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ABSTRACT

The cyclone dust collector is an important subsystem of straw crushers used in agriculture. In the present study, a
new type of dust collector with involute morphology is proposed to obtain better dust removal efficiency with
respect to that of classical tangential and spiral dust collectors. A discrete phase model (DPM) method is used
in synergy with a turbulence model, and the SIMPLE algorithm to simulate the flow field inside the dust collector
and the related particle dynamics. It is shown that the internal flow field features a primary swirl, a secondary
swirl and blockage effects. Moreover, for the involute dust collector, the tangential velocity in the initial stage
and the pressure in the high-pressure area are larger than those obtained for the classical types. The dust removal
efficiency is 37.11%, 25.3%, and 16.37% for the involute type dust collector, the tangential type and the spiral type,
respectively.
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Nomenclature

U; Time-averaged velocity
X; Position

P Time-averaged pressure

v Fluid kinematic viscosity
Ry Reynolds stresses tensor
0 Fluid density

u; Instantaneous velocity

k Turbulent kinetic energy
€ Turbulent kinetic energy dissipation rate
gi Gravitational acceleration
u, Particle velocity

Fi Drag force

Re, Particle Reynolds number
U Dynamic viscosity
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d, Particle diameter
Py Particle density
Cp Drag coefficient

1 Introduction

With the rapid development of industrialization, machinery and equipment have been widely used in
agriculture. In the course of agricultural production, crops such as com and wheat produce a large amount
of straw, which needs to be crushed by a crusher for further processing and utilization [1]. However, crop
stalks generate dust during the crushing process. These dusts not only accelerate the wear of the crusher but
also take varied toll on light, air quality, crushing efficiency, and the health of workers once they fly into
the air. The cyclone dust collector is a kind of dust-removal equipment with advantages of simple structure,
no internal rotating parts, low cost, small area, and easy operation and maintenance; it is suitable for high-
temperature, high-pressure, and high-concentration process gas [2]. Cyclone dust collectors are widely used
in industrial fields, such as thermal power generation, petroleum, chemical industry, cement, steel, and
metallurgy [3—5]. Besides, they are used in straw crushers, which could collect the straw particles produced
by the shredder. Cyclone dust collectors could be divided into tangent, involute, and spiral types. At
present, the types of dust collectors on the crusher are tangent and spiral types, but their dust-removal and
capture efficiencies during the pulverization process remain to be improved.

Many studies on cyclone dust collectors have been carried out. For instance, Zhang et al. [6] analyzed
the pressure and distribution of dust particles in the device under different working conditions and structures.
They also studied the relationship between the structure of the cyclone dust collector and the dust collection
efficiency. By increasing the number of the internal blades of the cyclone, the dust collection efficiency was
improved. Dust particles of 5—10 um could achieve collection efficiency of more than 90% by increasing the
flow rate, whereas the collection efficiency of dust with a particle size of 1-5 um was below 50%.
Computational fluid dynamics (CFD) is one of the key components of the numerical simulation methods
[7-9]. Lv et al. [10] used computational fluid dynamics (CFD) technology to simulate the internal flow
field of the cyclone. The speed, temperature, and particle size at the entrance of the separator were
compared and analyzed in three different working conditions, and finally, the separation efficiency and
performance were obtained. On the basis of CFD technology, Xi et al. [11] carried out a gas—solid two-
phase numerical calculation of the internal flow field of the dust collector; pointed out the system defects;
and explored the cylinder diameter’s structure of the cyclone dust collector, cylinder length, and air inlet
cross-sectional area. The effects of size changes on the dust-removal efficiency, the original structure, and
the stability and efficiency of the system were optimized on the basis of the calculation results.
Gopalakrishnan et al. [12] used Euler—Lagrange method to analyze the gas—solid two-phase flow in the
axial inlet cyclone, the movement trajectory of the particles, and the influence of the particle density on
the uniform and variable inlet particle distribution. The simulation results showed that the use of
algorithm could effectively simulate the flow field, and the particles could be separated by centrifugation.
Omid et al. [13] studied the influence of multiple inlet diversion channels on the performance of cyclone
separators. They used the finite volume method and RSM turbulence model to numerically simulate a
three-dimensional turbulent flow. The static pressure and the flow field in the cylinder were evenly
distributed. Compared with the ordinary cyclone separator, the special design of the inlet guide groove
increased the inlet velocity of the cyclone separator body and prevented the airflow entering the cylinder
body from moving improperly to the top of the cyclone separator. Wang et al. [14] studied the effect of
the type and quantity of the surfactant on the dust-removal rate of the cyclone by adding a surfactant to
the aqueous solution, which was atomized into the cyclone dust collector. Such addition could greatly
enhance the agglomeration effect, thus improving the collection efficiency, especially for particles around
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2 um. Through a series of experiments, Cho et al. [15] verified a new type of dust-removal system that
combines cyclone, wet electrostatic dust collector, and electrostatic spraying technology. Nekrasov, et al.
[16] established a mathematical model of the movement of dust particles on the surface of the cylinder
and cone of the cyclone dust collector, analyzed the influencing factors of the movement of dust particles
on the surface of the cylinder and the cone, and determined the device’s structural parameters and
operating parameters. Nowak et al. [17] introduced the structure of the tangential inlet cyclone separator
and the influence of its design parameters on the efficiency of dust removal. They analyzed five types of
cyclone separators with tangential inlet and showed that the size of the structure parameters of the
cyclone separator could affect the range of particles. In addition, the reduction in diameter and pressure
affected the efficiency of the cyclone separator. Cristea et al. [18] studied the overall pressure drop and
overall collection efficiency of the system. They verified the simulation results through numerical
simulations of the strong swirl, turbulence, and heavy dust flow in the large cyclone separator of the
cement kiln suspension preheater on the basis of coupled hybrid three-dimensional computational fluid
dynamics-dense discrete phase model (CFD-DDPM). Most scholars have optimized the cyclone dust
collector or analyzed the influence of different factors on the dust-removal efficiency of the dust collector,
but few scholars have studied the dust collector used in the straw crusher in the current agricultural
machinery and analyzed the dust-removal effects of different types of dust collector.

Therefore, the CFD-DPM method was used in this paper to numerically simulate the flow field of the
cyclone separator of the straw crusher. Comparative analysis of the simulation results found that the
existing cyclone dust collector had some defects in its structure and needed to be optimized to improve
the dust-removal efficiency. The involute cyclone dust collector adopted the involute line design at the air
inlet. The flow of airflow was improved from the structural design for the straw dust to obtain a larger
tangential velocity and the dust to be easily captured and collected. The involute cyclone dust collector is
of great importance to prolong the service life of straw crusher and protect the health of workers.

2 Numerical Simulation

2.1 Cyclone Structure

The cyclone dust collector, which consists of a dust outlet, an inlet/outlet pipe, a cone, and a cylinder
[19], was installed at the outlet of the straw crusher, as shown in Fig. 1. The specific structural
dimensions are shown in Table 1.

1. Dust outlet 2. Cylinder 3. Clean-air outlet
4. Dirty-air inlet 5. Vertebral

Figure 1: Structure of cyclone dust collector
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Table 1: Geometrical parameters of cyclone dust collector

Structure Parameter type Size (mm)
Cylinder Diameter 514

Height 412.2
Clean-air outlet Diameter 247

Depth 308.4

Height 50
Dirty-air inlet Length x Width 205.2 x 128.5
Dust outlet Diameter 120
Vertebral Height 1028

2.2 Governing Equations

2.2.1 Governing Equations for Gas Phase
The continuity and Reynolds-averaged Navier-Stokes (RANS) equations for the incompressible
isothermal gas phase can be written as [20-22]:
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where: x; is the position; U; is the time-averaged velocity; P is the time-averaged pressure, v is the fluid
kinematic viscosity; R; is the Reynolds stresses tensor; and p is the fluid density. R; is defined as
follows:
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where: u; is the instantaneous velocity.

The internal flow field of the cyclone dust collector is complicated, and the flow line is severely curved.
Thus, the turbulence model used the Reynolds stress model (RSM) [23-25].

RSM needs to simultaneously solve the following Reynolds stress equation, turbulent kinetic energy k
equation, and turbulent kinetic energy dissipation rate & equation:
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Among them,
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The empirical constants are C;, = 0.10, C, = 0.09,C,; = 1.44,C,, = 1.92,C; = 1.8,and C; = 0.5 [26].

2.2.2 Model Equations for Particle Phase

The trajectory of a dispersed particle can be determined by integrating the force balance equation on the
particle in the Lagrange reference frame. The force balance equation of a single dispersed particle can be
expressed as follows [27]:

du (pp - p)

U - +5 8P a0
4 P

dx
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where: x), is the particle position; g; is gravitational acceleration; p, are the density of particle; and u), is the
velocity of particle.

Although the forces acting on particles are quite complex, in general, not all forces are equally important
in cyclone separation. When the particle density is much higher than the gas density, the drag force could be
considered dominant. The drag force is expressed as follows:

181 CpRe,
pd2 24

(12)
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where: p is the liquid phase dynamic viscosity; d, is the particle diameter; Re,, is the particle Reynolds
number; and Cp is the drag coefficient.

The particle Reynolds number is defined as follows:

dy|u; — u
Re, = M (13)
U
The drag coefficient is defined as follows:
CD =a + +— (14)

R Rep

The Morsi-Alexander model improves the accuracy in a large range of particle Reynolds number, and it
is suitable for simulation under complex working conditions. In the formula, a;, a,, and a3 take different
values in accordance with the range of particle Reynolds number [28]. Given that the volume fraction of
particles in the cyclone separator is very small, the coupling effect of the fluid phase and the particle
phase could be ignored, and the particles are considered to not interfere with one another [26].

2.3 Methodology

The SIMPLE algorithm for the pressure-velocity coupling was applied [29,30]. The Presto scheme for
discretization of pressure gradient was applied. The QUICK and second-order upwind scheme for
momentum and pressure discretization have been applied, respectively. The second order upwind scheme
for turbulent kinetic energy and turbulent dissipation rate discretization and the first order upwind scheme
for Reynolds stresses discretization were implemented [31,32].
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2.4 Building Model and Boundary Conditions

2.4.1 Geometric Model

With the new involute cyclone dust collector as an example, the geometric model was established using
the 3D modeling software SolidWorks. The mesh quality of the model obtained by filling the fluid domain
was poor. Thus, the solid model of the fluid domain was directly established. The model is shown in Fig. 2.

X

{ - S inlet

<\

z outlet

wall

Figure 2: Geometric model of cyclone

2.4.2 Meshing and Boundary Conditions

The numerical simulation adopted the tetrahedral mesh generation method to mesh the computational
domain. The grid was tested for irrelevance to improve the accuracy of the calculation results. The results
are shown in Fig. 3. When the number of grids exceeds 600,000, the maximum exit velocity is
approximately 21.7 m/s. With the increase in the number of grids, the relative error of the maximum
velocity does not exceed 0.03%. As the number of grids has a slight effect on the calculation results
when it exceeds 600,000, the overall size of the divided grid is 17 mm, the number of cells 586,061, and
the number of nodes is 99,965. The 586,061 grids not only could ensure the accuracy of the calculation
results but also reduce the calculation time. As shown in Fig. 4, to capture the influence of wall
turbulence, the wall mesh was densified. The grid height of the first layer of the boundary layer is 1 mm,
the height growth rate is 1.2, and the number of layers is five. The value of y" is 30-70.

22.5 T T T T

—=#— The maximum velocity of exit

o

. _

N
 ied
e

The maximum velocity of exit(m/s)
- 3 [ ~ ~
e e g = =
wm < wn = w»m
T T T T T
1 1 1

N

! 1 1 1

200000 400000 600000 800000 1000000
The numbers of grid

—
e
wn

Figure 3: Velocity and grid number
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Figure 4: Grid division of cyclone

Inlet boundary: The inlet boundary condition is the velocity inlet. The continuous phase and the discrete
phase velocity were set to 10 m/s to simulate the crushing process of the straw crusher. For setting up the
DPM model, the tolerance for accuracy control is le—7. The maximum number of steps in the tracking
parameter is 500,000. The injection type is surface, and the injection is face normal direction. The
particle type is inert, and the diameter distribution is uniform. The discrete phase material was set to
wood, the total flow rate is 1e—20 kg/s, the particle size was set to 1 um, and the boundary condition is
rebound [6,10].

Outlet boundary: The outlet boundary condition is the pressure outlet. The pressure is a standard
atmosphere, and the discrete phase boundary condition is escape.

Wall condition: The boundary condition of the wall is a non-slip wall [33,34], the condition of the
discrete phase at the wall of the dust outlet is capture, and the condition of the remaining wall is rebound.

In this paper, steady-state calculation was used. The convergence condition of steady-state calculation is
that the residual value tends to be stable and the value of the monitored variable is constant.

2.5 Numerical Simulation Results and Discussion
2.5.1 Analysis of the Flow Field of Dust Collector

According to the axial velocity cloud diagram in Fig. 5, the axial velocity in the cyclone is divided into
three areas as a whole. The axial velocity near the cylinder wall and the axis is downward, and the axial
velocity in the area between them is upward. According to the streamline diagram of cyclone dust
collector in Fig. 6, the airflow enters the cylinder from the inlet to form a swirl, and the airflow moves
counterclockwise. When the airflow reaches the bottom of the cylinder, the airflow forms a secondary
swirl, and the airflow also moves counterclockwise. A small range of contra-flow could be observed in
the area around the axis. The contra-flow area is distributed along the axis, and the contra-flow also
moves counterclockwise. The axial velocity of secondary swirl is the largest near the exhaust funnel wall.
The radius is equivalent to the exhaust funnel radius, and it gradually decreases from top to bottom in the
cone part. The axial velocity distribution at Y = 412.2 mm is shown in Fig. 7. The axial velocity is
axisymmetric. The axial velocity of the contact part between the secondary and primary swirl zones and
the countercurrent zone is small. The axial velocity on the wall is 0. The axial velocity reaches the
maximum velocity in the secondary swirl region. No significant difference could be found in the axial
velocity distribution among the three types of dust collectors.
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Figure 5: Axial velocity cloud diagram of cyclone dust collector
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Figure 6: Streamline diagram of cyclone dust collector
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In the cyclone separator, particles and airflow are separated mainly by centrifugal force. The tangential
velocity in the flow field of the cyclone separator is the main factor affecting particle settling [35,36]. The
greater the tangential velocity is, the greater the centrifugal force received by the particles, and the easier
it is for the particles to be separated. The tangential velocity cloud diagram at X = 0 is shown in Fig. 8.
The airflow mixed with straw particles enters the cylinder through the air inlet pipe to make a rotating
movement. The tangential velocity is the greatest in the area close to the wall of the exhaust cylinder.
During the downward movement of the gas, the tangential velocity gradually decreases. The tangential
speed of the involute-type dust collector changes slowly, whereas that of the tangent and spiral types
change quickly. The tangential velocity of the gas in the involute cone is obviously greater than that of
the tangent and spiral types, benefitting the separation of straw particles.
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Figure 8: Tangential velocity cloud diagram on X = 0 cross section

At the Y = 412.2 mm section, the tangential velocity distribution curves of the different types of dust
collectors are shown in Fig. 9. The tangential velocity increases first in the radial direction from the
central axis and then decreases. The speed shows two peaks on both sides of the central axis, and the
peaks are close to the wall of the exhaust cylinder. The tangential velocity rapidly decreases to zero near
the cylinder. The tangential velocity distribution is approximately symmetrical on the central axis. In the
process of accelerating outward from the central axis, slight difference could be found among the
tangential speed of the three types of dust collectors. When the tangential velocity reaches the peak value,
the tangential velocity of the involute-type dust collector is greater than that of the tangent and spiral
types. As the tangential velocity decreases from its peak, not much difference could be observed in the
tangential velocity decline of the three types of dust collectors. The overall tangential speed of the
involute type is greater than that of the tangent and spiral types, beneficial to the separation of straw
particles from the airflow.

2.5.2 Pressure Analysis of Dust Collector

The pressure cloud diagram at X = 0 is shown in Fig. 10. The pressure distribution is axisymmetric as a
whole. The pressure gradually decreases from the wall along the radius inward, and a negative pressure area
is present at the central axis, which is the reason for the contra-flow. The pressure at Y = 412.2 mm on the
section is shown in Fig. 11. In the high-pressure area, the pressure of the involute type is higher than that of
the other two types. The involute dust collector mainly increases the pressure in the high-pressure area. The
pressure curves of the three types of dust collectors in the pressure drop part coincide.
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The wall pressure cloud diagram of three types of cyclone dust collector is shown in Fig. 12. The high-
pressure area of the involute type is larger than that of the other two types at the same inlet velocity, indicating
that the involute dust collector reduces the pressure loss during the downward movement of the airflow.
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I 300
275
250

| 225
| 200
175
150
125
100

0 Involute type Involute type Spiral type

Figure 12: Wall pressure cloud

2.5.3 Analysis of Dust-Removal Efficiency of Dust Collector

By using numerical simulation method, the separation effect of the three types of cyclone dust collectors
on straw powder with a particle size of 1 um was analyzed. The capture rate of the cyclone dust collector was
obtained by calculating the number of particles captured. The capture rate was used to demonstrate the dust-
removal efficiency, and the simulation results were compared and analyzed.

The particle trajectories of the three types of cyclones are shown in Fig. 13. The particles are affected by
a swirling flow from the air inlet, and they move counterclockwise downward. The particle velocity near the
wall is the smallest, because the particles here receive the largest centrifugal force, and they are pressed on the
wall. When the particles reach the bottom of the cone, they are captured. The particles that are not captured
move counterclockwise upward and escape from the exhaust port under the influence of the secondary swirl.
Due to the action of centrifugal force, some particles cling to the wall when passing through the exhaust
funnel, and the speed decreases. The efficiency of the cyclone dust collector is mainly related to the
primary swirl. The greater the tangential velocity of the primary swirl is, the greater the centrifugal force
on the particles, and the easier for the particles to be captured. As the particle size is evenly distributed,
the dust-removal efficiency was calculated by calculating the ratio of the number of captured particles to
the number of tracked particles. The particle collection rate of different cyclones is shown in Table 2. The
collection rates of the involute, tangent, and spiral types are 37.11%, 25.30%, and 16.37%, respectively.
Comparison of these results showed that the new involute-type dust collector has a higher capture rate of
straw particles with a particle size of 1 um than the other types.

The separation process of straw particles with a particle size range of 1-10 um was numerically
simulated because the straw crusher has a complex working environment and the straw dust has a large
particle size range. By comparing the results of numerical simulations, the dust-removal efficiency of
different dust collectors with different dust sizes was analyzed, and the result is shown in Fig. 14. The
dust-removal efficiency of the dust collector increases with the increase in particle size. The simulation
results are close to the experimental results in the reference [37]. The separation efficiency curve of
particles is S-shaped. When the particle size exceeds 9 pm, the dust-removal efficiency of the involute
type reaches 100%. For straw dust with a particle size range of 1-10 um, the dust-removal efficiency of
the new type of involute dust collector is higher than that of the other types.
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Figure 13: Particle trajectory diagram of the cyclone dust collector

Table 2: Capture rate of the cyclone dust collector

Type Capture rate
Involute type 37.11%
Tangent type 25.30%
Spiral type 16.37%
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Figure 14: Collection rate of the dust collector for different dust particle sizes

3 Conclusions

The internal airflow of cyclone dust collector includes a primary swirl, a secondary swirl, and a
countercurrent, which are all distributed successively from the cylinder wall to the axis, and the three
airflows move counterclockwise. The tangential velocity and axial velocity inside the cylinder are
axisymmetrically distributed. Among them, the internal tangential velocity of the involute dust collector
is higher than that of the other two types in the increase stage, and no obvious difference in axial velocity
could be observed. Meanwhile, the pressure inside the cylinder is in axisymmetric distribution. The
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involute-type dust collector has pressure in the internal high-pressure area being greater than that of the other
two types. In addition, it reduces the pressure loss in the process of primary swirl movement, and the high-
pressure area on the wall is greater than that in the other two types. When the particle size of straw is 1 um and
the inlet speed is 10 m/s, the dust-removal efficiencies of the new involute dust collector, the tangent dust
collector, and the spiral dust collector are 37.11%, 25.30%, and 16.37%, respectively, showing that the
dust-removal efficiency of the involute dust collector is higher than that of the other two types. The
dust-removal efficiency of the cyclone is mainly related to the primary swirl. The involute cyclone
reduces the pressure loss and improves the tangential speed of the primary swirl. For 1-10 pm straw dust,
under any particle size, the dust-removal effect of the involute dust collector is better than that of the
other two dust collectors.
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