

0 86.34 86.34
450 88.95 68.47
900 91.87 57.22

1400 94.12 53.65
1900 97.97 49.87

Simulation Results
Rotation Speed Effects

By checking the tangential speed, we can check the effect of centrifugal force on the particles
inside the cyclone, and as a result, the separation speed can be analyzed. The tangential velocity
profile is shown in Figs. 5a and 5b at two volume flow rates of 30 and 70 m®/hr, respectively.
As shown in the figures, a certain uniformity is observed inside the cyclone for the velocity
from the two sides of the cyclone, and the flow is uniformly propagated from the top to the
bottom of the cyclone. As tangential velocity increases, resulting in a more centrifugal force on
the particles and more particles bending to the outer wall, thereby the separation rate improves.
Also, other effects of increasing velocity are the proper distribution of the solid phase at the

cyclone level, which increases the cyclone efficiency and decrease the solid volume fraction in
the upstream cyclone.
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Fig. 5. Tangential velocity profile in the cyclone (a) 30 and (b) 70 m3/hr

The velocity profile in the cyclone is seen in Fig. 6 at two rotating speeds of 0 and 1900 rpm.
If the tangential velocity increases, the centrifugal force increases, indicating that increasing
the rotating speed increases the centrifugal force. The particle velocity along the wall increases
as a result, and the particles move away from the cyclone's backward internal flow. As a result,
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the backward and outlet air from the top of the cyclone has fewer particles and the cyclone
efficiency increases. Another effect of the cyclone body rotation speed is more uniform
movement and tracing of the particles, which allows for good separation. The simulation results
have an average error of around 11% as compared to the experimental data, but they support
the improvement in performance for the experiment results. By viewing at the velocity
contours, it can be seen that raising the body's rotation speed has a significant impact on the
centrifugal force, and particles appear to collect around the cyclone wall when the body is
moving. The accumulation of particles in the walls means that efficiency is improving.
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Fig. 6. Velocity profile in (a) stationary cyclone (b) cyclone with body rotation speed at 1900 rpm
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Fig. 7. Velocity vectors in cyclone at volume flow rate of (a) 30 and (b) 70 m3/hr

The results from the velocity vectors in Fig. 7, the effects of rotation speed on generating the
centrifugal force of the stationary cyclone. As can be seen in the rotational state, the velocity is
increased to the lower proximity of the cyclone cone, which means that the effects of centrifugal
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force at the separation point are greatly increased. The results show that with the particle-free
backward flow, the cyclone efficiency increase.

Volume Fraction of Particles

Fig. 8 shows the volume fraction of 40 u particles in the stationary body relative to the
cyclone body rotation speed of 1900 rpm at a specific time. As can be observed, increasing the
cyclone body's rotation speed, as well as the particle uniformity in the cyclone's radial direction,
reduces the size of the boundary layer. These results indicate that the particle tends to
accumulate around the cyclone body more than the stationary body and the cyclone efficiency
increases. Approaching the particles to the cyclone body and removing them from the outlet
pipe is one of the important factors in increasing cyclone efficiency.

{a) (b)

Fig. 8. Volume fraction of particles at (a) stationary body and (b) rotational body with a speed of 1900 rpm

Pressure Profile

Fig. 9 shows the pressure profile at two speeds of 0 and 1900 rpm and a flow rate of 70
m3/hr. With a flow rate of 30 m3/hr, the pressure differential between the cyclone inlets and
exits in the stationary body is approximately 280 Pa, and with a flow rate of 70 m%hr, it is
approximately 470 Pa. This pressure differential approached 510 Pa at a flow rate of 70 m3/hr
and a maximum rotation speed of 1900 rpm.
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Since the pressure differential in the stationary body was less than in the rotational situation,
as seen in Fig. 9, performance is assumed to be lower. As can be observed, rotating the cyclone
body uniformizes the pressure differential profile and reduces the pressure difference in the
walls, resulting in a significant improvement in inefficiency. The pressure profiles also indicate
that the pressure spread around the cyclone body is in a rotating state and that transferring the
pressure differential to the cyclone's core improves cyclone performance.
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Fig. 10. Pressure vectors at a flow rate of 70 m%hr and the rotation speed of (a) 1900 rpm and () O rpm

Fig. 10 shows the pressure vectors at 0 and 1900 rpm rotating speeds. Although the pressure
drop in the stationary body was less than in the rotary body, the pressure change at various
points is so small that the pressure differential at each point and its neighboring point is
negligible. However, considering the pressure vectors in the stationary cyclone body, each
point's pressure differential from the next is important. Despite the higher-pressure decrease,
the rotary cyclone shows an improvement in performance in comparison to the stationary one.

A comparison of simulation results and experimental data for 40 um particles at different
speeds is shown in Fig. 11. The results show that at higher velocities, the cyclone efficiency for
these particles is higher than at low velocities, which also confirms the experimental results.
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Fig. 11. Comparison of simulation and experimental results of different speed for 40 um particle
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Conclusions

This research aims to see how the rotation of the cyclone body affects its efficiency in
comparison to the stationary situation, which has been studied both experimentally and
numerically. Three key assumptions can be drawn from the experimental and simulation results:

e Experimental results showed that the rotation speed of 1900 rpm in the current direction
of inlet flow increases the efficiency of approximately 10-13% relative to the stationary
body at a constant flow rate and particle size. The higher rotation speed caused greater
effects of rotation speed on the cyclone efficiency.

e As the cyclone body is rotated at the same speed of 1900 rpm in the opposite direction
of the inlet flow, the cyclone's performance drops by around 48%. At the same flow rate
and particle size, which is due to internal flow and higher-pressure decrease at the
cyclone, higher inlet mixing air currents, and a change in centrifugal force compared to
the stationary body. As a result, it can be observed that the cyclone efficiency is
influenced by the rotational direction of the cyclone.

e The cyclone rotation in the inlet flow direction leads to a more uniform distribution of
pressure and volume fraction of particles, creating the tangential velocity and increasing
the centrifugal force, thereby increasing the tendency of the particle to be near the
cyclone wall and the cyclone efficiency.

The spinning cyclone pressure drop was greater than the stationary case at the specific flow
rate and particle size, according to the simulation results. The cyclone rotation causes pressure
variations from the top to the bottom of the cyclone continuously and with a small variation,
which reduces the cyclone's efficiency compared to a stationary cyclone. The simulation is
promising for studying the conditions for increasing the efficiency of cyclones and allows for
the prediction of results by modifying various parameters.
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