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Highlights Abstract

= The theoretical formulations are used to verify the The purpose of this paper is to solve the problem of low conveying
efficiency and serious blade wear during vertical screw conveying of
cohesive particles. Firstly, the reliability of DEM simulation was verified
by comparing the simulated and theoretical values and the influence
regularity of different design parameters (rotational speed, pitch, and
clearance) on screw conveying characteristics were analyzed based on
DEM. In addition, the effect of design parameters on the screw
conveying characteristics is identified by ANOVA. Then, the multi-
objective optimization model with the both of maximizing the average
mass flow rate and minimizing the maximum wear depth of the blade
was established using the polynomial fitting regression, which was
solved by the non-dominated sorting genetic algorithm (NSGA-II).
Finally, the comprehensive evaluation was used to determine the best
design parameters. The above research results provide a certain
reference for the study of cohesive particle’s vertical screw conveying
characteristics and equipment optimization design.

reliability of the simulation.

=  The DEM simulation is used to study conveying
characteristics.

=  Optimization of design parameters (rotational
speed, pitch, and clearance) of a screw conveyor.

®  The NSGA-II algorithm is applied to solve the

multi-objective optimization model.
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1. Introduction

The screw conveyor is a commonly used conveying equipment
in ports, agriculture, chemical, mining, and food processing
industries, which is adopted to ensure continuously and long-
distance convey the bulk materials such as coal, barley, and
wood chips, et al [12]. The screw conveying characteristics have
long been studied based on DEM. For example, Owen and
Cleary [14] studied the effects of different inclination angles,
rotational speeds, and filling rates on the conveying velocity,
mass flow rate, power consumption, and energy dissipation, and
predicted the screw conveyor performance. Wang et al. [20]
studied the influence of different rotational speeds and filling
rates on mass flow rate, and the results indicated that mass flow
rate increased with increasing rotational speed or filling rate
increase. Zhao et al. [27] studied the influence of internal
diameter, pitch, and rotational speed on the conveying capacity.
Karwat et al. [8] studied the impact of the screw rotation speed
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comprehensive evaluation

on the mass efficiency and power consumption under the
different constructions of screw conveyor. Yuan et al. [26]
proposed the vertical screw conveyor with variable screw
section to improve the conveying efficiency.

In the above study of screw conveying characteristics,
material properties such as shape, size and cohesion of particles,
et al. were ignored. Therefore, Owen and Cleary [15] studied the
effects of particle shape, particle-particle, and particle-geometry
boundary friction on the conveying velocity, mass flow rate, and
power consumption. Rackl and Giinthner [17] investigated the
conveying process of non-spherical particles in the screw
conveyor, with particles being modeled by super-ellipsoids, and
predicted the effect of different particle’s shapes, filling rates,
and rotational speeds on the particle’s mass flow rate and power
consumption. Govender et al. [2] studied the impact of different
faced particle shapes on the energy dissipation of screw
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conveyor, and the results indicated that faced particle’s the
energy dissipation is higher than that of spherical particles.
Minglani et al. [13] investigated the influence of spherical and
non-spherical particles on the average velocity and contact force
at different rotational speeds, pitches, and feeding rates, the
results indicated that the non-spherical particles follow a similar
trend to those of spherical particles. Hou et al. [5] established the
DEM model of cohesive particle flow in a screw feeder, and
researched the effects of cohesive force and rotational speed on
the mass flow rate and contact forces. The authors [10, 16]
studied the effect of particle sizes on the conveying
characteristics, such as the mass flow rate and power
consumption.

To study the wear regularity of the screw blade, Yang et al.
[23, 24] established a new screw conveyor wear prediction
model based on the Archard wear model and the continuous
medium assumption, and the wear regularity of the screw blade
was simulated and experimentally verified at different rotational
speeds, filling rates, and pitches.

Many papers correctly and purposefully investigated that the
effects of many different design parameters on the conveying
characteristics of the non-cohesive particles, such as the
conveying efficiency, power consumption, and velocity of
particles, et al. However, there is little research on the use of
cohesive particles as conveying materials in screw conveyors,
and there is a lack of paper on the combination of conveying
efficiency and the blade wear. Therefore, in order to improve the
conveying efficiency and reduce the blade wear of the screw
conveyor with cohesive particles, a method based on the
combination of DEM and NSGA-II algorithm is proposed in this
paper for analysis. Firstly, the effect of different design
parameters (rotational speed, pitch, and clearance) on vertical
screw conveying characteristics is investigated based on DEM
simulation. Then, a multi-objective optimization model of screw
conveyor design parameters for viscous particles is established
with rotational speed, pitch, and clearance as design variables
and the objectives of maximizing conveying efficiency and
minimizing blade wear. The NSGA-II algorithm is adopted to
obtain the Pareto optimal solution sets. Finally, the entropy
weight method combined with the grey relational method is
applied for the comprehensive evaluation to determine the best
design parameters of the screw conveyor equipment for cohesive
particles.

2. Setup vertical screw conveyor simulation model
2.1. Simulation model

This study uses the actual model of a certain type of vertical
screw conveyor in the enterprise, and in order to reduce the scale
of the simulation, the model is scaled down to one third of the
original one without affecting the reliability of the simulation
test, then the schematic diagram of the structure of the vertical
screw conveyor and the structural parameters of the scaled
model are shown in Fig. 1 and Table 1. The mass flow rate
monitor, velocity sensor and Geometry Bin are arranged in the
monitoring area to count the mass flow rate of particles, the
velocity of particles, and the wear depth of the blade,
respectively.
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Fig. 1. The structure of vertical screw conveyor: a. three-
dimensional simplified model; b. two-dimensional model.

Table 1. Design parameters of the scaled-down model.

Name and Symbol Value

D — External diameter of the screw blade 237 mm

D, — Diameter of the screw shaft 91 mm

D, — Internal diameter of cylinder wall 250—254 mm
D, — Diameter of inlet 250 mm

D; — Diameter of outlet 250 mm

C — Clearance 6.5—8.5 mm
S — Pitch 190—237 mm
n — Rotational speed 260—360 rpm

2.2. Material parameters

The cohesive material is studied with coal particles, the radius
of particle r is selected as 6 mm [25]. Meanwhile, the steel is set
for the material of the vertical screw conveyor. The material
parameters and contact properties of particle and steel are shown
in Table 2.

Table 2. Material parameters [21, 22, 24].

Material parameters Value
g, — Poisson’s ratio of particle 0.3
pc — Density of particle 1300 kg/m?3
G, — Shear modulus of particle 1x109 Pa
&, — Poisson’s ratio of steel 0.29
ps — Density of steel 7861 kg / m3
G, — Shear modulus of steel 7.99x1010 Pa
Recovery coefficient of particle-particle 0.5

Static friction coefficient of particle-particle 0.6
Rolling friction coefficient of particle-particle | 0.05

Recovery coefficient of particle-steel 0.5
Static friction coefficient of particle-steel 0.4
Rolling friction coefficient of particle-steel 0.05

Wear constant of particle-steel 1x10-12m2 /N

The time step is determined according to the Rayleigh wave
velocity propagating along the surface of a solid spherical
particle, as follows in Equation (1) [7]:

nr G,

At=—— | =
0.163¢,+0.877 |p,

M

The corresponding numerical is brought in Eq. 1 to obtain
At=2.32x107 s. The Rayleigh time step is usually set in the time
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step range of 5% to 40%. Therefore, the simulation time step is
set to 4.64x10°° s, and the total simulation time is set to 10s, with
data saved every 0.05s [24].

2.3. Selection of particle contact model

The current moisture content of commercially available coal
particles is 5% to 15%, and the Hertz-Mindlin with JKR contact
model is selected to simulate wet particles [18, 21]. The
corresponding force-displacement control equations for this
model are as follows [4]:

d?§ ;
Fp=m'—— (R +Fs - ) o))
d2s,
Ft =m* W - (Ftd + Fts) (3)
d?6
1 W = 1"[C + Mr (4)

Where, F, is the normal external force, F; is tangential
external force, m”* is the equivalent mass, I* is the equivalent
moment of inertia, §, is the normal displacement, &; is the
tangential displacement, M, is the sum of a contact torque,
M, is rolling resistance torque, 6 is the angle of particle
rotation, FZ is the normal damping force, F¢ is the tangential

damping force, Frikr is the normal cohesive force, F; is the
normal spring force, F is the tangential spring force.

Here, E¢, Fr{kr, ES, Ftd, F¢ can be expressed as [4]:

5 Ine dé
Fd =2 |>——— [2E*/r6,m — %)
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Where, y is the inter-particle of cohesive energy, a is the contact
radius, e is the recovery coefficient, E* is the equivalent elastic
modulus, 7" is the equivalent particle radius, G" is the equivalent
of shear modulus.

2.4. Calibration of inter-particle cohesive energy

The actual situation of coal particles at a moisture content of
10%, after experimental measurement of its angle of repose is
27° [21]. The simulation often uses the cylindrical method to
calibrate inter-particle cohesive energy, add a certain amount of
particles to the cylinder, and after the particles are stabilized. Lift
the cylinder at a constant speed; the particles collapse downward
due to the action of gravity and eventually form a stacking angle.
The angle of repose is calculated as shown in Equation (10), and
the experimental procedure of inter-particle cohesive energy
simulation calibration is shown in Fig. 2.

H
B= arctan; (10)

Where, B is the angle of repose; H is the particle stacking height;
p is the particle stacking radius.

-340, 0, 0
/( )

¢

Fig. 2. Simulation calibration process.

Fig. 2 shows the particle stacking height is 168 mm, the
radius of the pile is 330 mm, and the coal particle’s angle of
repose is 26.98°, calculated by Equation (10), which is
approximately the same as the actual particle’s angle of repose.
At this time, the inter-particle cohesive energy is 30 J/m?.
Under cohesive particles, to study the effect of different design
parameters on the screw conveying characteristics, the set of
numerical simulation design parameters is shown in Table 3.

Table 3. Setting of design parameters.

Name and symbol Value

Rotational speed 7 [rpm] 260, 285, 310, 335, 360

Pitch (S) [mm] 190, 200, 210, 220, 230, 237

Clearance (C) [mm] 6.5,7,7.5,8,8.5
Inlet feeding rate [kg/s] 4
Inlet declining speed [m/s] 2

Inter-particle cohesive energy y [J/m?] | 30

3. Analysis of discrete element simulation results
3.1. Simulation rationality verification

When there is no adhesion energy inter-particle (0 J/m?),
according to the theoretical formula, the axial velocity of
particles v, is as follows [11]:

nR S
v =g (n — my)sin [2arctan 21'[R)] (1D
30 | g S
30 [g 12
e - j#tR tan [arctan (ZTL'R) + @kl 12)

Where, v, is the axis velocity of particles, n is the actual
rotational speed, g is the acceleration of gravity, R is the external
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radius of screw blade, the friction coefficient of particles and
internal cylinder wall g is 0.4, the friction angle of particle and
screw blade ¢y is 21.77° [24].

When the pitch is 200 mm, clearance is 6.5 mm, and typical
rotational speeds are 260 rpm, 310 rpm and 360 rpm,
respectively, and the theoretical values of the particle's axial
velocity are in Table 4. Under this conveying condition, the axial
velocity distribution of particles in the monitoring area and the
variation regularity of the particle's average axial velocity with
time are shown in Fig. 3(a) and Fig. 3(b), respectively, using
EDEM software simulation.
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Fig. 3. At typical rotational speeds: (a) axial velocity
distribution of particles; (b) the variation regularity of particles

average axial velocity with time.

Fig. 3(a) shows that the axial velocity of the particles appears
to have a layered distribution in the monitoring area, under the
same rotational speed. The particles with lower speeds are
distributed in the bottom layer, while the particles with higher
speeds are primarily distributed in the middle and upper layers.
Fig. 3(b) shows the average axial velocity of particles increases
with the increase of the rotational speed, and the moment of
particles appearance in the monitoring area are about 2.5 s, 2 s,
and 1.5 s, respectively when the rotational speed is 260 rpm, 310
rpm, and 360 rpm. Also, the average axial velocity of particles
at different moments is averaged in the monitoring area, and the
average axial velocity of particles at typical rotational speed is
obtained as follows in Table 4.

Table 4 shows the relative errors between the simulated and
theoretical values of the particle’s average axial velocity at
typical rotational speeds are within 10%, which proves that the
simulation settings are reasonable [3]

Table 4. Theoretical and simulated average axial velocity of

particles.
Rotational Theoretical Simulated Relative
speed n, rpm vz, m/s vz, m/s error, %
260 0.439 0.482 9.79
310 0.594 0.628 5.72
360 0.750 0.777 3.60

3.2. The influence regularity of different design
parameters on the average mass flow rate of particles

The average mass flow rate of particles is an important indicator
that affects the conveying efficiency of the vertical screw
conveyor [14]. In the monitoring area, the simulation studies the
effect of three key parameters, namely different rotational
speeds, pitches, and clearances, on the average mass flow rate of
particles.

1) Rotational speed

When the inter-particle cohesive energy, pitch, and clearance are
30 J/m?, 200 mm, and 6.5 mm, respectively, the variation curves
of the particle's mass flow rate with time at different rotational
speeds are obtained using EDEM software simulation as shown
in Fig. 4(a). Meanwhile, the average values of the particle's mass
flow rate are calculated when the rotational speeds are 260 rpm,
285 rpm, 310 rpm, 335 rpm, and 360 rpm, respectively, and the
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variation curve of the particle's average mass flow rate with
rotational speed is fitted as shown in Fig. 4(b).
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Fig. 4. At different rotational speeds: (a) Variation curves of the
particle’s mass flow rate with time; (b) Variation curves of
particle’s average mass flow rate.

Fig. 4(a) shows the particle’s mass flow rate reaches the
steady state at different rotational speeds are about 7s. Fig. 4(b)
shows particle's average mass flow rate increases strongly with
the increase in the rotational speed. The average mass flow rate
of particles increases from 2.219 to 2.740 kg/s, and the growth
rate of the particle's average mass flow rate is 23.48%, when the
rotational speed increases from 260 to 360 rpm.

2) Pitch

When the inter-particle cohesive energy and clearance are 30
J/m? and 6.5 mm, respectively, the pitch increases from 190 to
237 mm, and the variation of the particle's mass flow rate with
time at different pitches (rotational speed 360 rpm is selected as
an example) and the variation curves of the particle's average
mass flow rate with the pitch at three typical rotational speeds
are obtained by using EDEM software simulation, as shown in
Fig. 5(a) and Fig. 5(b).
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Fig. 5. At different pitches: (a) Variation curves of the particle’s
mass flow rate with time; (b) Variation curves of the particle’s
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Fig. 5(a) shows that the particle's mass flow rate reaches the
steady state at different pitches at about 7s. Fig. 5(b) shows the
average mass flow rate of particles increases with the increase in
the pitch at the same rotational speed. The particle’s average
mass flow rate increases from 2.190 kg/s, 2.479 kg/s, and 2.698
kg/s to 2.278 kg/s, 2.581 kg/s, and 2.799 kg/s, respectively, at
three typical rotational speeds (260 rpm, 310 rpm and 360 rpm),
when the pitch increases from 190 to 237 mm. Meanwhile, the
growth rate of the particle's average mass flow rate is about 4%.

3) Clearance

When the inter-particle cohesive energy and pitch are 30 J/m?
and 200 mm, respectively, the clearance increases from 6.5 to
8.5 mm, and the variation of the particle's mass flow rate with
time at different clearances (rotational speed 360 rpm is selected
as an example) and the variation curves of the particle's average
mass flow rate with clearance at three typical rotational speeds
are obtained by using EDEM software simulation, as shown in
Fig. 6(a) and Fig. 6(b).
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Fig. 6. At different clearances: (a) Variation curves of the
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Fig. 6(a) shows the particle's mass flow rate reaches the
steady state at different clearances is about 7s. Fig. 6(b) shows
that particle's average mass flow rate increases slightly, with the
increase in the clearance at the same rotational speed. The
particles average mass flow rate increases from 2.219 kg/s,
2.498 kg/s, and 2.739 kg/s to 2.254 kg/s, 2.531 kg/s, and 2.768
kg/s, respectively, at three typical rotational speeds (260 rpm,
310 rpm and 360 rpm), when the clearance increases from 6.5
mm to 8.5 mm. At the same time, the growth rate of the particle's
average mass flow rate is about 1%.

3.3 The influence regularity of different design parameters
on the blade maximum wear depth

In the process of screw conveying, the screw blade wears out
due to collision with particles. If the screw blade occurs serious
wear, it will lead to particles cannot be conveyed [23]. The
variation regularity of rotational speed, pitch, and clearance on
the maximum wear depth of the blade are studied, respectively
based on the Archard wear model.

1) Rotational speed

When the inter-particle cohesive energy, pitch, and clearance
are 30 J/m?, 200 mm, and 6.5 mm, respectively, the cloud graph
of blade wear degree at three typical rotational speeds is
obtained by using EDEM software simulation, as shown in Fig.
7(a). At the same time, the maximum wear depth of the blade is

at the rotational speed of 260 rpm, 285 rpm, 310 rpm, 335 rpm,
and 360 rpm are calculated, and the variation curve of the blade
maximum wear depth with rotational speed is fitted as shown in
Fig. 7(b).
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Fig. 7. (a) The cloud graph of the blade wear degree at three
typical rotational speeds; (b) The variation curve of the blade
maximum wear depth with rotational speed.

Fig. 7(a) shows the degree of blade wear increases with the
increase in the rotational speed, and the wear is most obvious at
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the edge of the blade. Fig. 7(b) shows the maximum wear depth
of the blade increases strongly with the increase in the rotational
speed. The maximum wear depth of the blade increases from
0.557x10* to 1.003x 10* mm, and the maximum wear depth
growth rate of the blade is 80.07%, when the rotational speed
increases from 260 to 360 rpm.

2) Pitch

When the inter-particle cohesive energy and clearance are 30
J/m? and 6.5 mm, and the pitch increases from 190 to 237 mm,
the EDEM software simulation is used to obtain the blade
maximum wear depth with the pitch at typical rotational speeds
are shown in Fig.8.
=107
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Fig. 8. Variation curve of the blade maximum wear depth with

the pitch at typical rotational speeds.

Fig. 8 shows that the blade maximum wear depth decreases
and then increases, with the increase in the pitch, at the same
rotational speed. The maximum wear depth of the blade
increases from 0.585%10* mm, 0.808x10* mm, and 1.102x10*
mm to 0.682x10* mm, 1.009x10* mm, and 1.291x10* mm,
respectively, at three typical rotational speeds (260 rpm, 310
rpm, and 360 rpm), when the pitch increases from 190 to 237
mm. At the same time, the maximum wear depth growth rates
are 16.58%, 24.88%, and 17.15%, respectively.

3) Clearance

The inter-particle cohesive energy and pitch are set to 30
J/m? and 200 mm, respectively, and the clearance changes
between 6.5 mm and 8.5 mm. The EDEM software simulation
is used to obtain the variation curve of the blade maximum wear
depth with clearance at three typical rotational speeds, as shown
in Fig. 9.
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Fig. 9. Variation curve of the blade maximum wear depth with
clearance at typical rotational speeds.

Maximum wear depth (A4 ) [mm]

Fig. 9 shows that the blade maximum wear depth increases,
with the increase in the clearance, at the same rotational speed.
The blade maximum wear depth increases from 0.557x10"* mm,
0.780x10* mm, and 1.003x10* mm to 0.722x10* mm,
0.988x10* mm, and 1.290x10* mm, respectively, at three
typical rotational speeds (260 rpm, 310 rpm, and 360 rpm), when
the clearance increases from 6.5 to 8.5 mm. Meanwhile, the
maximum wear depth growth rates are 29.62%, 26.67%, and
28.61%, respectively.

4. Multi-objective model optimization
4.1. Construction of the regression equations

According to the above design parameters range, three
horizontal parameters are selected as X1 (rotational speed) of
260 rpm, 310 rpm, and 360 rpm, X2 (pitch) of 190 mm, 213.5
mm, and 237 mm, and X3 (clearance) of 6.5 mm, 7.5 mm, and
8.5mm. Fifteen groups of simulation schemes are designed by
Box-Behnken, and the simulation schemes and results are shown
in Table 5.

Table 5. Box-Behnken simulation schemes and results.

Run | X1 (rpm) | X2 (mm) | X3 (mm) | Q (kg/s) | Am (10* mm)
1 260 190 7.5 2.208 0.683
2 360 190 7.5 2.727 1.210
3 260 237 7.5 2.327 0.869
4 360 237 7.5 2.831 1.553
5 260 213.5 6.5 2242 0.577
6 360 213.5 6.5 2777 1.076
7 260 213.5 8.5 2.301 0.830
8 360 213.5 8.5 2.832 1.545
9 310 190 6.5 2.479 0.808
10 310 237 6.5 2.581 1.009
11 310 190 8.5 2.513 0.976
12 310 237 8.5 2.625 1.242
13 310 213.5 7.5 2.558 1.078
14 310 213.5 7.5 2.576 1.057
15 310 213.5 7.5 2.567 1.046

The regression equation for the particle’s average mass flow
rate is obtained by fitting a polynomial to the data in Table 5.

The regression equation Q(X1, X2, X3) is as follows:
Q(X1,X2,X3) = —2.28582 + 0.012905X1 + 0.014984
* X2+ 0.028112 * X3
—3.1915x 107° = X1 = X2
—0.00002 * X1 x X3 + 0.000106 (13)
* X2 = X3 —0.000011 * X12
—0.000029 = X22 — 0.001375
* X372
The regression equation for the blade maximum wear depth

Am(X1, X2, X3) is as follows:
A, (X1,X2,X3) = —1.81331 — 0.009169 * X1
—0.005057 * X2 + 0.750307 * X3
+ 0.000033 * X1 * X2 + 0.00108 (14)
* X1 * X3 — 0.062982 * X32

For the fitted regression equation for ANOVA, the degree of
deviation between predicted and simulated values and the degree
of influence of different parameters on the target quantities are
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shown in Fig.10 and Fig. 11, respectively.

a)
29r- .
= Date points
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= 2
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21 22 23 24 25 26 27 28 29
Simulated value (Q) [kg/s]
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Perdicted value (4,,) [mm]
=
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Fig. 10. The degree of deviation between the simulated and
predicted values: (a) The average mass flow rate of particles;

(b) The maximum wear depth of the blade.

Fig. 10(a) and Fig. 10(b) show that the data points are
roughly distributed on the regression line, and the R? values are
0.988 and 0.934, respectively. The closer the R? value is to 1, the
better the regression equation is fitted, indicating that the
accuracy of the function model for different objectives meets the
requirements [6].

a)

6000

5000}  4825.21

4000 +

3000 |

F-value

2000

1000
211.16

40.76
X1 X2 X3

b)

400 378.56

100 | 63.86 81.18

X1 X2 X3
Fig. 11. F-value of each parameter at different objective
quantities: (a) The average mass flow rate of particles; (b) The
maximum wear depth of the blade.

Fig. 11(a) shows the magnitude of F-value in the order of X1,
X2, and X3, and Fig. 11(b) shows the magnitude of F-value in
the order of X1, X3, and X2. The larger F-value of the
corresponding parameter, the greater the influence on the
objective quantity [9]. The order of impact on the average mass
flow rate of particles which is rotational speed, pitch, and
clearance, and the order of influence on the maximum wear
depth of the blade which is rotational speed, clearance, and pitch.

4.2. Establish multi-objective model and NSGA-II
algorithm solution

In order to solve the composite problem of maximizing the
average mass flow rate of particles and minimizing the
maximum wear depth of the blade during vertical screw
conveying under the constraints of multiple design variables.
The NSGA-II algorithm is adopted to find the optimization of
the established multi-objective model. The multi-objective
optimization model is as follows in Equation (15), and the
NSGA-II algorithm process is shown in Fig. 12.
MaxQ(X1,X2,X3)
{MinAm(Xl,XZ,XB)

(15)

1190 < X2 < 237
6.5<X3<85

Start

260 < X1 <360
s

Initialize the population, Initialize X1,
X2, X3 and substitute into the multi-
objective optimization model

I Non-dominated sorting I —l-| Fastnon—dominatedsorting|

Selection, crossover, and
mutation generate a

Crowd distance computing
generation of popul ations
Choose appropriate
individuals for the next

Selection, crossover,
mutation

]

Merge the parents and
children sol utions

| I

Fig. 12. The process of NSGA-II algorithm.
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The parameters of the NSGA-II algorithm are set: the
initialized population is 48, the maximum number of iterations
is 500, the crossover probability is 0.8, the mutation probability
is 0.05, the crossover distribution index is 20, and the variance
distribution index is 40. The NSGA-II algorithm is used to

The data standardization of the particle’s average mass flow
rate and the blade maximum wear depth are calculated according
to Equations (16) and (17), respectively, and the standardized
results are obtained as shown in Table 7.

Table 7. The normalized results.

obtain the Pareto optimal solution sets, the simulated results for SN Original data Normalization
the target quantities corresponding to different design -0 0 (kg/s) | Am (10 mm) 0 Am
parameters are shown in Table 6, and the Pareto optimal solution 1 2.876 1.631 1.000 0.000
sets are shown in Fig, 13. 2 2.190 0.513 0.000 1.000
. . 3 2.798 1.108 0.886 0.468
Table 6. The Pareto optimal solution sets. 4 7823 1.228 0.923 0.360
X1 X2 X3 4 6 2.869 1.601 0.990 0.027
S. No (rpm) (mm) (mm) Q (kg/s) | Am (10* mm)
1 360 236.5 8.5 2.876 1.631
2 260 190 6.5 2.190 0.513
3 360 216.8 6.5 2.798 1.108 . :
4 360 2344 6.5 2.823 1.228 46 2.843 1.468 0.952 0.146
5 360 234.4 8.3 2.869 1.601 47 2.825 1.243 0.926 0.347
6 360 2002 6.6 2.760 1.026 48 2.828 1.274 0.930 0.319
Then, the entropy weighting method is applied to determine the
weight values of each indicator, as shown in Equations (18) to
(20) [11:
yi ()
Pij = bli) (18)
46 360 224.1 7.8 2.843 1.468 ib=1 Yi G
47 360 236.5 6.5 2.825 1.243 1
48 360 236.5 6.6 2.828 1.274 e =— %Z P;jIn(P;) (19
i=1
18 ¥10” gi=1-¢ (20)
= 16} ! Yy
I v ;. Where, P;; is contribution of the ith conveying condition for the
L) B r . . . . . . .
= . Jjth indicator; e; is entropy value for the jth indicator; g; is
o | L . e . .
= 12F variability coefficient for the jth indicator; w; is weight for the
= _,' jth indicator; b is the number of conveying conditions; & is the
L - . .
= = - " number of the indicators.
=1 [ ] . .
2 osl Ly Through the above formula, the weight of the particle’s
- . .
g L F average mass flow rate is 0.529, and the weight of the blade’s
E 0.6+ . : maximum wear depth is 0.471.
= =" Finally, the grey relational method is applied to determine

0'42.1 22 23 24 25 26 27 28 29 30
Average mass flow rate of particles (Q) [kg/s]
Fig. 13. The distribution of Pareto optimal solution sets at
different conveying.

4.3. Comprehensive evaluation

The entropy weight method [1] combined with the grey
relational method [19] is used for the comprehensive evaluation
to determine the optimal conveying condition in the Pareto
optimal solution sets. Firstly, the data in Table 6 are normalized
and converted to dimensionless form. Forward and reverse
normalization are shown in Equations (16) and (17),
respectively.

N yl(]) _yi(j)min

i) = Yi(Dmax — Yi(Dmin (16)
() = Yi(Dmax — ¥i ()

Vi yi(j)max - yi(j)min (17)

Where, y; (j)is normalized data of the ith conveying condition
for the jth indicator; ¥; (j) max and ¥; (j)minare the maximum and
minimum values of the ith conveying condition for the jth
indicator, respectively.

the relational grade of the Pareto optimal solution sets. The
relational grade measures the merit of conveying condition; the
higher the grade of the relational, the better the conveying
condition. The equations of relational coefficient and relational

grade are as follows [19]:
Amin + € * Amax

L@ = Ay;(j) + € * Amax 22)
k
1
Ai=7) wiG) (23)
j=1

Where, 2A;(j)is relational coefficient of the ith conveying
condition for the jth indicator; Amin = min{abs{max [y; (j)] —
yi(N}, Amax = max(abs{max [y; ()] — yi (D}, Ay; () =
abs{max[y; ()] —yi(H}; €is the distinguishing
coefficient, € € [0,1], usually take 0.5.

For the normalized data in Table 7, the relational coefficients
and relational grades of the different indicators are calculated
according to equations (22) and (23), as shown in Table 8.

Table 8 shows the maximum relational grade value of S. Nol
is 0.343. It can be seen that the best vertical screw design
parameters are rotational speed is 360 rpm, pitch is 236.5 mm,
and clearance is 8.5 mm.
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Table 8. Relational coefficient and Relational grade of different
indicators.

S. No Relational coefficient Relational

(0] Am grade
1 1.000 0.333 0.343
2 0.333 1.000 0.324
3 0.814 0.484 0.329
4 0.867 0.439 0.332
5 0.980 0.339 0.339
6 0.747 0.521 0.320
46 0.912 0.369 0.328
47 0.871 0.434 0.332
48 0.877 0.423 0.332

5. Conclusions

The influence regularity of three design parameters (rotational
speed, pitch, and clearance) on the average mass flow rate of
particles and the maximum wear depth of the blade is analyzed
by simulation based on the Discrete Element Method (DEM),
and the regression equations for the average mass flow rate of
particles and the maximum wear depth of blade are analyzed for
ANOVA. Then, the multi-objective optimization model with the
both of maximizing the particle's average mass flow rate and
minimizing the blade maximum wear depth is optimally solved
by using the NSGA-II algorithm, and 48 Pareto optimal sets are
obtained. Finally, the entropy weight method combined with the
grey relational analysis is applied for the comprehensive
evaluation to determine the optimal conveying condition. The
main conclusions are as follows:

o When the inter-particle cohesive energy, pitch, and clearance
are 30 J/m?, 200 mm, and 6.5 mm, respectively, and the
rotational speed increases from 260 to 360 rpm, the average
mass flow rate growth rate of cohesive particles is 23.48%,
and the maximum wear depth of blade growth rate is
80.07%.

o When the inter-particle cohesive energy and clearance are 30
J/m? and 6.5 mm, and the pitch increases from 190 to 237

Acknowledgements

mm, at three typical rotational speeds, the average mass flow
rate of particles is about 4%, and the maximum wear depth
growth rates are 16.58%, 24.88%, and 17.15%, respectively.

o When the inter-particle cohesive energy and pitch are 30 J/m?
and 200 mm, and the clearance increases from 6.5 to 8.5 mm,
at three typical rotational speeds, the growth rate of the
average mass flow rate of cohesive particles is about 1.0%,
and the growth rates of the maximum blade wear depth are
29.62%, 26.67%, and 28.61%, respectively.

o The average mass flow rate of cohesive particles would go
up in proportion to the increase of rotational speed, pitch, or
clearance, and the influence of the three on the average mass
flow rate of cohesive particles is in the order of rotational
speed, pitch, and clearance; In addition, the maximum wear
depth of the blade would increase with the rotational speed
or clearance up, but it would climb up and then decline with
the increase of the pitch, and the influence of the three
parameters on the maximum wear depth of the blade is in the
order of rotational speed, clearance, and pitch.

o The best design parameters of cohesive particle’s vertical
screw conveyor that rotational speed, pitch, and clearance
should be at 360 rpm, 236.5 mm, and 8.5 mm, respectively.
The above research results provide a certain reference for the

study of the vertical screw conveying characteristics of cohesive
materials. At the same time, the NSGA-II algorithm is found to
meet both the conveying efficiency and reduce the wear of screw
blade to improve the maintainability of conveying equipment.
Furthermore, the subsequent study will consider setting the same
filling rate as well as adding design parameters (screw shaft
diameter, blade shape, inclination angle, and screw blade outer
diameter, et al.) to study the screw conveying characteristics of
cohesive materials in depth. At the same time, the power
consumption model is introduced to make the next research on
the cohesive particle screw conveyor oriented to high efficiency
and energy saving.
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