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In order to meet the filtration separation of hazardous materials on hazardous materials collection truck, the most popular
separation devices, such as the cyclone separator and the filter cartridge, are combined to form a new filtration device in this study.
The advantages of the two devices are utilized to achieve effective separation of solid particles and prevent secondary pollution.
Among the various structural influence factors of filtration equipment, four structural parameters that affect the separation
performance significantly are selected as optimization variables. The response surface methodology was used to design the
simulation experiment. Using fluid mechanics analysis software, multiple sets of parameters were simulated. Then, the simulation
data was used to establish amathematical model of separation efficiency, and structural optimization analysis was performed based
on the mathematical model. Finally, the results show that the inner exhaust pipe diameter and the cone height have more influence
on the efficiency of the cyclone separation structure.The interaction between the diameter and insertion depth of the inner exhaust
pipe is also obvious. Among the four optimization variables, there is an optimum value for the inner exhaust pipe insertion depth,
and the effect of the other three factors on the separation efficiency is monotonic. In the case of a total separation efficiency of 99.9%
and after optimizing the combined model within a reasonable interval, 81.25% of the 1-𝜇m particles can be removed by the cyclone
separation part, and only 18.75% are removed by the filter cartridge.

1. Introduction

Cyclone devices are widely used in heavy industry and
light industry, acting as either classifiers or separators. Their
applications are extensive, including but not limited to the
separation or classification of plastic fines, sand, plastic and
metal pellets, rock, and carbon fines [1]. Cyclone separators
are commonly used as gas-solid separators (i.e., dedusting)
and as gas-liquid separators (i.e., demisting), intended to
enable at least partial elimination of solid or liquid particles
from the gas stream. The cartridge type dust collector is
a separator represented by a filtration separation method,
which can effectively capture particles from 0.1um to 5 um. It
has the advantages of high efficiency, compact structure, and
so on. It is widely used in various industries.

A common cyclone separator can remove dust particles
exceeding 5 𝜇m in diameter effectively from a gas stream, but
its efficiency will drop dramatically as the dust size decreases.

Although a specially designed cyclone can remove smaller
particles, it is not economical in industrial applications [1].
A cartridge filter can separate very small diameter particles
from the gas stream but needs a large amount of space. In
addition, if all particles are removed from the surface of the
filter cartridge, then the blockage and breakage of the filter
cartridge will increase, resulting in frequent replacement.
Therefore, the filter cartridge dust collector maintenance fee
will be higher. They cannot achieve good dust removal effect
when used alone. Although they can be used in the method of
multistage parallel, because of taking up too much area, they
are not suitable for this method in the hazardous materials
collection truck. If the cyclone can be integrated with the
filter cartridge filter, then the combined separator has the
characteristics of high separation efficiency, and it can also
separate corrosive hazardous materials, making room for
other functions of the hazardous materials collection truck,
as shown in Figure 1.
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Figure 1: Hazardous materials collection truck.

Separation efficiency and pressure loss are the two most
relevant evaluation criteria for cyclone performance. There-
fore, it is necessary to establish a reasonable mathematical
model to represent the relationship between the cyclone
performance and characteristics. There are currently three
main methods to describe the cyclone performance: math-
ematical models (theoretical and semiempirical models) [2–
4], statistical models (experimental investigation) [5–7], and
computational fluid dynamics models (CFD models) [8–10].
As the theoretical and semiempirical models were derived
fromphysical descriptions andmathematical equations using
many assumptions and simplified conditions, different mod-
els can lead to significant differences between predicted and
measured results [11]. Although statistical models are more
convenient for predicting the cyclone pressure drop, it is
significantly more difficult to determine the most appropriate
correlation function for fitting experimental data [11, 12].
The CFD focuses on the construction and solution of the
governing equations and the study of various approximations
to these equations. CFD presents the perfect opportunity to
study specific terms in the governing equations in a more
detailed fashion and complements experimental and ana-
lytical approaches by providing an alternative cost-effective
means of simulating real fluid flows [13].

An integrated fluid dynamics model of cyclone and
cartridge filter has been investigated.The combined separator
is simulated and analyzed. The total separation efficiency
of the combined model is high owing to the presence of
the filter cartridge. Therefore, in this study, the structural
parameters of the combined model are optimized to reduce
the capture rate of the filter cartridge. This method will
reduce the particle packing speed on the surface of the filter
cartridge, reducing the frequency of cleaning and increasing
the working life of the filter cartridge. Finally, the purpose
of the structural optimization was achieved. Given that the
separator performance is closely related to the geometry of
the combined separator and these geometric parameters are
constrained by each other, there are optimal values for these
parameters. There are currently two methods that are used
in the optimization design of the separator: single-objective
optimization [11, 14] and multiobjective optimization [15–17].
Therefore, it is necessary to comprehensively consider the
influence of multiple influencing factors and their interaction
on the capture efficiency of the lower part of the model.
However, there are many combinations of multiple structural

parameters within a certain range. Therefore, the experi-
ment was designed using Design-Expert software. Based on
the obtained simulation experimental data, a mathematical
model used for analysis is established and the optimal value
of structure optimization is obtained within a small number
of experiments.

2. The Combined Model and
Numerical Simulation

2.1. The Analysis of Function and Structure

2.1.1. The Introduction of Filter Cartridge. The filter cartridge
is evolved from the filter bag, consisting of a top cover, a
metal frame, a seal ring, and a base bracket. Filter cartridge
includes inner, outer, and middle layers. The inner and outer
layers are composed of wire-netting, and the filter media is
repeatedly folded to form a middle layer. The filter cartridge
is characterized in that it adheres a layer of submicron ultra-
thin fibers to the filter media. The fibers on the adhesive layer
are arranged very closely, with a gap of 0.12∼0.6um. In recent
years, with the development of technology and the continu-
ous innovation of new materials, the filter media of the dust
collector has been improved in countries represented by the
United States and Japan. This article selects Ultra-web new
filter media, which is the filter media of filter cartridge type
dust collector produced by American Donaldson Company.
It has a dust removal efficiency of 99.9% for a particle size of
0.5um [18, 19].

Because the filter cartridges evolved from filter bags, they
work similarly. Small particles of hazardous materials will
enter the dust chamber with the airflow, and the particles
will accumulate on the surface of the filter media through
the screening of the filter cartridge. The clean air passes
through the filter cartridge and eventually flows out of the
outer exhaust pipe. When the particles on the surface of the
filter media accumulate to a certain extent and the pressure
of the outer exhaust pipe increases to a certain extent,
the cleaning device removes the particles on the surface
of the filter media. Finally the particles fall into the dust
outlet and are captured. The filtration mechanism of filter
media mainly includes interception effect, inertial effect, and
diffusion effect. Interception effect: the arrangement inside
the filter media is intricate and intertwined. The average pore
size of the filter media is small, and the particles having a
diameter larger than the pore size of the filter media cannot
be intercepted through the gap of the filter layer. Inertial
effect: when the particles move with the airflow, the airflow
encounters obstacles and bypasses, while the dust is collected
as the inertia deviates from the direction of the airflow and
hits the filter layer [18]. Most of the dust particles will be
filtered by a variety of filtration mechanisms.

2.1.2. The Introduction of Cyclone Separator. A common
cyclone separator generally consists of an air-inlet, a cylinder,
a cone, a dust-outlet, and an exhaust pipe. After the gas which
contains hazardous materials enters the cylinder in a certain
speed, its linear motion becomes a rotating descending spiral
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Table 1: Initial basic parameters of the combined separator.

Geometric parameters Proportion (Relative to D)
Cylinder height H1 1
Cone height H2 1.2
Air-inlet a × b 0.2×0.3
Inner exhaust pipe diameter d 0.5
Inner exhaust pipe diameter h 0.4
Dust outlet B1 0.43
Outer exhaust pipe diameter B2 0.27
Filter cartridge diameter B3 0.33
Filter cartridge height H3 0.83
∗Normalized with cyclone diameter D=600mm.

motion after being affected by the wall. The particles will
be affected by centrifugal force and being smashed to the
wall. It loses the inertial force and then falls along the wall
surface after collidingwith thewall surface. Finally it falls into
the dust-outlet and is collected. And the airflow reaches the
bottom and then rotates upwards, escaping from the exhaust
pipe.

Therefore, the main features of the cyclone separator
are the simple internal structure, no internal structure, high
efficiency, convenient maintenance, and low manufacturing
cost. It is widely used in a variety of occasions, especially in
the high concentration and high temperature and pressure
condition. It is mostly used to capture larger fine particles.
Because of the smaller tiny particles with less centrifugal force
than air resistance, they are not easily captured and will flow
directly from the exhaust pipe with the inner vortex.

2.2. The Combined Cyclone and Filter Cartridge Separator.
After adding a filter cartridge to the exhaust pipe of the
cyclone separator, the cyclone separator’s ability to handle
larger particles is retained. The inner filter cartridge of
the exhaust pipe can capture smaller fine particles (short-
circuit flow, upper gray ring, and dust outlet back-mixed
particles) that cannot be captured by the cyclone separator.
This mitigates the shortcomings of the cyclone separator.
Only small amounts of particles are captured by the filter
cartridge because most of the hazardous material particles
are captured by the cyclone separation part of the combined
model. Finally, the particle stacking speed on the surface
of the filter cartridge and the frequency of cleaning were
reduced, and the working life of the filter cartridge was
increased.Themodel structure is shown in Figure 2 and basic
parameters are listed in Table 1.

2.3. The Analysis of Numerical Simulation

2.3.1. The Governing Equation of Fluid Flow

(1) The Continuous Equation of Fluid. Any flow must satisfy
the law of conservation of mass. The increase in the fluid
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Figure 2: Diagram of combined separator structure.

microbody body mass per unit time is equal to the net mass
flowing into the microbody during the same time interval.

𝜕𝜌𝜕𝑡 + 𝜕𝜕𝑥𝑖 (𝜌𝑢𝑖) = 0 (1)

where 𝜌 is the fluid density and u is the fluid velocity.

(2) The Momentum Conservation Equation of Fluid. The
momentum conservation is also the basic law of fluid flow.
The momentum change rate of the fluid in the microbody is
equal to the sum of the forces acting on it.

𝜕𝜕𝑡 (𝜌𝑢𝑖) + 𝜕𝜕𝑥𝑗 (𝜌𝑢𝑖𝑢𝑗)
= − 𝜕𝜕𝑥𝑖 +

𝜕𝜕𝑥𝑗 [𝑢(
𝜕𝑢𝑖𝜕𝑥𝑗 +

𝜕𝑢𝑗𝜕𝑥𝑖 −
23𝛿𝑖𝑗 𝜕𝑢𝑖𝜕𝑥𝑖)]

+ 𝜕𝜕𝑥𝑗 (−𝜌𝑢𝑖𝑢𝑗)
(2)
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2.3.2. The Numerical Simulation Method. The gas-solid two-
phase flow of the combined separator was numerically simu-
lated using FLUENT software.The combinedmodel structure
is complex and the internal gas flow is a three-dimensional
strong turbulent flow. To achieve an accurate reflection of
the anisotropic effect in the flow field, the Reynolds Stress
Model (RSM) was used in the gas phase flow field simulation
[20]. This model (RSM) is suitable for high rotational flow.
Moreover, the Reynolds Stress Model considers the rapid
changes in streamline bending, vortex, rotation, and tension.
It has a higher accuracy prediction potential for complex
flows [21, 22]. RSM transport equation [23, 24] is as follows:

𝜕 (𝜌𝑢𝑖𝑢𝑗)𝜕𝑡 + 𝜕 (𝜌𝑢𝑘𝑢𝑖𝑢𝑗)𝜕𝑡
= 𝐷𝑖,𝑗 + 𝑃𝑖,𝑗 + 𝐺𝑖,𝑗 + 0𝑖,𝑗 − 𝜀𝑖,𝑗 + 𝐹𝑖,𝑗 + 𝑆𝑖,𝑗

(3)

where

𝐷𝑖,𝑗 is the diffusion term 𝐷𝑖,𝑗 = −(𝜕/𝜕𝑥𝑘)[𝜌𝑢𝑖𝑢𝑗𝑢𝑘 +𝑝(𝛿𝑘𝑗𝑢𝑖 + 𝛿𝑗𝑘𝑢𝑗) − 𝑢(𝜕/𝜕𝑥𝑘)(𝑢𝑖𝑢𝑗)]𝑃𝑖,𝑗 is the shear production term 𝑃𝑖,𝑗 =
−𝜌(𝑢𝑖𝑢𝑗(𝜕𝑢𝑗/𝜕𝑥𝑘) + 𝑢𝑗𝑢𝑘(𝜕𝑢𝑖/𝜕𝑥𝑘))𝐺𝑖,𝑗 is the buoyancy production term 𝐺𝑖,𝑗 =
−𝜌𝛽(g𝑢𝑗𝜃 + g𝑢𝑖𝜃)0𝑖,𝑗 is the pressure strain redistribution term 0𝑖,𝑗 =
p(𝜕𝑢𝑖/𝜕𝑥𝑗 + 𝜕𝑢𝑗/𝜕𝑥𝑖)
𝜀𝑖,𝑗 is the dissipation term 𝜀𝑖,𝑗 = 2u(𝜕𝑢𝑖/𝜕𝑥𝑘)(𝜕𝑢𝑗/𝜕𝑥𝑘)𝐹𝑖,𝑗 is the rotating system production term 𝐹𝑖,𝑗 =
−2𝜌𝛾𝑘(𝑢𝑗𝑢𝑚𝜀𝑖𝑘𝑚 + 𝑢𝑖𝑢𝑚𝜀𝑗𝑘𝑚)𝑆𝑖,𝑗 is the source term

Next, the pressure interpolation format selects the PRESTO,
because PRESTO, which is very suitable for high-speed
rotating flow and porous media models, can best reflect
the internal flow field of the combination. The solution of
pressure coupling selects the mass, momentum, and energy
transfer equations of SIMPLE semi-implicit method. The
QUICK difference format is used in the convection term of
each equation.

2.3.3. The Discrete Phase. Because the hazardous materials
collection truck collects the hazardous material particles
using vacuumnegative pressure, a two-phase flowwith a very
small particle volume fraction is collected. In the FLUENT
simulation analysis, the gas belongs to the continuous phase,
and the hazardous materials particles are sparse phases.
Therefore, the DPM model suitable for gas-solid two-phase
flowwith a volume fraction of less than ten percent is applied.
The DPM model [24–26] uses the Euler-Lagrangian calcula-
tion idea, where the continuous fluid phase is processed in
Euler coordinates and the particle phase is processed under

the Lagrangian framework. The control equation for a single
particle can be derived from Newton’s second law.

𝑚𝑝𝑑𝑉𝑃𝑑𝑡 = 𝐹𝐷 + 𝐹𝑃 + 𝐹𝐴 + 𝐹𝐵 + 𝐹𝑆 + 𝐹𝑀 + 𝐹𝐺 + 𝐹𝐶 (4)

where 𝐹𝐷 is the drag force generated by the viscosity of
the fluid on the particles, 𝐹𝑃 is the pressure gradient force,
an additional nonuniform force caused by the flow field
pressure gradient, 𝐹𝐴 is the additional mass force caused by
the asymmetric pressure of the upper and lower surfaces
after the particles are accelerated, 𝐹𝐵 is the Basset force
generated by the acceleration or deceleration of particles in
a fluid, 𝐹𝑆 is the Saffman force generated by the presence of
velocity gradient in the flow field, 𝐹𝑀 is the Magnus force
generated by the rotation of the particles in the flow field, 𝐹𝐺
is the volume force produced by gravity, and 𝐹𝐶 is the force
generated between the particles and the particles, particles
and the wall. Although particles are subjected to several
forces [27] in a combined model, they are not important
for their own movements. Given that the gas density is
much smaller than the density of the particles, the force
includes buoyancy, pressure, and gradient force, and it can
be negligible compared to the inertia experienced by the
particles. The most important of all the above forces is the
drag [23, 28], whose expression is as follows:

𝐹𝐷 = 18𝑢𝐶𝐷𝑅𝑒𝑝𝜌V𝑑2V24 (𝑢 − 𝑢𝑃)
𝑅𝑒𝑝 = 𝜌𝑝𝑑𝑝 𝑢 − 𝑢𝑝𝑢

(5)

where 𝐶𝐷 is the drag coefficient: 0 < 𝑅𝑒𝑝 ≤ 1, 𝐶𝐷 = 𝑅𝑒𝑝/24;𝑅𝑒𝑝 > 1000, and 𝐶𝐷 = 0.44; else 𝐶𝐷 = (𝑅𝑒𝑝/24)(1 +0.15𝑅𝑒0.687𝑝 ); 𝑅𝑒𝑝 is the Reynolds number.

2.3.4. The Boundary Conditions. Given that the hazardous
material collection truck collects hazardous materials using
vacuum negative pressure (the condition at the gas outlet is
0.8 atmospheres), the overlet boundary condition is set to
pressure-outlet, and the discrete phase boundary condition
is set to ESCAPE in the FLUENT software. The boundary
condition at the inlet is set to pressure-inlet and the discrete
phase boundary condition is set to ESCAPE. In this study,
it is assumed that the airflow of the dust outlet is zero, the
boundary condition at the dust outlet is set to wall, and the
discrete phase boundary condition is set to TRAP.Theporous
medium boundary condition is set to Porous-jump and the
discrete phase boundary condition is set to INTERIOR. The
wall is set to no-slip boundary and the roughness is set to
the default roughness of 0.5. The discrete phase boundary
condition of wall is set to REFLECT, and there is a complete
collision between the particle and the wall.

Given the large number of geometrical pores on the
surface of the filter cartridge, meshing is difficult to achieve.
Therefore, the geometric pores are simplified in the geometric
meshing, and the filter cartridge is treated as a cylinder.When
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Table 2: Basic parameters of model simulation.

Geometric parameter Value of number
Particle density 𝜌/kg⋅m−1 2700
Permeability 𝛼/m2 1e-8
Thickness of the porous medium n/mm 2
Air-inlet gauge total pressure P1/atm 0.0025
Outer exhaust pipe gauge pressure P2/atm -0.2
Pressure jump coefficient 𝐶2 0
Particle diameter dk/um 1

analyzing fluids using FLUENT software, the cylindrical
region is set to the porousmediumfluid domainwith a source
of resistance. A velocity-dependent momentum is generally
provided in the porous region [29], and its expression is as
follows:

𝑆𝑖 = −( 3∑
𝑗=1

𝐷𝑖𝑗𝑢V𝑗 + 3∑
𝑗=1

𝐶𝑖𝑗 12𝜌 |V| V𝑗) (6)

where the first item on the right side of the expression is the
viscous-loss term and the second item is the inertia-loss term.
For porous media, it can be changed to another expression:

𝑆𝑖 = −(𝑢𝛼V𝑖 + 𝐶2 12 |V| V𝑖) (7)

where 𝛼 is the permeability and 𝐶2 is the pressure jump
coefficient. Here, the matrix D is 1/𝛼. Momentum acts on
the fluid to create a pressure gradient, ∇p = 𝑆𝑖, which
can be written as ∇P = −𝑆𝑖𝑛. In the expression, n is the
thickness of the porous medium domain. The permeability
value and pressure jump coefficient are determined according
to Reference [30] and the actual conditions. The parameters
of filter cartridge type dust collector are listed in Table 2.

3. The Response Surface Method Parameter
Design and Numerical Simulation Results

3.1. The Response Surface Methodology and Parameter Design.
The response surface methodology is a structural parameter
optimization method, which is a combination of mathemati-
cal methods and statistical methods. It was first proposed by
Box and Wilson [31] in 1951. The response surface method-
ology is a method of creating a surface by determining the
real value of a function of many points around one point.
In an area that is close enough to this point, this surface is
used instead of this actual model to operate. To facilitate the
analysis and find the optimal value of the variable, the surface
response function replaces the complex model with a higher
order function relationship. The basic steps of the response
surface method analysis in this study are as follows: First,
the least squares method is used to estimate the coefficient of
the surface response function. Then, the response equation
is obtained. Finally, the degree of influence of each factor
on the target is obtained, through the method of significant
examination analysis. The second-order design is chosen in

this study, and the expression of the response function [11, 32]
is as follows:

𝑦 = 𝛽0 + 𝑘∑
𝑖=1

𝛽𝑖𝑥𝑖 + 𝑘∑
𝑖=1

𝛽𝑖𝑖𝑥2𝑖 + 𝑘∑
𝑖<1

𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + 𝜀 (8)

where 𝛽0, 𝛽𝑖, 𝛽𝑖𝑖, and 𝛽𝑖𝑗 represent the regression coefficients
of primary, secondary, and interaction, respectively, x is an
independent variable, y is the objective function, k is the
number of influencing factors, and 𝜀 is the error of the
objective function.This second-order polynomial can replace
the real function within a certain range.

Because of the existence of the filter cartridge in the
combined model, the filtration rate for 1-𝜇m hazardous
materials particles can reach 99.9%. However, too much
reliance on the filter cartridge to capture the particles will
cause the combined model to lose its meaning. The particles
are separated as far as possible by the rotating separation
structure, and finally the tiny particles that cannot be sep-
arated are captured by the filter cartridge. Such a method
can reduce the workload of the filter cartridge, reducing the
accumulation speed of particles on the surface of the filter
cartridge, reducing the frequency of cleaning. Therefore, the
separation efficiency of the cyclone separation structure is
used as a response function.

In this study, the influence factors of the inner exhaust
pipe diameter d, inner exhaust pipe insertion depth h,
cylinder height H1, and cone height H2 are selected as the
optimization parameters. The diameter D of the cylinder is
taken as a fixed value. According to the conventional cyclone
separator optimization [32–34] and the size of the filter
cartridge and then referring to the size of the hazardousmate-
rials rescue truck, the cylinder diameter is set to D=600mm,
and the variation range of the independent variable is as listed
in Table 3.

The Box-Behnken second-order design method of
response surface methodology was used to optimize the
structure in this study. There are 34 = 81 different structures
of combined separators for four factors and three levels of
optimization variables. After using the BBD design method
for calculation, the number of experimental groups was 29,
which includes the center experiment 5 times. The design
table created by Box-Behnken is listed in Table 4.

3.2. Simulation Results. The combined model is divided into
structured hexahedral meshes using ICEM software, and the



6 Advances in Mathematical Physics

Table 3: Ratio change range of optimization parameter.

Optimized variable Initial proportion Proportion of change range
Inner exhaust pipe diameter d/D 0.5 0.4∼0.6
Inner exhaust pipe insertion depth h/D 0.4 0.2∼0.6
Cylinder height H1/D 1 0.8∼1.2
Cone height H2/D 1.2 1∼1.4

Table 4: Parameters table.

Level X1 (inner exhaust
pipe diameter d/mm)

X2 (inner exhaust pipe
insertion depth h/mm)

X3 (cylinder height
H1/mm)

X4 (cone height
H2/mm)−1 240 120 480 600

0 300 240 600 720
1 360 360 720 840

mesh is imported into FLUENT software.Then,we can obtain
simulation results of 29 different structural models.Here is an
example of the seventh group of simulation results.Themodel
mesh is shown in Figure 3(a), and the simulated contour
figure is shown in Figures 3(b), 3(c), and 3(d).

It can be seen from the speed contour figure of model
in Figure 3(b) that the speed increases and then decreases
from the wall surface of the combined model to the center.
There ismaximum speed at the position of inner exhaust pipe
and minimum speed at the center of the combined model.
Figure 3(c) is the trajectory tracking of particles exhaust
pipe, and the particle trajectory is rotating. Some of the
particles are separated by rotation, and only a small part of the
particles will escape to the surface of the filter cartridge and
will eventually be captured. Figure 3(d) shows the dynamic
pressure contour figure at y=−240, and the dynamic pressure
is symmetrically distributed.

4. Analysis and Optimization

4.1. Regression Analysis. After the combinedmodels of differ-
ent sizes are imported into the FLUENT software individually
to simulate and the filter cartridge boundary condition is
set to Porous-jump, the discrete phase is set to TRAP when
capturing particles, and the particle capture rate of each
model, which denotes the ability of the filter cartridge and
the cyclone separation structure to work together, is 99.9%.
When the discrete phase at the filter cartridge is set to
INTERIOR and the discrete phase of the dust outlet is set
to TRAP, the separation efficiency is between 0% and 99.9%.
Such a method can obtain the separation efficiency y of
the combined model cyclone separation structure. Then,
the simulated separation efficiency y is imported into the
Design-Expert software, and the result is fitted by the least
squares method. Table 5 presents the variance analysis of the
quadratic equation, and Table 6 presents the fit statistics.

The judging criteria are as follows:

(1) Themodel significance check P value: usually P≤ 0.05
indicates that the model is considered very significant
or a factor has a significant impact on the model

(2) The determination coefficient R2: in engineering
applications, R2 >0.8 is considered to be approxi-
mately credible, and R2>0.95 is relatively high

(3) The closer the correction coefficient R2 (adjusted R2)
and the prediction coefficient R2 (predicted R2), the
better

(4) Signal-to-noise ratio: this indicates the resistance of
the fitting function to bad data interference (Adeq
precision). If the value is higher than 4 in engineering
applications, then the fitting degree is better

It can be seen from Table 5 that some P values are much less
than 0.05, which indicates that these factors have a significant
impact on the model. The P value of the model is less than
0.0001, which indicates that the second-order equation fits
well. From Table 6, it is seen that the fitness R2 = 0.9657; the
correction factor and the prediction coefficient are very close,
and the signal-to-noise ratio is much larger than 4. These
phenomena indicate that the second-order equation fits well.

In the process of establishing a regressionmodel, owing to
the designer’s mistakes or accidental factors, the data we get
is often not completely reliable (data anomaly). Sometimes,
this does not rule out the above problems in the data, even if
the P value in the results proves that the regression equation
is reliable. The purpose of residual analysis is to address
this issue. The residual indicates the difference between the
actual observed value and the estimated value (fitted value).
Figure 4(a) is the residual normal probability distribution
figure. Figure 4(b) is the relationship between experimental
values and predicted values. It can be seen from the figure
that the predicted value and the actual value are roughly
distributed on a straight line, and each scatter point in
the residual figure has a linear trend. This phenomenon
indicates that the response value of the model can roughly
reflect the actual value of the model. The residuals are in a
normal distribution, and themodel has a good fit. Figure 4(c)
shows the relationship between the residual and the predicted
value of the equation. The points on the graph are scattered
irregularly, and the effect is better. Most of the points are in
the horizontal band zone, and there is no randomdistribution
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Figure 3: Grid and simulation contour figure of combined mode.

of any systematic trend, which indicates that the regression
equation fits the sample data well.

Figure 5 shows the effect of various factors on separation
efficiency. As seen from Figure 5(a), the separation efficiency
decreases continuously when the diameter d of the inner
exhaust pipe increases continuously. Because the external

rotating fluid region decreases and the internal rotating fluid
region increases when the diameter of the exhaust pipe
increases, the particles will be easily caught by the internal
swirling flow into the inner exhaust pipe, resulting in a
decrease in separation efficiency after the particles escape.
Comparing Figures 5(a) and 5(b), when the inner exhaust
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Table 5: ANOVA for the quadratic model.

Source Sum of Squares df Mean Square F-value p-value
Model 3753.82 14 268.43 28.13 <0.0001 significant
A-X1 1722.01 1 1722.01 180.63 <0.0001
B-X2 325.52 1 325.52 34.15 <0.0001
C-X3 325.52 1 325.52 34.15 <0.0001
D-X4 1031.38 1 1031.38 108.19 <0.0001
AB 189.06 1 189.06 19.83 0.0005
AC 0.3906 1 0.3906 0.0410 0.8425
AD 0.0000 1 0.0000 0.0000 1.0000
BC 76.56 1 76.56 8.03 0.0133
BD 25.00 1 25.00 2.62 0.1277
CD 0.3906 1 0.3906 0.0410 0.8425
A2 19.16 1 19.16 2.01 0.1781
B2 31.04 1 31.04 3.26 0.0927
C2 0.6334 1 0.6334 0.6334 0.8003
D2 26.76 1 26.76 2.81 0.1160
Residual 133.46 14 9.53
Lack of Fit 133.46 10 13.35
Pure Error 0.0000 4 0.0000
Cor Total 3887.28 28

Table 6: Fit statistics.

Regression Coefficient Value Regression Coefficient Value
Std. Dev 3.09 Adjusted R2 0.9313
Mean 56.16 Predicted R2 0.8022
C.V.% 5.50 Adeq Precision 20.4762
R2 0.9657

pipe diameter d is larger, the separation efficiency decreases
by a large margin after the inner exhaust pipe insertion
depth h is decreased. This phenomenon indicates that the
interaction between the inner exhaust pipe diameter and the
inner exhaust pipe insertion depth has a significant effect on
the separation efficiency. As seen from Figure 5(c), the sep-
aration efficiency decreases as the height H1 of the cylinder
and the height H2 of the cone decrease. This phenomenon
may be caused by the decrease in the rotational strength of
the wake vortex when the height of the combined model is
increased. Then, the particles are not easily taken away, and
the separation efficiency is reduced after the particles escape.

After taking the center experimental group X1, X2, X3,
and X4=300mm, 240mm, 600mm, and 720mm, respec-
tively, and keeping three of the factors unchanged, the
influence of each factor shown in Figure 6 on the separation
efficiency can be obtained when the remaining factor is
changed. From Figures 6(a), 6(c), and 6(d), we can find that
the separation efficiency will increase or decrease mono-
tonically. In addition, the relatively large slope of the inner
exhaust pipe diameter and the cone height indicates that
the separation effect is considerably affected. However, we
can find from Figure 6(b) that when the depth of the inner
exhaust pipe is increased to a certain depth, the separation
efficiency will not increase any more. This phenomenon can

also be seen fromFigure 5(a). It can be analyzed that when the
insertion depth of the inner exhaust pipe is low, the particles
easily escape from the inner exhaust pipe in the form of
a short-circuit flow. However, when the depth of the inner
exhaust pipe is too high, the particles will be collected on the
wall above the inner exhaust pipe to forman “ash ring,”which
is not easily discharged or captured.Thiswill cause difficulties
in the particles getting discharged or captured; however, the
phenomenon that the inclination rate shown in Figure 5(d) is
gradually decreased indicates that the magnitude of increase
of separation efficiency is decreased. After the height of the
cylinder and the cone is increased to a certain extent, a larger
negative pressure may be required to maintain the effective
separation of the particles under the boundary conditions of
the vacuum negative pressure.

4.2. Structural Optimization. Themodel fits well in this study,
but there are nonsignificant items. Therefore, the cross-terms
with less influence on the fitting function are removed.Then,
the coefficients in terms of coded factors are obtained, which
are listed in Table 7.

The coefficient estimate represents the expected change in
response per unit change in factor value when all remaining
factors are held constant. The intercept in an orthogonal
design is the overall average response of all the runs. The
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Figure 4: Data diagnostics.

Table 7: Coefficients in terms of coded factors.

Factor Coefficient Estimate Standard Error 95% CI Low 95% CI High VIF
Intercept 58.55 1.01 56.43 60.66
A-X1 −11.98 0.7902 −13.64 −10.32 1.0000
B-X2 5.21 0.7902 3.55 6.87 1.0000
C-X3 5.21 0.7902 3.55 6.87 1.0000
D-X4 9.27 0.7902 7.61 10.93 1.0000
AB 6.88 1.37 4.00 9.75 1.0000
BC 4.38 1.37 1.50 7.25 1.0000
BD −2.50 1.37 −5.38 0.3755 1.0000
A2 −1.66 1.06 −3.88 0.5577 1.05
B2 −2.13 1.06 −4.35 0.0889 1.05
C2 −1.97 1.06 −4.19 0.2452 1.05

coefficients are adjustments around that average based on the
factor settings. When the factors are orthogonal, the VIFs are
1; VIFs higher than 1 indicatemulticollinearity, and the higher
the VIF, the more severe the correlation of factors. As a rough
rule, VIFs less than 10 are tolerable.

Through the coefficients in terms of coded factors in
Table 7, we can get the regression equation of the actual
separation efficiency as follows:

𝑦 = −12.14105 − 0.152215 ∗ 𝑋1 − 0.229401 ∗ 𝑋2
− 0.029514 ∗ 𝑋3 + 0.316136 ∗ 𝑋4 + 0.000955
∗ 𝑋1 ∗ 𝑋2 + 0.000304𝑋2 ∗ 𝑋3 − 0.000174𝑋2
∗ 𝑋4 − 0.000461 ∗ 𝑋12 − 0.000148 ∗ 𝑋22
− 0.000137 ∗ 𝑋42

(9)

In this study, the combined model is optimized to reduce the
workload of the filter cartridge as much as possible, so it is
necessary to increase the particle capture rate of the combined
model cyclone separation structure.Therefore, the combined
model is optimized within the optimization interval. The
optimization interval and the optimum point are listed in
Table 8.

After performing CFD simulation on the optimized
structural dimensions listed in Table 8, the separation effi-
ciency of the cyclone separation structure can be obtained.
It can be seen from Table 9 that the predicted separa-
tion efficiency value 𝑦𝑅 obtained by the response surface
methodology (RSM) design test is very close to the result
y obtained by the CFD simulation. This result shows that
the response surface methodology (RSM) of Design-Expert
software can well predict the separation performance of
different structural sizes of the combined model.

5. Conclusion

In this study, most of the external structure of the cyclone
separator is retained for the combined model. The method
of adding the filter cartridge above the combined model
can capture the particles well, and the total capture rate
of the particles can reach 99.9%. It can be seen from the
simulation results that this method not only utilizes the
characteristics of the original cyclone but also utilizes the
filter cartridge to capture the characteristics of tiny particles.
This method reduces the probability of particles escaping
from the exhaust port towing to dust outlet back-mixing,
short-circuit flow, and upper gray ring. Applying this highly
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Table 8: Optimization constraints and results.

Name Goal Lower Limit Upper Limit Optimization Results
A: X1 (mm) is in range 240 360 240.000
B: X2 (mm) is in range 120 360 244.342
C: X3 (mm) is in range 480 720 720.000
D: X4 (mm) is in range 600 840 840.000𝑦 (%) maximize 0 100 81.379
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Figure 5: Effect of different factors on separation efficiency.

Table 9: Model prediction values and numerical simulation values.

Response Surface
Methodology CFD Simulation Error

𝑦 81.379% 81.25% 0.129%

efficient combined model to separate hazardous material will
reduce the probability of secondary pollution.

After structural optimization of the combined model by
applying response surface methodology, we can see that the
most important influence on the separation effect of the
cyclone separation part is the inner exhaust pipe diameter and
cone height.The insertion depth of the inner exhaust pipe and
the height of the cylinder also have an effect on the separation
efficiency, but their effect is small. The interaction between

the diameter and insertion depth of the inner exhaust pipe
has an effect on the separation efficiency. After the insertion
depth of the inner exhaust pipe is increased, the separation
efficiency is increased to no change, and there is an optimum
value of the insertion depth here. Furthermore, the effect
of the other three factors on the separation efficiency is
monotonic, but the magnitude of increase of separation
efficiency is decreased after the total height of the cone and
cyclone increases.

Among the 29 data values, the poorest cyclone separation
structure separation efficiency is 35%, and the workload
of the filter cartridge is nearly twice that of the cyclone
separation structure. The combined model optimized in a
reasonable interval is introduced into the CFD simulation,
and the predicted value of the separation efficiency model of
the cyclone separation structure is different from the CFD
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Figure 6: Effect of a single factor on efficiency.

simulation value by 0.129%. This result indicates that this
experimental design is a good predictor of the separation
performance of the combined model. After optimization,
81.25% of the 1-𝜇m particles can be removed by the cyclone
separation part, and only 18.75% are removed by the filter
cartridge. This combined model considerably reduces the
workload of the filter cartridge, thereby reducing the stacking
speed of the particles on the surface of the filter cartridge and
increasing the working life of the filter cartridge.
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