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Abstract

The screw flight, spiral blade welded on the axial cylinder, is the core component of the screw ship unloader and can be
seriously worn by the materials during long-term conveying. The damaged screw flight will make the screw ship unloader
unable to unload materials or even lead to an accident. However, the existing wear model cannot be directly applied to predict
the wear of the screw flight under different working conditions. Hence, we established a new screw flight wear model based
on the Archard wear model and Continuous Medium Hypothesis to predict the service life of the screw flight. Three influ-
encing factors, including speed, filling rate, and pitch, were selected to study the wear law of the screw flight, and the wear
law was verified by EDEM simulation. Results indicate that the simulation results affected by the changes in various factors
were consistent with the calculation model. With the increase of rotation speed and filling rate, the screw flight wear rate
increased. Nevertheless, with the increase of pitch, the screw flight wear rate first increased and then decreased. The screw
flight wear model can be used to calculate the wear rate under different working conditions for the screw flight life prediction.

Keywords Screw ship unloader - Screw flight - Wear - Archard wear model - Continuous medium hypothesis

List of Symbols T Radius of the screw flight
0 Volume of material removed T Shear stress
K Wear coefficient o Compressive stress
Hardness Hardness of the screw flight material p Particle density
F, Normal contact pressure @ Rotation speed of screw flight
S Sliding distance 1) Filling rate
Hp Friction Coefficient between particle and screw ~ H Pitch
flight Vg Speed of particle
Ho Friction Coefficient between particle and con- Vi Speed of screw flight
veyor shell Vi Relative speed between particle phase and
U Sliding friction coefficient between the screw flight
particles Fyp Normal force of particle
a Inclination angle of spiral surface Fy Tangential force of particle
p Friction angle between particle and the spiral E* Equivalent elastic modulus
surface R* Equivalent particle radius
r Radius of the screw shaft Sip Tangential stiffness
Sy Tangential displacement
£ Recovery coefficient
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1 Introduction

A vertical screw conveyor is a type of continuous convey-
ing equipment that can lift materials in a short time. The
vertical screw conveyor is mainly used in port screw ship
unloaders to load and unload coal or crops and has the
characteristics of low energy consumption, high transmis-
sion efficiency, and capacity to lift more materials (Sun
et al. 2018). The vertical screw conveyor is the core com-
ponent of the screw ship unloader, and its performance
directly affects the reliability and service life of the screw
ship unloader. The failure of the vertical screw unloader
is mainly manifested as the wear of the screw flight. The
reason is that the screw flight rotates at a high speed to
promote the lifting of the material during operation. Then,
the material particles strongly collide with the screw flight,
which causes the screw flight to be worn seriously. The
severely worn screw flight often leads to downtime acci-
dents, delays production, and reduces the service life of
the screw ship unloader.

In recent years, many scholars have conducted
researches on the wear of equipment for conveying bulk
materials (such as the scraper conveyors and the screw
conveyors) and found that the wear types of equipment are
mainly abrasive wear but also include fatigue and erosion
wear (Moore 1978 ;Piazzetta et al. 2018).

The Archard wear model is a commonly used model to
analyze material wear (Archard 1953). Wear coefficient K,
normal contact pressure F, and sliding distance S are the
key factors that constitute the Archard wear model. The
wear coefficient K is related to the inherent properties of
conveying bulk materials, including the {\rm Hardness},
particle shape, and particle size. Many scholars have stud-
ied the wear coefficient K and sliding distance S of differ-
ent materials based on the Archard wear model. (Bialo-
brzeska and Kostencki 2015) studied the wear coefficient
of low-alloy boron steel based on the Archard wear model
and found that during the friction process between parti-
cles and low-alloy boron steel, the particles with larger
Hardness flake off and cause larger scratches. (Chen et al.
2017) used the Archard wear model to study single-parti-
cle sliding wear, and the results indicated that the increase
in particle density or radius would cause more steady-
state sliding wear at the single-particle level. (Wang et al.
2017) used the Archard wear model to study the wear of
the crusher lining by exploring different particle sliding
distances, and the numerical calculation showed that the
increase in particle sliding distance would increase the
crusher wear. (Forsstrom and Jonsén 2016) combined the
DEM-FEM (Discrete Element Method and Finite Element
Method) model with the Archard wear model to simu-
late and analyze the wear position and depth of the dump
truck, and the simulation results were consistent with the
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actual wear of the dump truck which fully proves that the
Archard wear model can be used in the research of equip-
ment wear. (Gong et al. 2016) predicted the life of the
screw flight in the screw sand washer and used Markov
chain Monte Carlo to simulate the random load with the
Gauss distribution on the screw flight, and found that the
root of the screw flight had stress concentration, and its
life decreased exponentially with the increase in residual
stress.

The normal contact pressure F, is a key factor in the
Archard wear model. Normally, the normal contact pres-
sure F, is set as a constant in the numerical calculation of
material wear. This setting may reduce the accuracy of com-
puting equipment wear. To reduce calculation errors, the
EDEM (Discrete Element Method software) which loaded
the Archard wear model calculated the force of particle col-
lision on the surface of the equipment at different times and
the normal contact pressure F, of the equipment at different
times by statistics to analyze the wear of the equipment.
Wang et al. (2018) used the EDEM software to analysis
of the bulk coal transport state of a scraper conveyor and
confirmed that the key reason for the failure of the scraper
conveyor chutes caused by the coal was abrasive wear. This
study proves that the Archard wear model can predict equip-
ment wear well. (Xia et al. 2019) also used EDEM software
to study the wear of the scraper conveyor and verified the
accuracy of the simulation results through experiments.
(Yang 2019) used the EDEM software to study the wear of
the screw flight and analyzed the wear of the screw flight
under different conditions by changing the filling rate, speed,
pitch, and other factors. The results indicated that, as the fill-
ing rate increased, the rotation speed became large, the wear
of the screw flight increased. The EDEM software based
on the discrete element method is used by more scholars to
study the wear of equipment for conveying different bulk
materials, and the accuracy of its calculation results has been
verified by different experiments.

Considering the macroscopic mechanical properties of a
large number of particles, the method of obtaining the nor-
mal contact pressure of the scattered particles includes the
method of Continuous Medium Hypothesis. Janssen (Jans-
sen 1895) proposed to use the continuum model to analyze
the static stress of the silo in 1895, and this method has been
widely recognized. (Rahmoun and Millet 2008) developed a
continuous media approach for the calculation of the stresses
in an ensiled granular media which improves on the Jans-
sen theory, and the continuous media approach allowed us
to represent qualitatively as well as quantitatively the stress
saturation phenomenon in granular silos. (Wang et al. 2015)
compared the discrete element comparison with the hydrody-
namic approach under the same set of rheological laws, mate-
rial parameters, numerical method, and the stresses predicted
by two approaches match well inflow zones. (Wang et al. 2019)
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used the Continuous Medium Hypothesis to study the normal
contact pressure of the activated coke particles in the absorp-
tion tower and verified through experiments that the continuum
model can effectively describe the mechanical properties of the
activated coke particles in the absorption tower.

Unlike other equipment for conveying bulk materials, the
motion state of particles and wear in the screw flight is very
complicated. Some scholars (Yang 2019) have studied the
wear morphology of screw flight and proposed measures to
prevent wear. Nevertheless, there is no wear model in exist-
ing studies to predict the wear of screw flight under different
operating conditions of the screw ship unloader. Therefore, a
well-developed model to predict the service life of the screw
flight is very necessary so that the damaged screw flight can
be replaced in advance to avoid accidents.

This study established a screw flight wear model based on
the Archard wear model which used the Continuous Medium
Hypothesis to calculate the normal contact pressure F, at
different positions of the bulk in the vertical screw conveyor.
Then we analyzed the relationship between different influ-
encing factors and screw flight wear. Finally, the model was
verified and analyzed through the EDEM simulation.

2 Theory and Method
2.1 Model of the Vertical Screw Conveyor

The overall structure of the screw ship unloader is shown in
Fig. 1 (Pratap et al. 2017). Its structure mainly includes a verti-
cal screw conveyor, feeding head, horizontal conveyor, truss,
and other components (Song et al. 1995). However, the verti-
cal screw conveyor is the core component of the screw ship
unloader, and its main structure includes screw flight, shell,
motors, and other parts. The process of unloading materials
of the screw ship unloader is as follows: first, the screw ship

Vertical screw

unloader inserts the vertical screw conveyor into the material
to be unloaded; second, the material is gathered to the feed port
under the push of the feeding head; third, the vertical screw
conveyor vertically lifts the material; finally, the horizontal
conveyor conveys the material to the scheduled receiving place.

In the process of loading and unloading materials, the
strong relative collision between the screw flight and the mate-
rial causes the screw flight to be worn seriously. For screw
ship unloaders, monitoring the wear of screw flight under
their working conditions is dangerous and difficult to achieve.
Moreover, the screw ship unloaders in different ports have
varying working conditions in lifting and conveying different
materials, which results in varying wear conditions. Therefore,
this study uses simulation methods to predict screw flight wear
under various conditions.

2.2 Screw Flight Wear Model
2.2.1 The Archard Wear Model

Archard (Archard 1953) established a classic Archard wear
model. The Archard wear model mainly expresses a depend-
ence between a removed material and a work done by friction
forces. The more the volume of the material removed by the
irregular-shaped particles, the more the work done by the fric-
tion forces. The Archard wear model is as follows:

Q=W F,S (1)
" Hardness )

where Q is a volume of material removed, K is the dimen-
sionless wear coefficient, Hardness is the surface Hardness
of the material, F,, is the normal contact pressure at the wear
location, and S is a sliding distance.

Horizontal wn\cyor

conveyor

Screw Flight

Vertical screw
conveyor
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2.2.2 Establishment of the Screw Flight Wear Model

The wear model of the screw flight can be established, which
is based on the Archard wear model and the Continuous
Medium Hypothesis of the coal particles in the vertical
screw conveyor. The sliding distance of the particles per
unit time is calculated by the single-particle method, and the
normal contact pressure F, is calculated by the Continuous
Medium Hypothesis.

(D

First, we should calculate the sliding distance of the
particles per unit time. When the material begins to
exhibit the limit of vertical upward movement, the force
acting on the particle where the surface of the screw
flight contacts the shell is shown in Fig. 2 under the
rotation of the screw flight.

As shown in Fig. 2, the screw tangent plane (nt) and
the screw normal plane (nb) along the screw plane
direction are set at the point P where the particle is
located. The ¢ is the tangential direction in the screw
tangent plane (nt), the b is the normal direction in the
normal plane (nb) of the screw, and the » is the normal
direction of point P relative to the screw shaft. The f,
is the supporting force of the screw conveyor shell to
the particle, the f, is the supporting force of the screw
flight to the particle, and the f; is the resultant force of
the friction generated by the particle, the screw flight
surface, and the screw conveyor shell.

In this extreme case, gravity, centrifugal force, and
frictional forces on the particles should be in equilib-
rium.

Component of G in
vertical plane (pressure)

Component of G in
screw tangent plane

Fig.2 Schematic of single-particle force
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m-v?

3)

m-g- (sina+pu,-cosa) =

-y - (cosa — p, - sina)

According to the Moiré stress circle diagram of par-
ticles in bulk mechanics (Knuth et al. 2012), the maxi-
mum ratio of shear stress 7 to compressive stress o is
the internal friction coefficient 4, of the material.

M, =tanf = (Z>
O / max

According to Egs. (3 and 4), the circumferential
velocity v, of the particle under this limit is.

r-g
v, =, [—tan(a + f),
Hg

where m is the mass of the particle,  is the screw flight
radius,u, is the coefficient of friction between the par-
ticle and the screw flight, Hg is the coefficient of friction
between the particle and the screw conveyor shell,
is the inclination angle of the spiral surface in Fig. 2,
and f is the friction angle between the particle and the
spiral surface.

The speed of the particle is v,. Thus, the relative
speed v between the particle phase and the screw
flight is

“

&)

Vg = (v, — V) - cos a.

(6)
The relative displacement of particle in a unit of time
is

ds = vy - dt,

@)

ds = <vs - Qtan(a + ﬂ))cos a - dt. 8)
He

Secondly, the Continuous Medium Hypothesis is used
to analyze the normal contact pressure F,, at different
positions of the equipment. As shown in Fig. 3a, the
normal contact pressure on the screw flight at the point
Q is the normal contact pressure of all particles in the
dr width above the Q point, as follows:

2
ka

F,=M-g-cosa+ )

- U, - sina,

— T 2
M—p-g'k(r)-Z-Dp, (10)

where M is the total mass of all particles stacked above
a certain point of the screw flight, k() is the particle
stack height in Fig. 3a, the p is the particle density, and
the g is the sliding friction coefficient between the
particles.
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Fig. 3 Four types of material a
filli i

ing with the same screw o
parameters :

" k()

The actual screw conveying material cannot fill the
entire vertical screw conveyor and moves to the side of
the shell under the action of centrifugal force. The fill-
ing types of the material under the same screw param-
eters are shown in Fig. 3a—d.

The k(r) is solved following the parabolic equation
of the rotating liquid proposed by Gabler (1981) as the
initial equation theory. Equation is as follows:
k(r)—k*+w—2-r2 11

2 g ’ ( )
where k* is determined by the method of calculating the
volume of the rotating body in the Guldinschen Regel
law (Neuendorff 1919). Equation is as follows:

V=2-7z-far-k(r)-dr,

(12)
V=g-(g-r) =H, (13)
r, CO2
V=2-77.'-fr- k*+_ r2 dr
" 28 (14)

\

kNgpm=H-w- B e l—¢- = -
g r :

a
w2 , H-g rk—
k(r)IV=H+n- re— e -r|1-9o 7

Table 1 The type of k(r)

Case The range of material filling rate

Kok R <esi- (2 on)
Ky o <min (2 (2 - r2) 2

K(r) m (p>m1n<l—#%/ —4:_;'(”2 rlz))
K I A )

Using Egs. (8-10), the wear model of the screw flight
can be established as

doQ=W-F, -dS (15)

2
do K o 2 .
Z__ 2 L,k E.D T

dr  Hardness © ¢ Q) 4 p(g cosa+ —= - py - sina

.<v: - ﬁtan(oz + ﬁ)) cos a.
V He
(16)

According to the different material filling types in
Fig. 3, k(r) can be calculated by Egs. (11-14) as

a7
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Table2 The design parameters of screw flight (Giinthner 2003; Xia
et al. 2019 and Wang et al. 2018)

Table 3 Initial condition setting table under different influencing fac-
tors of screw flight wear model

Case Influencing factors Case Influence factors Initial conditions
The Hardness of steel HRC20 1 Rotation speed (o) »=0.4, H=150 mm
The radius of screw flight r, 100 mm o 8; i ?5)8 mm
. . . ° »=0.8, H= mm
Aglg;;clebztween spiral section and horizontal 13.4 ©=0.8, H=200 mm
Coefficient of friction between particles and the 0.4 2 Filling rate () ®=200 rpm, A =150 mm
shell of screw conveyor »=200 rpm, K =200 mm
YOr e ®=280 rpm, H =150 mm
The radius of spiral shaft r; 20 mm ©=280 rpm,H =200 mm
Wear coefficient K 3.685e-4 3 Pitch (H) =200 rpm, p=0.4
Screw rotational speed @ 0-400 rpm 0=200 rpm,p=0.8
Filling rate ¢ 0-1 ®=280 rpm, =04
The pitch of screw flight H 100-400 mm ®=280 rpm.¢=0.8

where @ is the filling rate of the material in the screw
flight, H is the pitch, w is the rotation speed of the
screw flight, 7; is the radius of the screw shaft, and r, is
the radius of the screw flight.

Among them, as shown in Table 1, the type of k(r) can
be judged by the material filling rate in the vertical screw
conveyor.

2.3 Theoretical Analysis and Calculation of Screw
Flight Wear Model

In the established theoretical model of screw flight wear, the
wear rate of the screw flight is related to the wear coefficient
K, the pitch of the screw flight, the speed of the screw flight,
the material filling rate, the particle diameter, the density,
and the running time of the vertical screw conveyor.

This paper is mainly based on the screw flight wear model
to study the screw flight wear law under different work-
ing conditions. In the analysis of the influence of physical
parameters on the wear performance of the screw conveyor,
two key variables, the screw flight speed w, and the material
filling rate @, are used to study the influence of this model
on the wear rate. In the analysis of the influence of geomet-
ric factors on the wear of the screw conveyor, the influence
of the wear rate of the model is analyzed by selecting the
change in the pitch H of the screw flight.

This paper selects coal to study the wear of a screw
flight. The material of screw flight is Q235A plain car-
bon structural steel. Because the surface temperature of
the screw flight does not change much during the coal
conveying process, its Hardness can be regarded as a con-
stant. The friction factor between coal and screw flight
is selected within the applicable range. Hence, the wear
coefficient K in the Archard wear model can be set to a

@ Springer

Time: 0.800011 s
Velocity (m/s)
2.50e+000

,Particles

Screw flight
' ¢

2.00e+000

1.50e+000

1.00e+000

5.00e-001

0.00e+000
2

L

Fig.4 EDEM model for vertical screw conveyor

‘EDEM

Table 4 Material parameters of the vertical conveyor and bulk coal

Material Diameter Poisson’s Shear Density (kg/
(mm) ratio modulus(Pa) m%)

Screw flight 200 0.3 7 x 1010 7800

Coal 16 0.3 2x 108 1500

constant value of 3.685e-4, and not as the main factor in
study.

In this paper, the LX-200 screw ship unloader is
selected for the wear research. The screw ship unloader
is rated to transport 1500 tons of coal per hour. The
diameter of the screw flight is 200 mm and the length
is 3000 mm. The parameters of the screw flight are as
follows in Table 2. The diameter of the coal particles is
selected to be 16 mm, the density p is 1500kg/m?, the
friction angle § between the particles and the screw flight
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Particlei Particlei
Sliding friction
Damping Spring
;Coupling
Particlej Particlej

a Normal force b Tangential force

Fig.5 Hertz—Mindlin particle contact model

is 21.77°, and the sliding friction coefficient between the
particles pg is 0.6.

Therefore, according to the initial conditions shown
in Table 3, the effects of the rotation speed w, the mate-
rial filling rate ¢, and the pitch H on the wear rate in the
screw flight wear model are analyzed.

3 EDEM Simulation Verification
3.1 Simulation Model of Vertical Screw Conveyor

The vertical screw conveyor model is established using
3D software of the SolidWorks. Then, the model is
imported into EDEM, as shown in Fig. 4. The material
and structure parameters of its vertical screw conveyor are
shown in Table 4 (Sun et al. (Sun et al. 2017)).

3.2 Determination of the Particle Contact Model
In this study, the Hertz—Mindlin (No Slip) model is used as the
contact model between particles (Mindlin (Mindlin 1953)).

For the softball contact model, the Hertz—Mindlin contact
model is a model commonly used to describe the collision

Table 5 Parameters of contact properties

Material Recovery Static friction  Rolling
coefficient  coefficient friction coef-
ficient
Coal-Coal 0.5 0.6 0.05
Coal-Steel 0.5 0.4 0.05
Wear constant (m?/N) le-12

between two particles. It is a nonlinear contact model, as
shown in Fig. 5, which is based on normal and tangential con-
tact stiffness, damping, and Coulomb friction. Carious rolling
friction models can also be described (Zhao et al. (Zhao et al.
2018)). Table 5 presents the contact characteristic parameters
(Wang et al. (Wang et al. 2018)).

With the assumption that particles i and j with radius R,
and R, collide, respectively, the normal force F,,, and tangen-
tial force F, between the particles are as follows:

4 . k3
anzg‘E - (RY)2 - 62, (18)
Fyy = =Sy * Sips (19)

where E* is the equivalent elastic modulus, R* is the equiva-
lent particle radius, 6 is the normal overlap, S, is the tangen-
tial stiffness, and 6y, is the tangential displacement.

The normal damping force F 1(11p and tangential damping F f:J
are as follows:

Fi, =2 % B[Sy Ve (20)
Fi= /2. B-1/S, - m v 21
tp 6 tp tp°
_ Ine -
(Ing)? + 2’ 22)

where m* is the equivalent mass, Snp is the normal stiffness,
v;epl is the normal relative velocity, vfgl is the tangential rela-

tive velocity, and ¢ is the recovery coefficient.

Table 6 EDEM experiment table with different simulation parameters

Case Rotation speed Fill rate (@) Pitch (H) [mm)]
(@) [rpm]
1 120 0.8 150
2 200 0.8 150
3 280 0.8 150
4 360 0.8 150
5 280 0.2 150
6 280 0.4 150
7 280 0.6 150
8 280 0.8 150
9 280 0.8 150
10 280 0.8 175
11 280 0.8 200
12 280 0.8 225

@ Springer
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Fig.6 Screw flight wear at dif-

ferent rotation speeds Tine: 10 s

Archard Wear (m)
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1.60e-008

8.00e-009

0.00e+000
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3.3 Determination of the Simulation Parameters
Under Different Working Conditions

In the EDEM simulation, the parameters of rotation speed,
filling rate, and pitch are adjusted separately for simula-
tion, and the 12 sets of simulation parameters are shown in
Table 6 below. The simulation time is set to 10 s. Then, the
area within one pitch of the screw flight middle section is
intercepted to observe the wear of the screw flight.

3.4 EDEM Simulation Results
3.4.1 Screw Flight Wear Under Different Rotation Speeds

The observation in Fig. 6 indicates that the average wear
depth of the screw flight of the vertical screw conveyor
under different rotation speeds increases with the increase
of the speed. The most severe wear occurs at the outer edge
of the screw flight, and the amount of wear on the inner side
of the screw shaft is small.

@ Springer

The average and maximum wear of screw flight at four
different rotation speeds of 120, 200, 280, and 360 rpm are
shown in Fig. 7. This Figure shows that the average depth
of wear of the screw flight increases as time prolongs. The
average and maximum wear amounts of the screw flight are
the maximum when the rotation speed is 360 rpm. When
the screw flight rotation speed is 360 rpm, the average wear
depth is 1.47e-08 m and the maximum wear value is 5.04e-
07 m at 10 s. The average wear of screw flight at 200, 280,
and 360 rpm increases by 68%, 210%, and 449% relative
to the average wear of screw flight at 120 rpm. The higher
rotation speed leads to greater wear of the screw flight, and
the growth trend of wear becomes higher as the rotation
speed increases. The increase of rotation speed leads to the
increase of mass flow of material at the same time. And the
increase of relative rotational speed between coal and screw
flight accelerates the surface wear of screw flight. There are
small fluctuations of the curves in Fig. 7b. The discrete ele-
ment simulation software EDEM counts the collision force
between all particles, which records a set of maximum
wear result every 0.1 s, the particle collision force at the
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Fig.8 Screw flight wear at dif-

ferent filling rates Tine: 10 s

Archard Wear (m)
4.00e-008

3.20e-008

2.40e-008

1.60e-008

8.00e-009

0.00e+000

Fig.9 Variation curve of screw a
flight wear with time at different

filling rates: a average wear

variation curve; b maximum

wear variation curve

Average wear (m)

Time (s)

maximum wear position is different at different times, the
fluctuant normal contact pressure leads to fluctuations in the
maximum wear depth.

3.4.2 Screw Flight Wear Under Different Filling Rates

Figure 8 shows the changing trend of the wear depth of the
screw flight under different filling rates. As the filling rate
increases, the wear position of the screw flight gradually
spreads from the outside to the inside. Moreover, when
the screw flight rotation speed is 280 rpm with different
filling rates, the amount of wear on the outermost side of
the screw flight only slightly changes.

The average and maximum wear of screw flight at four
different filling rates of 0.2, 0.4, 0.6, and 0.8 are shown
in Fig. 9. This Figure indicates that the average and maxi-
mum wear increase linearly as time prolongs. At the filling
rate of 0.8, the average and maximum wear of the screw
flight are the maximum. When the filling rate is 0.8, the
average wear depth is 8.71e-09 m and the maximum wear
value is 3.09e-07 m at 10 s. The average wear at the filling

v = 280 rpm, H = 150 mm

‘EDEM”

Maximum wear (m)

8 10

rates of 0.4, 0.6, and 0.8 is 1.53, 2.19, and 3.21 times that
at the filling rate of 0.2. As the filling rate increases, the
wear of the screw flight also increases, but the growth
trend of the wear differs. A large filling rate corresponds to
a fast rate of increase in wear. On the contrary, a small fill-
ing rate indicates a slow rate of increase in wear. Results
proves that with the increase of the filling rate, the nor-
mal contact pressure F, acting on the surface of the screw
flight increases, resulting in the intensified wear of the
screw flight.

3.4.3 Screw Flight Wear Under Different Pitches

Figure 10 shows the screw flight wear under different pitch
factors. With the increase in the pitch, the wear of the screw
flight increases, and the direction of screw flight wear con-
sistent with the rotation direction of the screw flight. When
the pitches are 200 and 225 mm, the screw shaft on the
screw flight wears under the spiral direction.

Figure 11 shows the average and maximum wear of
screw flights with pitches of 150, 175, 200, and 225 mm.

@ Springer
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Fig. 10 Screw flight wear at
different pitches

Fig. 11 Variation curve of
screw flight wear with time at
different pitches: a average wear
variation curve; b maximum
wear variation curve

Line 1

Fig. 12 The wear of screw flight
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Regardless of the pitch, the average and maximum wear of
the screw flight continue to increase as time prolongs. With
the change in the pitch, the difference in the average wear
of the screw flight is smaller than that of the rotation speed
and the pitch.

The curves of average and maximum wear in the first 5 s
of different pitches intersect, which indicates that the wear
of the screw flight caused by the pitch factor in the first 5 s
is not the main factor. After 5 s, the amount of wear caused
by different pitch factors gradually differentiates with the
increase in time.

Therefore, with the increase in the pitch, the wear of the
screw flight gradually increases, but its wear rate is low. The
pitch factor also influences the wear of the screw flight but
is not the main factor.
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4 Contrast Analysis of Screw Flight
Theoretical Wear Model and Simulation
Results

According to the result of the EDEM simulation, the aver-
age wear of the screw flight within one pitch under different
working conditions can be obtained.

Figure 12 marks four groups of line segments (Line 1-
Line 4) along the normal direction of the spiral axis and
passing through the screw flight surface. Observe the EDEM
simulation results, the point wear on the screw flight under
the same radius with the spiral shaft as the center is almost
the same. Therefore, it can be assumed that the average wear
of the screw flight on Planl is the same as the average wear
within one pitch.

According to the established screw flight wear model,
the average wear rate of the radial line (Line 1), from outer
edge to screw shaft along the normal direction n, is derived:

K VA
g-cosa+7-,us-s1na

do

dt average Hardness

S k(r)dr

0.4¢

(3= )
|vy—,/—tan(a + p) Jcosa-p-g
He

. 0 "
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%107

—O— w =200 pm.¢=0.4
*— w =200 rpm,=0.8

s =280 rpm, >
—*— w =280 rpm,&»

0 . . . . .
100 150 200 250 300 350 400
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The average wear rate of the screw flight on Line 1 can
be calculated by MATLAB. And the following results can
be obtained. Figure 13 shows the relationship between the
rotation speed w, filling rate @, pitch H, and wear rate in the
screw flight wear model. Figure 13a presents the relation-
ship between the rotation speed and the wear rate of the
screw flight. With the increase in the rotation speed, the
trend of the wear rate increases from slow to fast. When the
filling rate ¢ is 0.8 and the pitch H is 200 mm, the wear rate
increases the fastest. The wear rate reaches the maximum
value of 1.953e-9 when the rotation speed @ is 400 rpm.
The increase of the rotational speed, which results in the
increase of the displacement that the particle wear spiral sur-
face under the same running time, leads to more wear. Fig-
ure 13b shows the relationship between the filling and screw
flight wear rates. As the filling rate increases, the wear rate
increases linearly. When the rotation speed w is 280 rpm and
the pitch H is 200 mm, the slope of the curve is the largest

(23)
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«Fig. 14 Comparison of theoretical and simulated wear of screw flight
under different factors: a rotation speed curve; b filling rate curve; ¢
pitch curve; d The rotation speed error percentage between the theo-
retical and simulation; e The filling rate error percentage between the
theoretical and simulation; f The pitch error percentage between the
theoretical and simulation

and the growth rate is the fastest. The screw flight wear rate
reaches a maximum of 1.347e-9 when the filling rate g is 1.
With the increase of the filling rate, which increases positive
pressure F, acting on the surface of screw flight, the wear
rate of screw flight increases linearly in theoretical model.
Figure 13c shows the relationship between the pitch and the
wear rate of the screw flight. As the pitch increases, the wear
rate of the screw flight increases first and then decreases.
Under different initial conditions, the increase and decrease
in the screw flight wear rate differ, and the pitch H cor-
responding to the maximum wear rate also differs. When
the rotation speed w is 280 rpm and the filling rate ¢ is 0.8,
the growth rate of this curve is the largest. The screw flight
wear rate reaches the maximum 1.201e-9 when the pitch H
is 288 mm. The wear rate of screw flight was higher when
the pitch was 200 mm-350 mm. As the pitch increased, the
inclination angle a of the spiral surface increased (Fig. 2).
Based on Eq. (9), the normal contact pressure F, at the wear
location increases first and then decreases, leading to the
wear rate first increase and then decrease.

As shown in Fig. 14, according to the operating param-
eters of the screw ship unloader under different working con-
ditions, the theoretical calculation results are compared with
the EDEM simulation results. The theoretically calculated
wear curve, the simulated wear curve, and the fitting curve of
the simulation data are compared in Fig. 14a—c and the error
percentage between the theoretical and simulation is shown
in Fig. 14d—f with the change in the rotation speed, filling
rate, and pitch. The comparison shows that the obtained
simulation data are very close to the theoretical data. It is
found that the error percentage between theoretical calcula-
tion and simulation is finally maintained at +20%. The error
is within the acceptable range. Although some graphs show
that the theoretically calculated wear curve intersects the
fitted curve of the simulation data, the difference between
the slopes of the two straight lines is very small. This finding
indicates that the wear rate data are very close. The screw
flight theoretical model can provide theoretical support for
the screw flight wear analysis of the vertical screw conveyor.

The data comparison between the theoretical and simu-
lated wear rates of the screw flight under different rotation
speeds, filling rates, and pitches are shown in Table 7. The
maximum error percentage indicates that the theoretical
wear rate calculated by the screw flight wear model is in
good agreement with the simulation results. Therefore, the
screw flight wear model can effectively predict the wear of
the screw flight, quickly estimate the amount of product
wear, and support the design of the vertical screw conveyor.

5 Conclusion

Based on the Archard wear model and the Continuous
Medium Hypothesis of the coal particles in the vertical
screw conveyor, this paper has constructed the screw flight
wear model and simulated it in EDEM by controlling the
influence variables. The following conclusions are obtained:

(1) The proposed screw flight wear model was established
based on the Archard wear theory which obtaining the
normal contact pressure of the scattered particles based
on the method of Continuous Medium Hypothesis:

2

L =_X (g'cosa+v7k~ys~sina>

dt average Hardness

- J7e k(nd
<vs— . /%tan(a+ﬂ)> cosa-p-g- T;)r . % -DI%. The

model analyzed the correlation between the screw flight
wear rate and the screw flight speed, material filling rate,
pitch, particle diameter, particle density, and other factors.

(2) In the screw flight wear model, two operating param-
eters of the screw ship unloader, rotation speed and
filling rate, were selected to verify the accuracy of the
relationship between the operating parameters and the
wear rate. Results showed that the wear rate of screw
flight was approximately parabola increased with the
increase of rotational speed and the screw flight wear
rate positively and linearly correlated with the filling
rate.

(3) The influence of the pitch in the screw flight wear
model, the design parameter in the production of the
screw ship unloader, was studied and verified by simu-
lation. Results showed that the screw flight wear rate
first increased and then decreased with the increased
pitch. The wear rate of screw flight was higher when
the pitch was 200 mm-350 mm.

@ Springer



Iranian Journal of Science and Technology, Transactions of Mechanical Engineering

Table 7 Theoretical and simulated wear rate values under different influencing factors

Influence factors Initial conditions Variable Theoretical wear rate Simulated wear rate Maximum error
percentage (%)
Rotation speed(w) »=0.8 120 rpm 3.57e-10 3.11e-10 - 12.89
H=0.15 200 rpm 5.65e-10 4.87 e-10 - 13.81
280 rpm 8.76 e-10 9.25e-10 5.59
360 rpm 1.29 e-09 1.54 e-09 19.38
Filling rate (¢) w=280 rpm 0.2 2.20 e-10 2.07 e-10 -5.90
H=0.15 0.4 4.39¢-10 4.42¢-10 0.68
0.6 6.57 e-10 6.28 e-10 —-441
0.8 8.76 e-10 9.25e-10 5.59
Pitch (H) w=280 rpm 150 mm 8.76 e-10 9.25e-10 5.59
»=0.8 175 mm 9.90 e-10 9.73 ¢-10 -1.72
200 mm 1.08 e-09 1.06 e-09 - 1.85
225 mm 1.14 e-09 1.21 e-09 6.14
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