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A previous study revealed that a convex pattern surface can reduce slidingwear of a transfer chute. A convex pat-
tern surface is a flat surface outfitted with a pattern of convexes defined by five parameters. A three-level defin-
itive screening design (DSD) method combined with discrete element method (DEM) is used to investigate the
influence of the five parameters and two operational conditions on the sliding wear. Two flow regimes are dis-
tinguished, namely continuous and discontinuous flow regimes, and both flow regimes can significantly reduce
the slidingwear. The particle velocity and angular velocity profiles verify the guiding and rolling effect of the con-
vex pattern on themotion of particles. A regression model fitted based on the DSD indicates that three main fac-
tors and one interaction have significant influence on the sliding wear.

© 2021 Published by Elsevier B.V.
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1. Introduction

Bulk solids handling plays a significant role in a range of industries,
such as themining, agricultural, chemical, and pharmacology industries
[1]. For the mining industry, the process of transferring bulk solids, e.g.
iron ore, leads to surface wear of handling equipment. Two principal
wearmechanisms can be distinguished: abrasive wear and erosive (im-
pact) wear [2,3]. Studies show that approximately 82% of the energy
loss is attributed to the bulk material sliding along the chute bottom
and 9% of the losses due to sliding against the side walls [4]. Severe
wear has been found in several locations on bulk handling equipment,
for example silo walls and transfer chute bottom sections [4,5]. Wear
leads to surface deformation and volume loss of handling equipment
and accelerates the damage of the equipment, resulting in a reduction
of lifespan. The maintenance of wear areas is costly and generally in-
creases downtime. To save costs and reduce downtime, the surface
wear of bulk solids handling equipment must be reduced.

Traditional methods to reduce surface wear of bulk solids handling
equipment relies on five aspects [6]: (1) optimizing operational condi-
tions based on theoretical wear models [4,7]; (2) using wear-resistant
materials with coating technologies [8]; (3) supplying a repulsive
force to diminish the contact force between particulate solids and
equipment [1]; (4) adding assistant components by using the self-
wear mechanism of the bulk solids [8]; and (5) fabricating a surface
geometry pattern to affect the kinematics of the bulk material flowing
along the surface [9,10]. In this research, a geometry pattern equipped
on a smooth surface is studied based on a bionic design [11]. Scientists
have discovered several surface morphologies [12–14] that can achieve
lower wear rates compared to smooth surfaces [15–17], and recently a
convex pattern surface was introduced to reduce the sliding wear of
transfer chutes [18,19]. However, the effects of geometrical parameters
of a convex pattern and operational conditions, such as bulk velocity
and particle bed height, on the sliding wear, are still uncertain.

This paper aims at optimizing a convex pattern surface for sliding
wear reduction through the discrete element method (DEM). First, the
critical factors of the convex pattern and the selected operational condi-
tions are sorted out based on a definitive screening design (DSD). Sec-
ond, the relationship between the bulk flow regimes and the factors is
investigated. Third, the mechanisms of the sliding wear reduction are
elaborated based on contact behavior between particles and samples.
2. Discrete element method

2.1. DEM contact model

Discrete elementmethod (DEM) is developed by Cundall and Strack
[20] to model particle systems by tracking the movement of each parti-
cle and interaction with its surroundings over time. DEM is themost at-
tractive computational method used by researchers and engineers to
successfully design, analyze, and optimize bulk materials handling sys-
tems and equipment for granular materials [21,22].
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The motion of discrete particles in DEM is governed by Newton's
second law of motion [21]. The Hertz-Mindlin no-slip contact model,
shown in Fig. 1, is a nonlinear elastic contactmodel [23] which is appro-
priate for non-cohesive granular materials. This model consists of two
springs, two dampers, and a slider. The springs are used to represent
particle stiffness in normal and tangential directions. Two dampers are
used to model the damping forces, and the slider is applied to generate
a friction force. In this study, a DEM software package EDEM2018.1 [24]
is used. The normal force Fn is calculated according to Eq. (1), where Sn,
δn, Dn, and vn are the stiffness, overlap, coefficient of restitution, and
velocity in the normal direction of the contact, respectively.

Fn ¼ −
2
3
Snδ

1=2
n þ Dnvn ð1Þ

The tangential force Ft is restrained by Coulomb law [25], which is
expressed by Eq. (2), where μst is the coefficient of static friction; St, δt,
Dt, and vt are the stiffness, overlap, coefficient of damping force, and
velocity in the tangential direction of the contact, respectively.

Ft ¼ min −Stδt þ Dtvt ,f μstFn
� ð2Þ

Spherical particles are normally used to study wear process since
DEM is an expensive technique for modeling particulate systems at
the individual particle scale [26]. In this study we use spherical particles
based on findings of previous studies. These have shown that using
spherical particles can reach a good agreement with experimental re-
sults. For example, Esteves et al. [27] compared a vertical stirred mills
screw liner wear (wear profile and wear volume) after more than
3000 h test with simulation results (spherical particles and Archard
wear model). For other applications, such as ball mill liner wear, spher-
ical particles were used to predict the wear of mill based on DEM simu-
lations [28–30].

The non-spherical particle shape is accounted for by the use of a
rolling friction model [31,32]. A review of rolling friction identified
four different classes of rolling resistance models that are commonly
used in DEM [33]. In this study, rolling type A is chosen because it is ef-
fective for modeling small scale systems such as sandpile formation and
can also be used for rolling energy dissipation in a dynamic scenario if
the adopted computational time step is sufficiently small [33]. Type A
applies a constant torque on a particle to represent rolling friction, and
the direction of the torque is always against the relative rotation be-
tween two contact entities. This mechanism can also be applied to con-
tact between particles. A typical model of rolling model Type A by Zhou
[34] is expressed by Eq. (3)

Mr ¼ −
ωrel

ωrelj j μrRrFn að Þ ð3Þ

ωrel ¼ ωi−ωj bð Þ
Fig. 1. Hertz-Mindlin no-slip contact model.
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where Mr is the torque between two in-contact disks i and j. ωi and ωj

are the angular velocities of disks i and j, respectively, and ωrel is the
relative angular velocity between them.

To ensure realistic behavior of the bulk material, calibration of the
sliding and rolling friction coefficients has been performed in this
study. Laboratory scale experiments were executed to determine char-
acteristic behavior of the material. These experimental results were
used to calibrate thematerial to confirm the ability of the DEMmaterial
model to capture the material behavior realistically. A detailed descrip-
tion of the calibration can be found in Section 3.

2.2. Sliding wear model

Archard wear model [35] is applied to calculate the wear volume
caused by the sliding of particles. This wear model has been widely
used for bulk handling process, such as the prediction of the wear of
mill lifters [36] and local failure prediction of abrasive wear on tipper
bodies [37]. Eq. (4) shows the generalized equation to calculate sliding
wear volume.

Wv ¼ k
Fn
Hs

ls ð4Þ

whereWv(mm3) is the wear volume, Hs (N/mm2) is the hardness of the
surface, kis a dimensionless wear coefficient, Fn(N) is the normal force
applied to an equipment surface, and ls(mm) is the sliding distance. By
introducing the coefficient of sliding wear αsin Eq. (5),

αs ¼ k
Hs

ð5Þ

Eq. (4) is simplified as Eq. (6).

Wv ¼ αsFnls ð6Þ

3. Calibration of DEM parameters

3.1. Experiments

River gravel is used in this research, and this material is classified as
dry, non-cohesive, and free-flowing. A sample of the river gravel is
shown in Fig. 2, and the particle size distribution is given in Fig. 3.

The shear box test (Fig. 4) and drawdown test (Fig. 5)were executed
at The University of Newcastle, Australia, to characterize the relevant
bulk properties. The shear box is made of Perspex with dimensions of
200 mm by 200 mm by 200 mm. In the experiment, a total mass of
11.64 kg of river gravel is poured into the box to a filling height of
200mm. After the preparation, the rightwall is opened, and the remain-
ing gravel forms a slope. The angle of the slope is called shear angle. The
test was conducted three times for repeatability.

The box of the drawdown test is made of two kinds of materials
which are Perspex for front and back walls and steel for side walls.
The upper box and lower box have the identical dimensionswith length
of 500 mm, width of 100 mm, and height of 500 mm. A square opening
is positioned at the bottom centerwhich can be opened to allow the dis-
charge of the bulk material. A total mass of 19.68 kg of the river gravel
fills a height of 280 mm in the upper box. The outflowing bulk material
forms a pile in the lower box, while the remaining bulk material forms
two slopes in the upper box. In addition, the test allows the measure-
ment of the discharge time during the experiment. After the measure-
ment of discharge time Td, the shear angleαDD and angle of repose βDD

are determined. The test is performed three times for repeatability.
Fig. 4 and Fig. 5 show the examples of the shear box test and draw-

down test. The experimental results are summarized in Table 1. For the
shear box test, the averaged shear angle of the shear box testwas deter-
mined as 36.0±0.4 degrees. For the drawdown test, the averaged shear



Fig. 2. Sample of river gravel.

Fig. 4. Shear angle in the shear box test.
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angle and angle of repose are 36.1 ± 0.5 and 33.3 ± 0.9 degrees respec-
tively. In addition, the averaged discharge time is 5.4 ± 0.1 seconds.

3.2. DEM calibration

As shown in Fig. 3, the particleswith diameter smaller than 2mmac-
count for 0.26% of the total mass. In order to save computational time,
the particles with a size lower than 2mm are neglected in DEM simula-
tions.

Based on literature review [37–39], the coefficient of sliding
friction μs,p−p and the coefficient of rolling friction μr,p−p between
particles are the most influential parameters on bulk flow
properties, so these two parameters are calibrated. The other
parameters of the DEMmodel are given in Table 2. The particle solids
density is calibrated by the drawdown test in the filling process since
the shear angle for the shear box test is not sensitive to the particle
solids density [38].
Fig. 3. Particle size distribution.
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The shear box test is performed first to get a rough range of possible
combinations of these two parameters because this test needs less com-
putational time compared with the drawdown test. To reduce the com-
putational time, the effect of the box dimensions is investigated. Based
Fig. 5. Shear angle and angle of repose in the drawdown test.



Table 1
Summary of the experimental results.

Experiment Measured variable Value

Shear box αSB 36 ± 0.4°
Draw down test αDD 36.1 ± 0.5°

βDD 33.3 ± 0.9°
Td 5.4 ± 0.1s

Table 2
General DEM parameters.

Categories Parameters Values

Contact model –
Hertz-Mindlin
(no slip)

Rolling friction model – Type A

River sand
Particle density (kg/m3) 2460
Poisson ratio ν (−) 0.24
Shear modulus G (GPa) 0.07

Perspex
Density (kg/m3) 1200
Poisson ratio ν (−) 0.5
Shear modulus G (GPa) 0.1

Steel
Density (kg/m3) 7932
Poisson ratio ν (−) 0.3
Shear modulus G (GPa) 78

Particle-particle Coefficient of restitution 0.45

Particle-perspex
Coefficient of restitution (−) 0.4
Coefficient of static friction (−) 0.36
Coefficient of rolling friction (−) 0.36

Particle-steel
Coefficient of restitution (−) 0.6
Coefficient of static friction (−) 0.38
Coefficient of rolling friction (−) 0.3

Time step Δt (s) 5e − 6
Gravitational acceleration m/s2 9.81

Table 4
Coefficients of sliding and rolling friction in DEM simulations.

μs,p−p 0.2 0.4 0.6 0.8

μr,p−p 0.1 0.3 0.5 0.7

Fig. 6. Shear angle results of shear box test.
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on [26], a similar shear angle is obtained when the width of the shear
box is four times larger than the particle diameter with a periodic
boundary condition. Considering the d50 of the river gravel is
2.65 mm, as shown in Fig. 3, the width of the box is set as 20 mm
under the application of periodic boundary conditions. In the test,
both the coefficients of sliding and rolling friction are set at 0.24.
Three sizes are evaluated, and each test is repeated three times. The
results listed in Table 3 show the shear angle of the shear box with a
dimension of 100 mm by 100 mm can obtain a comparable result to
that of 200 mm by 200 mm.

After the investigation of the effect of the dimensions of the con-
tainer on the shear angle, the shear box test is performed for a range
of coefficients of sliding and rolling friction listed in Table 4. Sixteen sim-
ulations are conducted, and Fig. 6 shows the shear angle as a function of
sliding and rolling friction between particles. It can be seen thatmultiple
combinations of these two coefficients result in the same shear angles,
as shown in Fig. 6. The area from 36° to 38° represents the potential
combinations to match the experimental results.

For the drawdown test (see Fig. 5), the width of the box is set as
60 mm because when the width of the box is higher than 20 times the
particle diameter, the wall effect can be neglected [39]. This means the
shear angle, angle of repose, and discharge time are only determined
by the contact parameters. To obtain the final combination, two steps
are used for the drawdown test. First, a wide range of μs,p−p from 0.2
Table 3
Simulation results of shear box test.

Dimension (mm3) Averaged αSB(°) Deviation (°)

200 × 200 × 20 31.2 0.9
150 × 150 × 20 30.4 0.5
100 × 100 × 20 31.1 0.7
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to 0.7 is investigated to obtain a narrow scope. Second, a detailed
investigation is conducted at this narrow scope.

Table 5 lists the selection of the combinations for thefirst step. As ex-
plained in [38], the coefficient of static friction determines the discharge
time and increasing the coefficient of static friction reduces the mass
flow rate and increases the discharge time. In contrast, the coefficient
of rolling friction has minor influence on the discharge time. Therefore,
the coefficient of static friction should be lower than 0.3 to guarantee a
faster discharge.

For the second step, the value of μs,p−p is selected at a range of 0.21 to
0.29with an interval of 0.01 and the corresponding μr,p−p is chosen from
Fig. 6. Finally, a combination of (0.21, 0.4) (μs,p−p, μr,p−p) satisfies the
experimental results, as shown in Table 6.

4. Experimental design for simulations

4.1. Simulation setup

A convex pattern surface as shown in Fig. 7 can be described
by five parameters [11,18]: major and minor radii a and b, vertical
and horizontal distance cand d, and height of the convex h. To
ensure that the sliding wear happens only on the top surface, the
sample is covered by a holder. The sample is meshed using Ansys
Workbench 18.2 [40]. It should be noted that the sliding wear
does not remove the meshes, and the sample keeps intact during
the simulation.
Table 5
Selection of combinations.

Run μs,p−p μr,p−p βDD(°) αDD(°) Td(s)

1 0.2 0.45 35.1 35.5 6.2
2 0.3 0.15 36.9 37.6 10.5
3 0.5 0.1 26.3 36.0 12.3
4 0.6 0.12 37.5 38.8 11.1
5 0.7 0.1 28.0 36.9 10.9



Table 6
Comparison between experimental and simulation results.

Test Criteria Experimental result Simulation result

Shear box αSB(°) 36±0.4 35.7

Draw down test
αDD(°) 36.1±0.5 36.3
βDD(°) 33.3±0.9 34.3
Td(s) 5.4±0.1 5.6
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In terms of operational conditions, the normal load [41] and the rel-
ative velocity [42,43] have significant effect on the sliding wear. The
normal load is directly related to the particle bed thickness, which is de-
fined by the depth of the particle bed, so particle bed thickness is se-
lected as an operational condition. The velocity of the sample is
achieved by applying a constant velocity to the sample in y-direction.
Fig. 8 shows a particle bed clipped from themiddle (thickness t)with di-
mensions of 2000 mm by 300 mm The sample with the dimensions of
200 mm by 200 mm is located at the left bottom center of the particle
bed and moves in y-direction with a velocity v.

The central and side bins are linked to and move with the sample to
investigate the contact behavior between particles and the sample, as
shown in Fig. 9. The dimensions of the central and side bins are
200 mm by 200 mm and 200 mm by 50 mm, respectively. The moving
bins consist of multiple layers from the bottom to the surface of the par-
ticle bed, and the thickness of each layer is set as 5 mm.

4.2. Definitive screening design (DSD)

Screening design is a major use of fractional factorial design [44],
which is used to identify the factors that affect the response. In this
Fig. 7.Meshed convex pattern surface based on [18] i): top view; ii): side view (a: major ra

Fig. 8. Simulation setup (clipped from the middle of the part
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research, the response, which is the dependent variable, is the sliding
wear volume, and the independent variables are the six factors men-
tioned in Section 4.1. A three-level definitive screening design is applied
to this research, as it is able to assess the curvature of the factor-
response relationship [45]. For the screening design, the independent
factors should be at a wide but reasonable range [44]. Therefore, level
2 is two times higher than level 1, and level 3 four times higher than
level 1 except for the horizontal distance d. Considering the particle
size distribution, the level 1 of the major and minor radii are set as
2 mm. To guarantee the space between two convexes, the horizontal
distance should be at least two times higher than the minor radius, so
level 1 of d is set as 20 mm. The horizontal distance d is increased by
20 mm from level 1 to level 3. The vertical distance c has no influence
on the sliding wear reduction [11] and is therefore kept constant as
40 mm. Table 7 lists the factors and the corresponding levels.

Table 8 shows the three-level definitive screening design pattern.
The columns of the design are orthogonal to each other if the level 1,
2, and 3 are regarded as −1, 0, and 1, respectively, which means that
in the list of test runs, the levels of each factor occur an equal number
of times with each of the levels of the other factors. This design ensures
that the estimated factor effects are statistically independent [45].

4.3. Analysis procedure

The analysis of the wear results should be based on the steady state
of the simulation setup. Therefore, the stability of the simulation setup is
evaluated first. In order to verify that the convex pattern surface can re-
duce the sliding wear, the simulations with flat surfaces under corre-
sponding operational conditions listed in Table 8 are performed as
references.
dius; b: minor radius; c: vertical distance; d: horizontal distance; h: height of convex).

icle bed with v sample velocity, t particle bed thickness).



Fig. 9. Setting of moving bins (clipped from the middle of the sample).

Table 7
Six factors at three levels for screening design.

Factors Levels

Minimum (−1) Middle (0) Maximum (1)

a (major radius/mm) 2 4 8
b (minor radius/mm) 2 4 8
d (horizontal distance/mm) 20 40 60
h (height/mm) 1.5 3 6
v (sample velocity/m/s) 0.5 1 2
t (bed thickness/mm) 10 20 40
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The stability of the sliding process includes two aspects: the bulk
flow steady state and the sliding wear stability. Two criteria are used
to evaluate the stability of the sliding process: relative velocity of bulk
material and relative wear gradient of samples.

For the relative velocity of bulkmaterial, it is considered that thepar-
ticle flow is at steady statewhen the ratio of the averaged particle veloc-
ity at the sample moving direction (y-direction) to the sample velocity
reaches a relatively steady value. It should be noted that only the parti-
cles in the central moving bins (see Fig. 9) with the original particle bed
height are considered for this criterion. The relative velocity η is defined
as

η ¼ vp
vs

� 100% ð7Þ

where η is relative velocity, vp is averaged particle velocity in sample
moving direction, and vs(mm/s) is the translational velocity of the
sample.

Relative wear gradient φR is used to evaluate the stability of the
sliding wear process, which is denoted by Eq. (8).
Table 8
Three-level definitive screening design for six factors.

Run order Run Pattern Factors

a b d h v t

R1 +0 + −−+ 8 4 60 1.5 0.5 40
R2 −++ − 0− 2 8 60 1.5 1.0 10
R3 + − +0 + − 8 2 60 3.0 2.0 10
R4 0−−−−− 4 2 20 1.5 0.5 10
R5 0+++++ 4 8 60 6.0 2.0 40
R6 000000 4 4 40 3.0 1.0 20
R7 ++0 + −− 8 8 40 6.0 0.5 10
R8 − + −0 − + 2 8 20 3.0 0.5 40
R9 +−− + 0+ 8 2 20 6.0 1.0 40
R10 − − ++ − 0 2 2 60 6.0 0.5 20
R11 −0 − ++− 2 4 20 6.0 2.0 10
R12 ++−− + 0 8 8 20 1.5 2.0 20
R13 −−0 − ++ 2 2 40 1.5 2.0 40
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φR ¼ φ
max φð Þ ð8Þ

where φR is relative wear gradient, φ(mm3/mm) is wear gradient, and
max(φ)(mm3) is the maximum value of wear gradient of all
simulations.

The wear gradient φ is denoted by Eq. (9).

φ ¼ Wv,s−Wv,s−Δs

Δs
ð9Þ

where φ(mm3/mm) is wear gradient, Δs(mm) is displacement incre-
ment of the sample, and Wv,s − Wv,s−Δs(mm3) is wear volume
increment.

After the analysis of the stability of the simulation setup, the sliding
wear result is investigated. A relative wear volume is used to compare
the sliding wear for Group A and Group B separately, and the groups
are elaborated in Section 5.1.

The relative wear rateγis defined by Eq. (10).

γ ¼ wv,convex

max wv,convex,wv,flat
� � ð10Þ

where γ is relative wear rate, wv,convex (m3) andwv,flat(m3) are the wear
volumes of the convex sample and corresponding flat surface,
respectively. max{wv,convex,wv,flat}is the maximum value in each group.

The wear rate wr is denoted by Eq. (11).

wv ¼ Wv

m
¼ Wv

v� t � l� ρ
ð11Þ

where wv(m3/(kg/s)) is wear rate, Wv (m3) is wear volume, m(kg/s) is
mass flow rate, v(m/s) is the sample velocity, t (m) is the thickness of
particle bed, l (m) is the width of the particle bed, and ρ(kg/m3) is the
bulk density.

5. Results

5.1. Steady state evaluation

Fig. 10 shows the relative velocities of the thirteen simulations.
These simulations are separated into two groups (Group A and B)
based on the two bulk flow regimes, as shown in Fig. 11. The flow re-
gime Group A in Fig. 11 (a) shows that the particle bed fully covered
by particles after the travel of the sample and this flow regime is called
continuous flow regime. The flow regime of Group B as shown in Fig. 11
(b) illustrates that the sample forces the particles tomovewith the sam-
ple as the relative velocity close to 1, leading to particle accumulation.
Therefore, this flow regime is named discontinuous flow regime.

The flow regimes can significantly influence the relative particle ve-
locities. The continuous flow regimeof GroupA as shown in Fig. 10 has a
relatively wide range of ratios from 15% to 70%. It can be divided into
three subgroups because the simulation runs in those subgroups have



Fig. 10. Relative velocity of particles.
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common factors. For Group A1, the common factors are the horizontal
distance (20 mm) and the particle bed thickness (40 mm). Group A2
has the same horizontal distance (60 mm) and the particle bed thick-
ness (40 mm). Group A3 has the identical sample velocity (2 m/s). For
the discontinuous flow regime of group B, the relative velocity is close
to 100%, whichmeans the particles move with the sample at a close ve-
locity, and this result is consistentwith theflow regime shown in Fig. 11
(b).

For all simulations, the relative velocities increase rapidly at the first
200 mm and get into a transitional state from 200 mm to 800 mm. Fi-
nally, all simulations reach a steady state from 800 mm to 1700 mm
with fluctuations less than 7%. The fluctuations occur because the
Fig. 11. Bulk flow regimes with i) bottom view (
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particle bed height is always changing with the movement of the sam-
ple, so the averaged particle velocity changes and leads to the fluctua-
tion of the relative velocity.

Fig. 12 shows the relative wear gradient of all simulations, and these
simulations are divided into two groups based on the flow regimes
shown in Fig. 11. It can be seen that the continuous flow regime of
Group A (includingGroupA1, A2, andA3) has significant higher relative
wear gradient than the discontinuous flow regime of Group B, which
means the wear gradient is closely related to the bulk flow regimes.
Group B shows a relatively high fluctuation, and all simulations have
fluctuation of less than 0.002. The possible reason is that the discontin-
uous flow regime of Group B causes the particles to accumulate on and
in front of the sample, so the accumulated particles influence the con-
tact force between particles and the sample, therefore increasing sliding
wear.

For all simulations, the relative wear gradient decreases rapidly
at the first 200mm and goes into a transitional state until 1000mm.
Finally, all simulations obtain a steady state from 1000 mm to
1700 mm. Combining the two stability criteria, all simulations
reach a steady state from 1000 mm to 1700 mm, and the wear re-
sults are closely related to the flow regimes; so, the analysis of re-
sults is performed at the steady state separately, based on the two
flow regimes.
5.2. Sliding wear

Fig. 13 shows the relative wear rate of the two flow regimes indi-
cated by Group A and B. Within the continuous flow regime of Group
A, all convex surfaces except R12 can reduce the sliding wear, as
shown in Fig. 13 (a). The sample of the R12 is almost fully covered by
the convexes based on Table 8, so the majority of the sliding wear ap-
pears at the convexes. This shows wrong combinations of the factors
x-y direction), ii) side view (y-z direction).



Fig. 12. Relative wear gradient.
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could increase the sliding wear. The other runs shows that the bases of
the samples have higher proportions of the slidingwear compared with
the convexes. R5 has the lowest relative wear rate and reduces the slid-
ing wear by 66% compared with the corresponding flat surface. Fig. 13
(b) shows the convex pattern surfaces of the discontinuous flow regime
can reduce the sliding wear compared to the flat surfaces, and the slid-
ing wear occurs mainly on the sample bases. R2 has the lowest relative
wear and reduces the sliding wear by 17% compared with the corre-
sponding flat surface. As the R5 (Group A) and R2 (Group B) have the
lowest relative wear rates for these two flow regimes, they are selected
for detailed analysis to reveal the bulk flow properties.

Figs. 14 and 15 illustrate the slidingwear distributions of the convex
pattern and flat surfaces. Fig. 14 shows the wear distributions of the
samples of R5 and the corresponding flat surface. For the base of the
R5 in Fig. 14(a), the majority of the sliding wear appears at the front
Fig. 13. Relative wear rate of convex patter

1101
two rows of the convexes and the two sides of the sample. The reason
lies in that the sliding distance of particles at the front part is much lon-
ger than that of the back part. For detailed explanation, please view the
Appendix A. The wear path on the base indicates the guiding effect of
the convex pattern as the particles contactingwith the base are directed
sideways and move around the convexes. For the convex pattern, as
shown in Fig. 14(a), the majority of wear appears at the front half part
because contact between particles and the convex mainly appears at
this area. Fig. 14(b) shows the wear distribution of the corresponding
flat surface. It is obvious that the slidingpath is along the samplemoving
direction and the front part of the sample shows lower sliding wear
than the back part. The reason lies in that the normal force in the front
part is relatively lower than the rest of the part because the accumula-
tion of particles over the sample is more obvious. For detailed explana-
tion of Fig. 14, please see Appendix A.
n (convex and base) and flat surfaces.



Fig. 14. Wear distribution of R5 and the corresponding flat surface (continuous flow regime).
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For Fig. 15, R2 shows that the front and the side of the sample suffer
the most severe wear, and the sliding wear decreases from the front to
the back of the sample. For the corresponding flat surface in Fig. 15(b),
the front part of the sample suffers relatively severe wear. It should be
noted that the flat surfaces of the corresponding R2 and R5 have differ-
ent flow regimes which influence the wear distribution of the flat sur-
faces.

Fig. 16 shows the normal forces of the samples and the error bars
represent the fluctuations of the normal force. For the continuous
flow regime, the normal forces of the convex pattern samples are
higher than that of the flat surfaces except R12, which is consistent
Fig. 15. Wear distribution of R2 and the correspon
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with Fig. 13 (a). Although the normal forces of the convex pattern
surfaces are higher than that of the flat surfaces, the relative wear
rate is lower, as shown in Fig. 13. With reference to Eq. (6), the slid-
ing wear is linearly related to normal force and sliding distance. Con-
sidering the lower wear rate and a similar normal force, this means
the sliding distance of the particles on the convex pattern sample is
significantly reduced because of the rolling effect of the convexes
on particles.

For the discontinuous flow regime, the normal force is relatively
comparable between the convex pattern surface and the flat surface ex-
cept R11. Fig. 13 (b) shows that the convex pattern surfaces have lower
ding flat surface (discontinuous flow regime).



Fig. 16. Normal force of samples.
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sliding wear compared with the flat surfaces. On one hand, the rolling
effect of the convex pattern reduces the relative sliding between parti-
cles and the sample. On the other hand, the corresponding flat surface
Fig. 17. Continuous flow regime with i) side view (y-z direction clipped from the middle), ii) b
sample.

Fig. 18.Discontinuous flow regimewith i) side view (y-z direction clipped from themiddle), ii)
sample.
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may behave continuous flow regime (e.g. R6) which increases the rela-
tive sliding distance dramatically and therefore increases the sliding
wear rate.

5.3. Bulk property analysis

5.3.1. Bulk flow regimes
The two bulk flow regimesmentioned before are indicated as shown

in Fig. 17 and Fig. 18. It should be noted that the colored particles repre-
sent the magnitude of angular velocity.

For the continuousflow regime of R5 as shown in Fig. 17 (a), the side
view shows that the particles accumulate at the back part of the sample.
From the bottom view, it can be seen that the particles around and in
front of the sample have higher angular velocity than others. The
cross-section view shows a high-side and low-middle particle bed pro-
file, which is because the particles in the accumulation pile flow to the
side and are then deposited in the shape, as shown in the cross-
section view. The same flow regime appears at the corresponding flat
surface, and the particle bed profile is slightly influenced by the flat sur-
face, as shown in Fig. 17 (b). Compared with the bottom view of the flat
surface, R5 shows more particles with high angular velocity (red color),
and this verifies that the convex pattern surface can facilitate the rolling
of particles.
ottom view (x-y direction) and iii) cross-section view (x-z direction) after passing of the

bottom view (x-y direction) and iii) cross-section view (x-z direction) after passing of the
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Fig. 18 shows the discontinuous flow regime of R2 and the corre-
sponding flat surface. For R2 in Fig. 18 (a), the accumulation of particles
appears in front of the sample, as shown from the side view. The bottom
view shows that almost all particles over the sample travel with the
sample at the same velocity, and only the particles in front of the sample
have relatively high angular velocity. The cross-section view shows a
discontinuous particle bed is formed as only the side parts of the particle
bed are coveredwith particles. The correspondingflat surface shows the
similar particle bed profile, as shown in Fig. 18 (b). Themain reason lies
in the influence of the combination between the particle bed thickness
and the sample velocity.

5.3.2. Particle velocity profile
Particle velocity profiles of R5 and R2 are used to investigate the in-

fluence of the sample on themovement of particles. The profiles include
the averaged particle velocity in y-direction, the ratio of the averaged
particle velocity in x-direction to that of in y-direction, and the ratio of
the averaged particle velocity in z-direction to that of in y-direction.
The profiles are based on the moving bins, as illustrated in Fig. 9.

Fig. 19 shows the particle velocity profile of the R5 and the corre-
sponding flat surface. For the averaged particle velocity as shown in
Fig. 19. Particle velocity profile of R5 and the corresponding flat surface (CB—ce
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Fig. 19 (a), the particle velocities of R5 are higher than those of the flat
surface both in the central and side moving bins from bottom to top
layers. For R5, the particle velocity decreases from about 1.5 m/s at
layer 1 to 0.4 m/s at layer 8 and keeps around 0.4 m/s for the other
layers. The side moving bins show the opposite trend that the averaged
velocity lower than 0.1 m/s at the first 8 layers increases slowly, and the
velocity reaches more than 0.2 m/s for the rest of the layers. For the flat
surface, every layer shows a lower velocity than 0.2 m/s at the central
bins, and the particles at the side bins are hardly influenced by the flat
surface. It can be seen that the convex pattern sample can significantly
influence the movement of particles at the bottom layer. Considering
the sample velocity is 2 m/s, Fig. 19 (a) indicates the majority of parti-
cles moves much slower than the sample and stays behind the sample,
which is consistent with the flow regime, as shown in Fig. 17.

The ratio of the averaged particle velocity in x-direction to that of in
y-direction reflects the trend of particles tomove sideways. For the cen-
tral moving bins of R5 as shown in Fig. 19 (b), the velocity ratio is close
to 0, which means the tendency of particles to move sideways is negli-
gible. For the side moving bins, the ratio increases from 0.1 to 0.7 at the
first 8 layers and decreases to 0.5 at layer 11. This indicates that the par-
ticles at the side bins have a strong tendency to move to the sides of the
ntral moving bins; SB—side moving bins; R5—run 5; F5—flat surface of R5).
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particle bed. The reason is that the accumulated particles over the sam-
ple are forced to move sideways, and the particles at the bottom layer
close to the sides of the sample are pushed sideways. The flat surface
shows a similar tendency with R5 both in the central and side bins.
For the R5 and the flat surface, all ratios are less than 0.7, which
means the particles aremore likely tomove in the samplemoving direc-
tion, especially at the central moving bins.

The ratio of the particle velocity in z-direction to that of in y-
direction shows the trend of particles to move across layers, as shown
in Fig. 19 (c). For the central moving bins of R5, the ratio increases
from 0 to near 0.3 at the first eight layers and then decreases to 0 at
the top layer. The side bins show the ratio increases to 0.4 at the first
eight layers and drop dramatically to below zero. It should be noted
that the first eight layers form the original particle bed, and the particle
accumulation forces the particles to move vertically, so the first eight
layers show the increasing ratio both at the central and side bins. The in-
fluence of the sample on the accumulated particles decreases, so the
ratio drops from the layer eight to the top layer. The corresponding
Fig. 20. Particle velocity profile of R2 and the corresponding flat surface (CB—ce
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flat surface shows the similar trends both at the central and sidemoving
bins.

Fig. 20 shows a similar particle velocity profile of R2 and the corre-
sponding flat surface. For the averaged velocity in y-direction as
shown in Fig. 20 (a), the particle velocity for the central moving bins
are close to 1 m/s which is the sample velocity. This means the particles
are moving forward with the sample at the same velocity. For the side
moving bins, the velocity increases slowly at the first two layers from
0.1 m/s to 0.15 m/s and rapidly to close to 0.7 m/s at the top layer.
This is because the original particle bed height is 10 mm which fills
two layers of the bins, while the other layers are filled by the accumu-
lated particles with high velocity.

Fig. 20 (b) shows the tendency of particles tomove sideways. For the
central moving bins, the velocity ratio is close to 0, which indicates the
particles at the central moving bins do not tend to move sideways. For
the side moving bins, the velocity ratio of the flat surface increases
from 0.14 in layer 1 to 0.3 in layer 4 and slightly decreases to 0.27.
This shows that the particles in the side moving bins have the tendency
ntral moving bins; SB—side moving bins; R2—run 2; F2—flat surface of R2).



Fig. 22. Angular velocity profile of R2 and the corresponding flat surface (CB—central
moving bins; SB—side moving bins; R2—run 2; F2—flat surface of R2).

Table 9
Regression equation of fitted model.

Response Regression equation in coded units R2 R2(adj) R2(pred)

ln(y) y ¼ −1:859þ 0:449aþ 0:650vþ
1:425t−0:629b� d

95% 92% 86%
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tomove sideways, and the trend is stronger at the top layers. For the R2,
the ratio increases from 0.05 in the bottom layer to 0.14 in the top layer
with a relatively high fluctuation. Although the particles tend to move
sideways, the tendency is lower than that of the flat surface.

Fig. 20 (c) shows the tendency of particles tomove across layers. For
the central moving bins of the R2, the ratio is close to zero, which is be-
cause the particles have high velocity in y-direction and make the ratio
low. For the side moving bins, the ratio is negative and the absolute
value of the ratio increases from 0.02 to 0.09 at the first three layers
and decreases to 0.06. The negative value indicates the particles have
the tendency to move downwards. The reason lies in that the accumu-
lated particles at the central moving bins are forced to move sideways
and downward to side moving bins. The corresponding flat surface
shows the similar trend both at the central and side moving bins.

5.3.3. Particle angular velocity profile
The particle angular velocity profile shows the magnitude of the av-

eraged angular velocity and reflects the rolling effect of the convex pat-
tern, as the rolling instead of sliding of particles is the main mechanism
of reducing the sliding wear.

Fig. 21 shows the similar trend of particle angular velocity of R5 and
the corresponding flat surface. The angular velocity decreases from bot-
tom layer to top layer and the particles at the central moving bins have
higher angular velocities than those of at the sidemoving bins. The side
moving bins for both the R5 and the flat surface have the angular veloc-
ity of lower than 120 deg./s. For the centralmoving bins, the top layer of
the R5 has the highest value of higher than 320 deg./s which is two
times higher than that of theflat surface. The angular velocity drops dra-
matically from the first layer to the second layer and thismeans the con-
vex pattern surface can induce the rolling and reduce the sliding of
particles contacting with the convex pattern. (See Fig. 22.)

R2 and the corresponding flat surface show the similar trend of the
angular velocity for both the central and sidemovingbins. This indicates
the convex pattern surface can hardly influence themotion of the parti-
cles at the discontinuous flow regime, and the flow regime dominates
the motion of particles.

5.3.4. Discussion
The bulk flow regimes have significant influence on the motion of

particles and determine the mechanisms of the reduction of the sliding
wear. The convex pattern surface can convert the sliding of particles to
the rolling of particles at the continuous flow regime. The discontinuous
Fig. 21. Angular velocity profile of R5 and the corresponding flat surface (CB—central
moving bins; SB—side moving bins; R5—run 5; F5—flat surface of R5).

1106
flow regime reduces the relativemotion between particles and the sam-
ple to reduce the sliding distance and therefore leads to severe particle
accumulation. Compared with the flat surface, the convex pattern has
slight influence on the rolling of particles at the discontinuous flow re-
gime.
5.4. DSD analysis

To quantify the effect of the factors tested, a regression equation is
fitted based on normalized wear results which are divided by the
highest value of the wear volumes. Table 9 lists the fitted model and
the corresponding R2. It should be noted that the fitted model is non-
hierarchical because it does not contain all of the lower order terms
(factor band d) for each term (interaction b × d) in the model, so this
model is fitted in coded unit logarithm ln(y) [46]. The model indicates
that three main factors and one two-level interaction have significant
influence on the slidingwear volume. The R2 value ofmore than 95% in-
dicates themodel provides a goodfit to thedata points, and the adjusted
and predicted R2with relative high values alsomanifest the goodness of
the model.

A significance level of 0.05 (α) is chosen in this design to compare a
p-value to assess the significance of the terms. As listed in Table 10, the
p-values of the coefficients of the constant, a,v,t, and the interaction
b × dare lower than 0.05, whichmeans there is a statistically significant
association between the sliding wear volume and the terms of the
Table 10
Coefficients of the regression equation and the corresponding p-value.

Term Coefficient P-value

Constant −1.859 0.000
a 0.448 0.032
v 0.650 0.007
t 1.426 0.000
b × d −0.633 0.013



Fig. 23. Residual plot.

Fig. 24. Normalized response contour plot.
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regression equation. The higher the coefficient of a factor is, the more
important the factor is on the effect of the sliding wear. Therefore, the
particle bed thickness has the most significant effect on the response,
while the major radius has the least. In addition, the sample velocity
and the interaction between the minor radius and the horizontal dis-
tance show a comparable influence on the sliding wear.

A residual plot as shown in Fig. 23 is used to determine whether the
fittedmodel is adequate andmeets the assumptions of the analysis. The
normal probability plot of residuals, as shown in Fig. 23 (a) displays the
relation between residuals and the expected values when the distribu-
tion is normal and verifies that the residuals are normally distributed
as the plot of the residuals approximately follow a straight line. Fig. 23
(b) demonstrates the relation between residuals and fitted values of re-
sponse (normalized wear volume), which is used to verify the assump-
tion that the residuals are randomly distributed with a relatively
constant variance. It can be seen that the points fall randomly on both
sides of 0with no recognizable patterns in the points. Based on the anal-
ysis of the residual plots, it can be concluded that the regression model
meets the assumption (listed in Table 9).

A contour plots Fig. 24 is used to express the relationship between
two factors and the normalized response values, while the other factors
are kept at the middle level. For a specific wear volume, the three main
factors show the negative linear correlations each other, which means
the increase of one factor leads to the decrease of another factor. For
Fig. 24 (a), it can be seen that the major radius has a small effect on
the sliding wear volume compared with the particle bed thickness.
Fig. 24 (b) shows that the influence of the major radius and the sample
velocity is similar which is consistent with the analysis of model coeffi-
cients. Fig. 24 (c) reveals the sliding wear volume is linearly related to
the particle bed thickness. The interaction between the minor radius
and the horizontal distance is shown in Fig. 24 (d). The curvature ex-
presses the influence of one factor depends on another. As shown in
Fig. 24 (d), the sliding wear volume is low when both the minor radius
and the horizontal distance have low or high levels at the same time.

6. Conclusions

This work entails detailed investigations of bulk flow regimes and
sliding wear mechanisms of the convex pattern and flat surfaces. The
aim of this work focuses on the optimization of a convex pattern surface
to reduce the sliding wear caused by non-cohesive free flowing bulk
material. Three conclusions can be drawn:

1) Two flow regimes are formed, namely, the continuous and discon-
tinuous flow regime, and themechanisms of the slidingwear reduc-
tion for the two flow regimes are different. For the continuous flow
regime, the convex pattern surface can significantly increase the
rolling of particles to reduce the relative sliding between particles
and the sample. The discontinuous flow regime can reduce the slid-
ing distance dramatically, and the convex pattern has slight rolling
effect on the particles. The continuous flow regime is preferred, as
this flow regime induces less particle accumulation andmore appar-
ent rolling effect of particles.

2) Three main factors and one interaction have statistical significance
based on the regression model. The particle bed thickness has the
most significant influence on the sliding wear, and the flow regime
is continuous when the particle bed thickness is 40 mm. The height
and the minor radius of the convex have no significant influence on
the sliding wear, which is consistent with the previous study.

3) R5 and R2 are the optimal design for the continuous and discontinu-
ous flow regimes, respectively. The properties of the two runs hint to
a design that is optimal in both regimes simultaneously. It should be
noted that this optimal design is based on the specific dry bulk ma-
terial with d50 of 2.65 mm, and it is suitable for bulk material with
similar bulk properties.
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Future work will focus on the robustness of the optimal convex
pattern surfaces by investigating the influence of particle size and
shape on the sliding wear. The relationship between particle size
and the dimensions of the optimal convex pattern will be clarified,
and the rolling effect of the convex pattern on non-spherical
particles will be elaborated. Additionally, the wear reduction perfor-
mance of optimal design R5 will be extensively tested in an experi-
mental setup to validate the numerical findings described in this
paper.
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Appendix A

Wear distributions (Fig. 14) show that the front part of the con-
vex pattern sample has significantly more sliding wear than the
back part. However, on the contrary, the front part of the flat sur-
face shows less sliding wear compared with the back part. Based
on Archard wear model denoted in Eq. (6), the sliding wear is de-
termined by sliding distance and normal force when other param-
eters are remained constant. In order to investigate the normal
force and sliding distance, a bin group as shown in Fig. A.1 is
used. The bin group consists of 10 bins and each bin measures
200mm × 20mm × 5mm as only the bottom layer of particles deter-
mines the sliding distance. The sliding distance is directly related
to velocity difference between particles and the sample, so a rela-
tive velocity difference is used to replace sliding distance, and the
higher the relative velocity difference is, the longer the sliding
distance

Fig. A.1. Bin group.
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Relative velocity difference is denoted as Eq. (A.1)

α ¼ vsample−vparticle
�� ��

vsample

�� �� � 100% ðA:1Þ

where α is relative velocity difference; vsample is the sample velocity;
vparticle is the averaged sliding velocity of particles in each bin.

For the flat surface (F5) as shown in Fig. A.2, the relative velocity
difference for all bins is between 91% and 94%, which means the slid-
ing distance of particles in each bin is comparable. Fig. A.3 shows the
normal force of the flat surface increases from 0.7 N at bin 1 to 2.1 N
at bin 4 and maintains a relatively stable value until bin 10. This in-
dicates that the contact between particles and the flat sample at
the first four bins is at transition state. This is because the contact
number between particles and the sample as shown in Fig. A.4 is
much lower than that of the rest bins where the contact number is
relatively comparable. Based on the combination of the sliding dis-
tance and normal force, it can conclude that the sliding wear in-
creases from bin 1 to bin 4 and maintains a comparable value until
bin 10, and this analysis is consistant with the wear distribution as
shown in Fig. 14 (b).

For the convex pattern surface (R5), the relative velocity differ-
ence as shown in Fig. A.2 drops dramatically from 78% at bin 1 to
16% at bin 6 and rises to 30% at bin 10, which means the front rows
of convexes force the particle flow passing by to be changed abruptly
to deflect the bulk flow behavior, while the back rows do not have to
deal with a change in bulk flow until bin 8. In addition, the particles
at the back rows move with the sample because of the low relative
velocity difference, so the sliding distance is much lower than that
of the front rows. For the normal force as shown in Fig. A.3, all bins
show higher normal force than that of the flat surface which is be-
cause the total normal force is consists of the gravity of particles on
the base of the sample and the normal force on the convex pattern.
With the decrease of the relative velocity difference, the normal
force drops from bin 2 to bin 6 because the lower relative velocity
difference means the particles are moving with the sample and the
contact force between particles, and the convex pattern reduces. Al-
though the normal force increases to a highest value of 6 N at bin 8,
the sliding distance is much lower than that of the bin 1, so the slid-
ing wear is lower. The contact number as shown in Fig. A.4 has an op-
posite trend to the relative velocity difference because of the change
in bulk flow behavior. Based on the analyses above, it can be ex-
plained that the front part of the convex pattern surface suffers
more severe sliding wear.

Fig. A.2. Relative velocity difference.
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Fig. A.3. Normal force.

Fig. A.4. Contact number between particles and sample.
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