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ARTICLE INFO ABSTRACT
Keywords: A convex pattern surface is proposed and optimized to mitigate the sliding wear of bulk handling equipment
Particle shape caused by interaction with bulk solids. This work investigates the effectiveness of the convex pattern surface on

Wear reduction

Wear deformation
Convex pattern surface
DEM

wear reduction during interactions with non-spherical particles. Multiple representative particles, obtained
through a sampling method, are reconstructed using a photogrammetry technique. Two contact parameters
between particles are calibrated through shear box and drawdown tests to ensure flow behavior similar to the
real material. The numerical results indicate that the convex pattern surface can effectively reduce wear
compared to a plain sample when involving both spherical and non-spherical particles. For a plain sample, the
wear volume remains independent of particle shapes and increases linearly with numerical revolutions. For the
convex pattern surface, the wear volume demonstrates a quadratic relationship with the test revolutions as the
deformation of convex elements weakens the effectiveness of the sample on wear reduction. The particle flow
behavior analysis reveals that the convex pattern surface experiences the lowest wear volume when in contact
with non-spherical particles. This can be attributed to the non-spherical particles sliding shorter distances and
rotating with higher angular velocities on the convex pattern surface.
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1. Introduction

Bulk solids handling plays a significant role in a range of industries,
such as the mining, agricultural, chemical, and pharmaceutical in-
dustries [1]. Within the mining industry, the handling of bulk solids,
such as iron ore, results in wear on the surfaces of bulking handling
equipment. Studies show that approximately 82% of the energy loss is
attributed to the bulk material sliding along the bottom of the chute,
while 9% of the loss is due to the material sliding against the side walls
[2]. Sliding wear can be defined as the relative movement occurring
between two solid surfaces in contact while under a load [3]. Wear leads
to surface deformation and hastens equipment damage, ultimately
shortening its operational lifespan.

To reduce wear at micro [4,5] and macro [6] scales, a surface
equipped with configurations (e.g. circular, triangular, and elliptical) is
applied to the multiple fields mentioned above. For the elliptical texture,
it has been used to reduce the wear of plows [7], drills [8], lubricated
contacts [9], etc. In an effort to mitigate sliding wear on bulk solids
handling equipment, an innovative convex pattern surface, inspired by a
bionic design approach [10], is proposed [11] and further optimized
[12] utilizing the discrete element method (DEM) [13].

Regarding wear evaluation, DEM proves to be a valuable approach in
predicting equipment wear resulting from bulk material interactions. On
one hand, DEM models wear without considering geometrical defor-
mation, making it widely applicable in investigating the linear wear and
distribution within various systems, such as ball mills [14-16], tumbling
mills [17-19], mining hoppers [20], agricultural tines [21], and soil
rapper tins [22], etc. On the other hand, researchers express keen in-
terest in surface deformation caused by bulk material contact, such as,
estimations of adhesion, abrasion, and impact wear in dry ball mills
[23], wear prediction for ball mill liners in the cement industry [24],
modeling scratch tests to study abrasive material loss caused by soil
tillage [25], and comparing wear profiles of screw liners [26]. To
incorporate the deformation of convex pattern surfaces due to bulk
material contact, DEM combined with geometry deformation tech-
niques, is employed and validated by conducting laboratory experi-
ments [27]. However, for computational efficiency, spherical particles
are commonly employed to represent real particles, which may not
accurately reproduce the flow behavior of actual materials [18].

Multiple models have been proposed to reconstruct non-spherical
particles [28], such as the super-quadric model [29-31], polyhedron
model [32-34], and multi-sphere model [35]. Sphere-based modeling as
used in this study, stems from the idea of recreating a non-spherical
shape by clumping multiple physically overlapped spheres (sub-parti-
cles). The particle morphology for reconstruction with spheres can be
obtained through a 3D scanning technique named photogrammtery
[36]. Combined with the sphere-based clumping model, this method can
replicate the real particle shapes and simultaneously takes the compu-
tational efficiency into account by balancing the size and number of
spherical particles.

As is concluded in our previous work that the convex pattern sample
reduces wear for a short term experiment, it is significant to reveal
whether the sample functions in a long term test numerically. The work
aims to evaluate the effectiveness of the convex pattern sample on
reducing sliding wear compared to a plain sample during the interaction
with non-spherical particles. To accomplish this aim, the particle shape
is reconstructed using a photogrammetry technique, and the corre-
sponding parameters are calibrated for a numerical model. The mech-
anisms of the convex pattern sample on wear reduction are revealed by
analyzing the numerical results including the wear volume, wear dis-
tribution, and the flow behavior of particles.

2. Methodology

The Discrete Element Method (DEM) is first introduced by Cundall
and Strack [13] for the simulation of particle systems, enabling the
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monitoring of particle movements and interactions within their envi-
ronment over time. The dynamics of discrete spheres in DEM are gov-
erned by the principles of Newton’s second law of motion.
Hertz-Mindlin no-slip contact model has been widely used and proven
suitable for nonlinear elastic contact model [37]. This model is
composed of two springs, two dampers, and a slider, as represented in
Fig. 1, and it effectively characterizes the interactions among non-
cohesive particles.

As illustrated in Fig. 2, the completion of surface deformation in-
volves the integration of a geometrical deformation technique [38]
within the EDEM software [39], complemented by the incorporation of
the Archard wear model [40]. Notably, the highlighted section repre-
sents the process of wear volume calculation and subsequent mesh po-
sition updates for the geometry. For detailed explanation, we refer to our
previous work [27].

3. Model preparation

The real particles of river gravel are reconstructed, and the corre-
sponding parameters are calibrated to capture the flow behavior of
particles displayed in laboratory experiments.

3.1. Particle shape reconstruction and calibration

The river gravel with dsg of 2.65 mm is used as a wear medium,
which is classified as dry, non-cohesive, and free-flowing material. For
detailed properties of this material, we refer to our previous work [12].
To reconstruct the particles for numerical modeling, three steps are
applied.

3.1.1. Particle shape analysis

A multistage sampling approach is utilized to calculate the propor-
tional distribution of particle shapes with a desired level of precision.
Shown in Fig. 3, the overall material volume of 1400 ml is divided into
14 sections. From these sections, three samples are randomly selected
for the next stage. Each of the three chosen samples is further divided
into approximately equal subsections, resulting in 16 samples. Finally,
two samples are randomly selected from each of the three samples for
final analysis, with the total number of 368 particles.

The aforementioned material samples are evaluated following a
comparable procedure outlined in reference [41]. By evaluating the
particles based on four aspects, including aspect ratio, flatness, round-
ness, and the count of flat facet, the total 368 particles are classified into
six distinct shape classes (designated as A to F), with the shape variants
named according to their most visually distinctive property. Based on
the classification criteria mentioned above, the shape of individual
particles within all six material samples is determined, and the particle
shape distribution is obtained.

S I:I D, 7 Damping

ol (g

H
Dn *

Coefficient of friction

Fig. 1. Illustration of contact between two particles [27].
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Fig. 2. Flowchart for calculating wear volume and updating deformation [27].

3.1.2. Particle shape reconstruction

As material is sampled and classified into 6 kind of shapes, a single
particle of a relatively greater size is chosen to represent the charac-
teristics of particles in the corresponding class illustrated in Fig. 4.

For the reconstruction of particles, 40-50 pictures around each
particle are taken by adjusting the location of a camera under a
controlled environment, such as lighting arrangement. A

photogrammetry technique [36], capable of handling images with
substantial overlap, is deployed to obtain a particle profile. Six mesh
files are generated corresponding to the representative particles chosen
for each shape class.

Spherical particles are used to fill the generated mesh files to
reconstruct angular particles. The size and number of spherical particles
for the clumping approach are manually controlled to be around 1 mm



Y. Yan et al.

st
|

od L I 1 ‘

P VR ) VN PR M U [
)
S2| 100 | 100 um 100 | 100 | 100 | 400 | 100 | 100 | 100 | 100 [ 300 | 100

el

Powder Technology 436 (2024) 119226

Cylindrical
768

Halves
11.9%

Quarters

12.6%

8.0%

Shape classification —) Statistical result

Fig. 3. Procedure of particle shape analysis.
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Fig. 4. Procedure of particle shape analysis.

and greater than 6 to balance modeling accuracy and computational
efficiency. It should be noted that the clumped particles are rounded, so
it ensures a comparable surface roughness for both the spherical and
non-spherical particles.

3.1.3. DEM parameter calibration

The shear box and drawdown tests are carried out to characterize the
relevant bulk properties (coefficients of static and rolling friction ps, i)
as depicted in Fig. 5. The corresponding parameters, including the
physical characteristics of the river gravel, the material properties used
in the tests, are listed in Table 1. For detailed test process, we refer to our
previous work [12].

The calibration of DEM parameters, including the coefficients of

>

Fig. 5. Flowchart of particle reconstruction and parameter calibration.

Test setups

Table 1
Parameters for numerical model.
Categories Parameters Values
Particle density (kg/m®) 2460
River sand Poisson ratio v (—) 0.24
Shear modulus G (GPa) 0.07
Density (kg/m®) 1200
Perspex Poisson ratio (—) 0.5
Shear modulus G (GPa) 0.1
Density (kg/m®) 7932
Steel Poisson ratio v (—) 0.3
Shear modulus G (GPa) 78
Particle-particle Coefficient of restitution 0.45
Coefficient of restitution (—) 0.4
Particle-perspex Coefficient of static friction (—) 0.36
Coefficient of rolling friction (—) 0.36
Coefficient of restitution (—) 0.6
Particle-steel Coefficient of static friction (—) 0.38
Coefficient of rolling friction (—) 0.3

static friction and rolling friction between particles, is performed using a
surface response method called Central Composite Design (CCD) as
depicted in Fig. 5. CCD is a partial factorial approach that is generally
used to estimate effect curvature and for obtaining an optimal response.
This method is suited for estimating small number of parameters as it
possesses a moderate number of runs and predicts parameters with high
accuracy. Once maximum and minimum values of each parameter are
chosen, the parameter o is determined to be /2. Table 2 presents the
coded and uncoded values of the two parameters.

Table 2
Values of the two parameters.
Level —o -1 0 1 +a
Hs 0.2 0.258 0.4 0.541 0.6
Hr 0 0.035 0.12 0.205 0.24

® Central point s
H o Star points 023
A © Factorial points
”(0, +a) 0171
C1,1), A
=012 =
+ — DT 1585 ST 1.0
0 ( a’(;)l) ----- DT_1.68s
(-a, 0) s 007 — SA 356" ‘
SA_36.6" ("
— AoR_355° 4
-1,-1) &— o'(1,-1) 0.02 AoR_36.5° ‘
re 024 032 040 048 056
(0,-a) b

Design of experiments —) Calibrated combinations
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Based on the design combination as illustrated in Fig. 5, the rela-
tionship between inputs (coefficients of static and rolling frictions) and
outputs (discharge time, shear angle, angle of repose) of the shear box
and drawdown test is presented in one plot where the shaded area in-
dicates the possible combinations of the two coefficients. To avoid
selecting the values at the boundaries, the static and rolling friction of
coefficients are determined from the center of the shaded region, which
are 0.548 and 0.116, respectively.

3.2. Simulation setup

The concept of a convex pattern surface depicted in Fig. 6, which was
originally proposed in [42], is defined by five parameters [12]. To
perform an in-depth analysis of wear distribution, the sample is divided
into five columns and labeled with identifiers (e.g., Col_1 signifies col-
umn 1) in the bulk flow direction. Futhermore, the convex elements are
individually labeled from the inside to the outside of the test setup.

The configuration of the DEM simulation is demonstrated in Fig. 7.
To enhance computational efficiency, cylindrical boundaries covering
150 degrees are implemented, enabling particles exiting from one side to
re-enter at corresponding locations at the opposite side. The particle size
is scaled up by a factor of 3 based on previous findings which indicat that
particle size has minimal impact on the sliding wear of the plain sample,
while the convex pattern sample reduces wear with a scaling factor
lower than 4 [43]. To ensure a uniform particle bed, a consolidator is
employed. The test sample is positioned at a depth of 90 mm, inclined at
an angle of 2 degrees. The particle bed rotates at a rate of 90 degrees per
second, with 1.67 s to complete a 150-degree revolution. For further
details on other parameters utilized in the numerical model, one can
refer to the previous study [12].

4. Result analysis
4.1. Wear comparison

The numerical results are analyzed from two aspects: the comparison
of wear volumes of samples corresponding to different particle shapes
and the flow behavior of particles at the contact interface with the
sample. It should be noted that the numerical results are based on the
simulations after reaching a steady state. For detailed analysis, one can
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Sample (location)

Consolidator

Particle bed

Convex

Base

Fig. 7. Simulation setup (a) particle bed settings, (b) inclination angle of
sample [27].

refer to the previous work [27].

4.1.1. Wear volume

Fig. 8 compares the wear volume of the plain and convex pattern
surfaces contacting with the corresponding spherical and non-spherical
particles. Egs. (1)-(4) shown below indicates the relationship between
simulation revolution and wear volume for spherical and non-spherical
particles contacting with a plain and a convex pattern surface, respec-
tively. It should be noted that the simulation terminates due to the mesh
distortion as explained in the previous work [27].

For a plain surface, wear volume is independent of particle shape and

a Rotating 90°
Y

Inner

Y

Col 5

/
I

Flow direction

-

Col 3

-

Col 1

Col 4 Col 2

Fig. 6. Convex pattern sample (a = 8 mm, b = 2 mm, ¢ = 40 mm, d = 20 mm, h = 6 mm) [27].
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Fig. 8. Wear volume in relation to revolution (S and NS indicate spherical and
non-spherical particles.)

has a linear relationship with the numerical revolution as denoted in Eq.
(1) and Eq. (2). For the convex pattern surface, the wear volume is lower
than that of a plain surface and has a quadratic relationship with the
revolution as denoted in Eq. (3) and Eq. (4). This indicates that the wear
rate of the convex pattern surface increases as a result of the deformation
of the convex elements, which is consistent with the previous work [27].
Moreover, the wear volume of the convex pattern surface is dependent
on particle shape. Fig. 8 indicates that the convex pattern surface due to
the contact with non-spherical particles results in significantly less wear
compared to that corresponding to the spherical particles.

y = 100.3x, R* = 0.9941 (€]
y = 104.0x, R* = 0.9996 @
y = 67.4x+1.2x* R* = 0.9999 3)
y = 28.9x +0.3x%, R* = 0.9999 “@

To compare the wear volume of individual convex elements labeled
in Fig. 6, the ratio of wear volumes of convex elements corresponding to
non-spherical and spherical particles is applied as depicted in Fig. 9. As
the number of convex elements in one column is distributed as either 5
or 3, to make it distinguishable, the columns with 5 elements are labeled
as C135, and the first individual one from the inner side (indicated in

S () c13s1 Y 241
= 801 ci3s2 Y C42
g @ cCi1353 243
g ® Ci354 24 4
O 70 4
< C1355
5
é 60
5 Q *
5.8
2 50
2 o
g o
2 40 * [
=
g 30 ([ J
5 ® * °
= *
5 4 3 2 1

Order of columns

Fig. 9. Ratio of wear volume of convex elements with spherical particles to
those with non-spherical particles.
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Fig. 6) corresponding to the test is numbered 1. Similarly, each of the
element can be termed with a specific label. Fig. 9 demonstrates that the
non-spherical particles induce less wear compared to spherical particles
for each individual convex element. Column 5 indicates the highest
proportion of wear volume with a ratio from 52% to 84%, while the
other four columns show a much lower proportion of wear volume less
than 55%. For individual elements in each column, the elements at the
ends of a column encounter more wear compared to the rest. How this is
relates to the flow behavior of particles will be discussed in detail in 4.2.

4.1.2. Wear distribution and deformation reconstruction

Fig. 10 displays the wear distribution of plain and convex pattern
samples in contact with spherical and non-spherical particles after 17
revolutions, respectively. Due to the contact with spherical particles, the
wear depth for the plain sample depicted in Fig. 10 (a) is almost evenly
distributed over the plain sample. For the convex pattern sample shown
in Fig. 10 (b), wear paths are formed among the convex elements due to
the flow behavior of particles. Futhermore, the majority of wear is
transferred to the convex pattern, thus protecting the base. Due to the
contact with non-spherical particles, the plain sample shown in Fig. 10
(c) displays a similar wear distribution as for spherical particles. For the
convex pattern sample, similarly, the majority of wear is distributed
over the convex elements, while the base encounters much less wear
compared to spherical particles. Comparing the magnitude of the wear
depth for both plain and convex pattern samples, it indicates that the
spherical particle induces more wear than non-spherical particles, which
is consistent with the presented wear volumes in Fig. 9.

Furthermore, Fig. 11 compares the deformation process of three
convex elements in column 1, since this column has the severest
deformation as shown in Fig. 10. For the three convex elements, the
spherical particles induce severer deformation than non-spherical par-
ticles, which is consistent with the wear depth distribution shown in
Fig. 10. For each convex element, from the side view, these three convex
elements follow a similar deformation trend. The front part of the
convex elements shows the severest deformation, since this part comes
into direct contact with particles. From the front view, it indicates that
the inner side of C11 and the outer side of C15 show greater deforma-
tion. This implies that the convex pattern barely affects the flow
behavior of particles at the two sides [12]. Furthermore, C15 is subject
to the greatest degree of deformation because the particles at the outer
end of a circular wear tester slide longer distances.

To explicitly compare the wear depth of the convex elements, the
middle section of the side view of C15 (Fig. 11 (C)) at the range between
7.5 mm to 8.5 mm is selected as a reference fragment. An average value
of the points included in this range is considered the height of the
element at a specific revolution. For spherical particles, the height of the
element C15 drops significantly from 6.17 mm to 0.9 mm, resulting in an
average wear depth of 0.31 mm per revolution. On the contrary, when
contacting with non-spherical particles, the convex pattern sample in-
dicates a moderate deterioration of convex element from 6.17 mm to
2.95 mm, leading to the average wear depth of 0.19 mm per revolution.

4.2. Particle flow behavior

Particle flow behavior is evaluated from macroscale and microscale
aspects. The macroscale aspect investigates the flow behavior of bulk
solids, consisting of the angular and transitional velocity of particles at
the contact interface with a test sample. The microscale aspect compares
the trajectories of individual particles with different shapes contacting
with different samples.

4.2.1. Flow behavior of bulk solids

Fig. 12 compares the magnitude of the velocity of particles con-
tacting with a sample. For both spherical and non-spherical particles, the
particles contacting with a plain surface have higher velocity compared
to those contacting with the convex pattern surface. It indicates that the



Y. Yan et al.

Flow direction

—— 0.20
S
o) pe L0.15
it o)
i £
); l0.10
oA e
il 5
MR >
Y
A 0.05
j Q’.
t)
i N\‘:l
| s
o
0.00
0.20
0.15

o
S
Wear depth (mm)

0.05

0.00

(©)

Powder Technology 436 (2024) 119226

Flow direction

T RPN 0.20
! m%%*bWMmiﬁf;ﬁ}};)}mymW@,» ]
P Wmarr ST w17
: ﬁ?ﬁ‘?‘ﬁﬁﬂf?)ﬁ?ﬁ@s s }J?})}/i& g; \\ :
Tibssons ARV e
| £
i % f -0.10%—
I T : : :
Y " g
T S W A i -
e e
e
o 0.00
(b)
< Flow direction
i v 'Sli'ﬁ\ﬁf%i):}'ﬂ:}gzgj{{'rla.v T "“‘5“‘7',"'&\"«{_«‘?‘.’;‘ 0.20
L0.15
)
-0.102%-
=
0.05
0.00

(d)

Fig. 10. Wear depth profile (a) plain sample due to spherical particles, (b) convex pattern sample due to spherical particles, (c) plain sample due to non-spherical

particles, and (d) convex pattern sample due to non-spherical particles.

convex pattern slows down the motion of particles and therefore reduces
the sliding distance over the convex pattern surface. For the plain
sample, the non-spherical particles have the highest velocity and stay in
a relatively small range from 477 + 37 mm/s to 529 + 19 mm/s, while
the velocity of spherical particles decreases slowly from 499 + 14 mm/s
to 410 + 20 mm/s. For the convex pattern sample, on the other hand,
the spherical particles move faster than non-spherical particles, with
ranges from 186 + 28 mm/s to 282 + 23 mm/s and from 85 + 26 mm/s
to 122 + 24 mm/s, respectively. It means that the non-spherical parti-
cles slide the lowest distance on the convex pattern surface.

To compare the velocity distribution of particles on the samples, a
mesh grid with 20 x 20 elements is deployed to capture the average
velocity in each individual element. Each of the elements has a dimen-
sion of 5 mm x 5 mm x 6 mm (length xwidth xheight). Fig. 13 displays
the average velocity of particles in each element over 17 revolutions. For
the plain sample shown in Fig. 13 (a) and (c), the particles at the outer
side demonstrated in Fig. 6 flow faster than those at the inner side due to
the effect of the rotation of the particle bed. Fig. 13 (c) shows that the

non-spherical particles have higher velocity compared to the spherical
particles shown in Fig. 13 (a). For the convex pattern surface, the
spherical and non-spherical particles indicate a similar velocity distri-
bution displayed in Fig. 13 (b) and Fig. 13 (d). The particles close to the
center of the sample flow slower compared to those at the two sides,
which indicates that the convex pattern hinderes he sliding of particles.
This phenomenon is more obvious for non-spherical particles, so the
motion of the non-spherical particles is significantly constrained by the
convex pattern.

Similarly, the average angular velocity of particles is evaluated as
shown in Fig. 14. On the contrary, for each type of particle, the convex
pattern surface increases the angular velocity compared to a plain sur-
face, which relies on the effect of the convex pattern on facilitating the
rotation of particles as explained in the previous work [27]. For both the
plain and convex pattern samples, it shows that non-spherical particles
have higher angular velocity compared to spherical particles. This
phenomenon can be explained by comparing the moment of inertia
between spherical and non-spherical particles. For the spherical
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Fig. 11. Reconstruction of convex elements (a) C11, (b) C13, and (c) C15 (R, S, and N indicate revolution, spherical, and non-spherical, respectively.)

particles contacting with a sample, the average moment of inertia for an
individual particle is 8.4 x 10~° kgem?, while this is 4.9 x 10~° kgem?
for non-spherical particles. This means a higher force needs to be applied
to a spherical particle to induce a rotation equivalent to that of a non-
spherical particle. Combining the effect of the convex pattern on
improving the rotation of particles, the non-spherical particles demon-
strate the highest angular velocity ranging from 458 + 45 deg./s to 680
+ 50 deg./s.

Fig. 15 displays the distribution of angular velocity for both spherical
and non-spherical particles contacting with the plain and convex pattern
surfaces. It can be seen from Fig. 15 (a) and (c) that the particles at the
outside of samples rotate faster than those at the inner side as illustrated
in Fig. 7, which is consistent with the trend of particle velocity shown in
Fig. 12. For the convex pattern surface, the particles close to the center
of the sample display lower angular velocity, which is consistent with

the distribution of particle velocity. Combined with the velocity distri-
bution shown in Fig. 12, it implies that the plain sample barely affects
the motion of particles. However, for the convex pattern sample, it alters
the flow behavior of particles by simultaneously inhibiting the sliding
velocity and facilitating the rolling velocity.

4.2.2. Flow behavior of individual particles

To understand the direct flow behavior of individual particles, the
trajectories of multiple particles contacting with the samples in one
revolution are reconstructed as illustrated in Fig. 16. When particles
enter the surface of a sample, the positions of the selected particles are
recorded until the end of a revolution. It should be noted that the par-
ticle bed rotates counterclockwise, and the particles are randomly
selected. For the plain sample displayed in Fig. 16 (a) and (c), the
spherical and non-spherical particles almost return to the starting
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points, which means that the plain sample has a negligible effect on
altering the flow behavior of particles. For the convex pattern sample
shown in Fig. 16 (b) and (d), the trajectories of spherical particles are
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slightly influenced by the contact with the convex elements, while the
non-spherical particles (especially the particles in the middle of the
sample) only form much shorter trajectories. This indicates that the
convex pattern constrains the motion of non-spherical particles and
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Fig. 14. Angular velocity of particles at bottom layer.
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Fig. 13. Velocity profile of particles at bottom layer with (a) spherical particles on plain surface, (b) spherical particles on convex pattern surface, (c) non-spherical
particles on plain sample, and (d) non-spherical particles on convex pattern surface.
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Fig. 15. Angular velocity profile of particles at bottom layer with (a) spherical particles on plain surface, (b) spherical particles on convex pattern surface, (c) non-
spherical particles on a plain sample, and (d) non-spherical particles on the convex pattern surface.
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Fig. 16. Trajectories of particles in one revolution (a) spherical particles on plain surface, (b) spherical particles on convex pattern surface, (c) non-spherical particles
on plain sample, and (d) non-spherical particles on the convex pattern surface.
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therefore significantly reduces the sliding distance. This phenomenon
enhances the explanation of the lowest wear volume of a convex pattern
surface when contacting with non-spherical particles.

5. Conclusions

This study investigates the effects of particle shape on the deforma-
tion of a convex pattern sample caused by sliding wear. The work aims to
reveal the effectiveness of the convex pattern sample in reducing sliding
wear compared to a plain sample when referring to non-spherical
particles.

The non-spherical particles reflecting the flow behavior of real ma-
terials are modelled by clumping multiple spherical particles. Using a
multi-step sampling approach, representative particle shapes are iden-
tified, and their profiles are extracted through photogrammetry scan-
ning. To model non-spherical particles, multiple spherical particles
within a specific size range are clumped together, ensuring modeling
precision and computational efficiency. The flow behavior of the bulk
material is characterized by calibrating the coefficients of static and
rolling friction using a central composite design method.

The numerical results indicate that the convex pattern surface re-
duces wear compared to a plain sample under contact with both
spherical and non-spherical particles. For a plain sample, the wear
volume is independent of particle shapes and has a linear relation with
the numerical revolutions. For the convex pattern sample, on the other
hand, the wear volume is closely related to particle shapes and increases
quadratically with numerical revolutions, with minimum wear volume
contacting with non-spherical particles.

For the wear distribution, most of the wear for the convex pattern
sample concentrates on the convex elements and therefore the base of
the sample is protected. The front part of the convex elements displays
the severest deformation as this part directly contacts with particles.

The essential mechanism of the convex pattern sample on wear
reduction relies on altering the flow behavior of particles. The contact
behavior of particles at the bottom layer indicates that the convex
pattern decelerates the transitional velocity of particles and facilitates
rolling, which leads to a shorter sliding distance than on a plain sample.
This phenomenon is more obvious when a convex pattern sample con-
tacts with non-spherical particles.

Future work would focus on the reconstruction of particles with
sharp corners to guarantee similar particle shape morphologies with
those in practice. Considering the non-spherical particles reducing wear
for the convex pattern surface by significantly exhibiting the flow of
particles, priority should be given to addressing the resulting conse-
quences, such as blockages or high energy consumption during bulk
handling, rather than solely focusing on wear reduction.
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