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Numerical prediction on abrasive wear reduction of bulk solids handling
equipment using bionic design

Guangming Chena,b, Gabriel Lodewijksb,c and, Dingena L. Schottb

aInstitute of Bio-inspired Structure and Surface Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing, China; bDepartment
of Maritime and Transport Technology, Delft University of Technology, Delft, The Netherlands; cSchool of Aviation, The University of New
South Wales, Sydney, NSW, Australia

ABSTRACT
Abrasive wear can cause surface damage of bulk solids handling equipment. Reducing the abrasive
wear is beneficial to lower the maintenance cost. Previous research elaborated on the bionic
design methodology to reduce surface wear of bulk solids handling equipment. To facilitate the
application of the bionic design methodology in bulk solids handling, this research examines
the effectiveness of a bionic model using discrete element method (DEM) simulations. A reference
case of an abrasive wear scenario in bulk solids handling is simulated, and the wear volume of a
smooth chute surface is predicted. By applying a bionic model to the chute surface and using the
same simulation model, the wear volume of a bionic surface is predicted. By comparisons, it is
identified that the bionic surfaces produce less wear than the smooth surface. In addition, the
sensitivities of the geometrical parameters for the wear reduction are predicted. Therefore, the
abrasive wear reduction effectiveness of the bionic model is demonstrated.

KEYWORDS
Bionic surface; bulk solid;
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1. Introduction

Bulk solids handling plays an important role in a wide range
of industries, such as the agricultural, chemical and mining
industries. In the mining industry, for example, the iron ore
bulk solid is exploited intensively to supply the base material
for steel products. During the handling of iron ore, the
handling equipment surfaces (e.g. chute bottom) can suffer
from severe abrasive wear (Roberts 2003; Hilgraf 2007). The
abrasive wear decreases the thickness of wearing equipment
surface and thus accelerates surface damage.

Currently, several methods are utilized to reduce abrasive
wear. For instance, optimizing chute profile design based on
theoretical evaluations (Roberts 2003). Besides, wear-resistant
materials are applied on wearing surfaces (Hilgraf 2007).
However, using these traditional methods still results in exces-
sive wear. Bionic design [or biomimetic design (Sartori, Pal,
and Chakrabarti 2010), bio-inspired design (Vincent 2009)] is
an innovative method which can transfer biological mecha-
nisms to industrial design (Malshe et al. 2013; M€uller, Kunz,
and Gr€af 2016). In order to achieve further wear reduction of
bulk solids handling equipment, the bionic design method has
been introduced (Chen, Schott, and Lodewijks 2017b).
Moreover, a bionic model for abrasive wear reduction of bulk
solids handling equipment surface was proposed (Chen,
Schott, and Lodewijks 2017b). Nonetheless, the effectiveness
of applying this model for wear reduction under bulk solids
handling conditions is not yet demonstrated.

The object of this paper is to demonstrate the effectiveness
of using the bionic model (Chen, Schott, and Lodewijks
2017b) for the abrasive wear reduction of bulk solids handling
equipment surfaces. In bulk solids handling industry, the
Sishen iron ore is highly demanded and many pieces of han-
dling equipment are made of mild steel. Accordingly, the abra-
sive wear of mild steel surface by the Sishen iron ore is
modeled with the reference of bulk solids handling conditions.

To model interactions of such particulate system, the
discrete element method (DEM) is generally used on account
of its reliance and accuracy (Cundall and Strack 1979; Khanal
and Morrison 2009; Tang, Zhang, and Ji 2017). By implement-
ing appropriate contact model (Popov 2010; DEM Solutions
Ltd. 2016a) and wear equations, although the actual surface
shapes subjected to wear evolution cannot be modeled, the
wear volumes of geometry can be predicted (Boemer and
Ponthot 2017). Accordingly, a constant wear rate (coefficient
of sliding wear) can be used for predicting wear volumes. This
simulation research employs Archard’s wear model (Archard
1953; Chen, Schott, and Lodewijks 2017a) to predict wear vol-
umes using the software EDEMVR 2.7 (DEM Solutions Ltd.
2016b) and application programming interface (API).

The organization of this paper is given as follows. Section
2 describes the referential setup for abrasive wear modeling;
Section 3 presents the determinations of DEM parameters;
Section 4 illustrates the abrasive wear prediction of a smooth
surface; Section 5 provides the abrasive wear prediction
of bionic surfaces; Section 6 presents the sensitivity analysis
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of the bionic model. Finally, the conclusions are given in
Section 7.

2. Referential setup for abrasive wear modeling

Figure 1(a) illustrates the setup of a part of bulk solids
handling process that is using a belt conveying system. This
transfer process relies upon three items: namely, the feeder,
chute and conveyor. The cross-section of this curved chute is
constant. Under rapid flow conditions (Roberts 2003), severe
abrasive wear occurs on the chute bottom surface. Figure 1(b)
shows the flow model corresponding to rapid flow condition.

To efficiently model the wear process from the perspec-
tive of saving computational cost, the number of modeled
particles must be reduced. Therefore, in comparison with
practical setup, the modeled width of feeder and chute is
reduced. The capacity is reduced to 100 t/h (27.78 kg/s) and
the modeled feeder speed is limited at 0.2m/s. This does not
affect the simulation of bulk flow based on our tests of angle
of repose (Section 3.5). To further reduce simulation time,
the conveyor is not modeled since it has no influence on the
simulated wear. Table 1 summarizes the determined values
for the dimension and position parameters in Figure 1.

In addition to the determinations for the dimensions
and positions, Figure 1 shows that two angles must also be
determined. The first angle c is determined at 45

�
referring

to the setup in Roberts (2003). The second angle W (the
cut-off angle) is approximated at 30

�
by relating to wall

friction angle hw, i.e. W� hwþ 5
�
. For the condition of the

Sishen iron ore handling, the wall friction angle hw is
measured at around 25

�
. Note that a full list of used symbols

are represented in the Nomenclature section.

3. Determination of DEM parameters

Section 2 introduced the referential setup for modeling
abrasive wear. In this section, a group of DEM parameter

values are determined to predict wear in bulk solids handing.
Firstly, all DEM parameters are analyzed from the four cate-
gories: namely, the particle, geometry, contact and simulation
parameters. After the analysis of the parameters, angle of
repose tests (Lumay et al. 2012) are carried out to obtain a
group of DEM parameter values for modeling bulk flow.

3.1. Particle parameters

The particle parameters include particle size (diameter),
density, Poisson’s ratio and shear modulus. The particle sizes
of the Sishen iron ore sample are 0–18mm (Chen et al.
2017). However, in simulations the sizes are 3–8mm, which
eliminates the particles whose sizes are less than 3mm. The
purpose of doing so is that the computational time can be
significantly reduced due to the significant reduction of
particle numbers. To ensure that the simulated particle sizes
can correctly resemble the bulk flow behavior as in practice,
the calibration test of angle of repose is conducted
(Section 3.5). The average particle density was measured
at 4865 ± 72 kg/m3 (using 95% confidence interval) by a
gas-expansion pycnometer. The adopted Poisson ratio and
shear modulus are based on the research in (Chen, Schott,
and Lodewijks 2017a), which are 0.24 and 65GPa.

3.2. Geometry parameters

The geometry parameters are composed of density, Poisson’s
ratio, shear modulus, rotating speed and mesh size. As
mentioned in the “Introduction” section, mild steel is used
as geometry of chute surface material. The determinations of
density, Poisson’s ratio and shear modulus of the mild steel
surface are stated in the previous work (Chen, Schott, and
Lodewijks 2017a), which are 7932 kg/m3, 0.3 and 78GPa.

Figure 1. A transfer process in a belt conveying system (a); referred setup (b) analytical model of chute flow (Roberts 2003).

Table 1. Dimensions and positions of the transfer setup.

Denotations B1 Bc h1 h2 h3 h4 l1 l2 R0 R1 s1 s2
Values (m) 0.3 0.2 0.5 0.3 1.8 0.4 0.5 0.25 0.2 2.0 0.2 0.2

PARTICULATE SCIENCE AND TECHNOLOGY 965



For the mesh size of the chute geometry, the ANSYS
Workbench 16.2 (ANSYS Inc. 2016) is applied and the set-
ting preferences are: CFD-Fluent, high smooth sizing. To
achieve realistic distribution of wear, the mesh size must be
significantly small (Chen, Schott, and Lodewijks 2017a).
Meanwhile, considering the computational cost which is pro-
portional to the number of meshes, the maximal mesh size
is set at 6mm. At this size, the number of meshes is not too
large whilst realistic distribution of wear is obtained.

3.3. Contact parameters

To model the wear process on the chute, two types of con-
tacts are considered: namely, particle/particle and particle/
geometry. The preliminarily determined parameter values for
iron ore/iron ore contact are based on our laboratory tests
and available research (Barrios et al. 2013): the used coeffi-
cient of restitution is 0.45; the coefficient of static friction is
estimated between 0.4 and 0.6 and the coefficient of rolling
friction is between 0.1 and 0.3 (DEM Solutions Ltd. 2016a).

For iron ore/chute contact, the coefficient of restitution is
estimated at 0.4 (Barrios et al. 2013). The applied value of
the coefficient of static friction is 0.46 based on our experi-
mental tests (Chen et al. 2017). The coefficient of rolling
friction is estimated between 0.2 and 0.4 (Barrios et al. 2013)
referring to experiments of using spherical particles.

3.4. Simulation parameters

This simulation includes the six parameters: namely, particle
generation rate, initial horizontal velocity, initial vertical
velocity, coefficient of sliding wear, total time and time step. In
EDEMVR (DEM Solutions Ltd. 2016b), a particle factory is uti-
lized to generate bulk solids with specific flow rate and veloc-
ities. The total time is selected at 4.0 s at which time a steady
transportation is reached. Using the particle factory, the trans-
port capacity is assigned to be 27.78 kg/s. Using the determined
values in Table 1 and neglecting air resistance, the horizontal
velocity of bulk solids at the onset of contact with respect to
chute bottom is calculated as vx,0¼ 0.20m/s. The vertical vel-
ocity vy,0¼�5.33m/s is calculated using Equation (1).

vy;0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2x;0 þ

g20ðh1 þ r1Þ2
v2x;0

s
(1)

During the handling of bulk solids on chute bottom sur-
face, the particles can have both sliding and rolling motions,
which can be resembled using DEM simulations. However,
in this research, the abrasive wear caused by particle rolling
is not accounted for because it makes minor contribution in
comparison with the total wear (Hilgraf 2007). Thus, total
abrasive wear is quantified solely from particle sliding. To
estimate sliding wear, the previous work (Chen, Schott, and
Lodewijks 2017a) demonstrated that Equation (2) which was
derived based on Archard’s wear model (Archard 1953) can
be used,

WV ¼ as
Xi

0

ð� 2
3
Snd

1=2
n þ CnvnÞls

� �
(2)

where as is the coefficient of sliding wear; i is the number of
wear events on the geometry subjected to particle contacts;
Sn is the coefficient of normal stiffness; dn is the normal
overlap between the particle and equipment surface; Cn is
the coefficient of damping force; vn is the normal velocity of
particle relative to equipment and ls is the sliding distance
made on the geometry surface meshes (Powell et al. 2011;
Chen, Schott, and Lodewijks 2017a).

For the used coefficient of sliding wear as,e it is assumed
to be a constant during whole wear processes. Here it is
set at 3.0� 10�13m2/N referring to our experimental
measurement (Chen et al. 2017). The determined time step
is 1.5� 10�6 s, which was estimated in the previous work
(Chen, Schott, and Lodewijks 2017a).

3.5. Angle of repose

To find out a group of DEM parameter values for modeling
bulk solids, the coefficients of static friction and rolling fric-
tion for particle/particle, and the coefficient of rolling fric-
tion for particle/geometry must be specified. To do so, angle
of repose as calibration test can be used (Lumay et al. 2012).

The experimental setup to perform angle of repose test is
designed as shown in Figure 2(a). The box is fed with the
Sishen iron ore sample. To start a test, the front sheet is
quickly rotated upwards to release the bulk solids.
Synchronously, the loaded bottom surface is initiated by apply-
ing an angular speed x. A bin with a steel bottom surface is
used to restore the bulk solids, the same sample is reused for
next tests. During the tests, two rotating speeds are employed
within the adjustable speed range of this tester: namely, 1.8

�
/s

and 13.1
�
/s. To obtain stable values of the angles of repose, the

tests are repeated eight times with respect to each speed. In
order to model the test of angle of repose, the used values for
DEM parameters are discussed in the following text.

The used values for particle parameters are stated in
Section 3.1. For the geometry parameters, acrylic sheets are
used to construct the feeder for storing the iron ore. Besides,
two steel sheets are modeled respectively to simulate the
surface of rotational plane and the bin bottom. The acrylic
sheet and the inclining surface can be directly created using
the basic polygons in EDEMVR (DEM Solutions Ltd. 2016b).
The density, Poisson’s ratio and shear modulus of the
modeled acrylic sheet are 1136 kg/m3, 0.4 and 11GPa
(Grima and Wypych 2011; SCRIBD 2017).

For the contact parameters, an additional contact which
is iron ore and acrylic sheet is introduced because a new
material of acrylic sheet is implemented. Based on the
available resources (Grima and Wypych 2011; SCRIBD
2017), the corresponding values for the coefficients of
restitution, static friction and rolling friction are estimated,
which are 0.5, 0.24 and 0.22.

For the simulation parameters, periodic boundary (DEM
Solutions Ltd. 2016b) is adopted to reduce the modeled
domain and thus enabling further reduction of simulation
time based on the critical ratio of domain width to particle
size (Zs/dp> 4) (Derakhshani, Schott, and Lodewijks 2016).
A particle factory is used to generate bulk solid particles

966 G. CHEN ET AL.



with specific mass rate, total time and initial velocities as
those of experimental levels. In simulations, the particle
generation rate is set at 1.5 kg/s and the total time is 1.85 s.
The particle feeding velocity is 1.0m/s. Based on preliminary
simulations, huge simulation time is required to model a full
process of bulk solids flowing over the inclining surface.
Thus, a compromise between the simulation time and simu-
lation accuracy has to be made. In this research, the simula-
tion speeds are increased to 10 times (i.e. 1.8

�
/s and 13.1

�
/s)

of the laboratory speeds. By so doing, the simulation time
can be significantly reduced while maintaining the bulk flow
characteristics in the laboratory test. Using the same time
step as previously determined, all values for the simulation
parameters are obtained.

Figure 2 shows three snapshots from a test in Experiment
1 and a test in Simulation 1. By comparing the three angles
(U1, U2 and U3), it demonstrates that the simulated bulk
flow maintains high similarities with those of the experi-
ments. Based on three repetitive simulations, it is obtained
that the simulation predictions are stable. Nevertheless, it
must be noted that after all particles have fallen into the bin,
the particles of the bulk pile (the bottom row in Figure 2)
still maintain a very slow horizontal motion due to low
resistance between particles and bin bottom. In practice, the
bulk pile reaches steady state instantly owing to much high
sliding resistance generated by non-spherical particles. This
indicates that using spherical particles brings about particle
movements with respect to the contact geometry. In this
simulation, angle U3 is selected when the kinetic energy of
total particles arrives at a low value of 1.8� 10�5 J.

Using the trial-and-error method, the tests of angle of
repose for both low and high speeds are modeled based on

the significantly equivalent angles (U1, U2 and U3) from
experiments and simulations (Table 2). The error ranges for
the angles are obtained using 95% confidence interval. It is
seen that, although the angle U3 in the Simulation 1 falls
outside the range of experimental results, the other angles
from the simulations lie in experimental values. Thus far, a
group of values for the DEM simulation have been found
out to model the flow behaviour for iron ore bulk solids,
which are given in Table 3.

4. Abrasive wear prediction of smooth surface

Using wear prediction model (Equation (2)) and the deter-
mined DEM values (Table 3), the abrasive wear for the iron
ore handling conditions can be predicted using the software
EDEMVR 2.7 (DEM Solutions Ltd. 2016b). This section
illustrates the DEM prediction of the abrasive wear on the
smooth surface of the chute. Furthermore, the theoretical
verification of the abrasive wear prediction is provided.

4.1. Abrasive wear prediction by DEM

To efficiently model wear process using DEM simulation,
the geometry sizes of the particle factory are adjusted: the

Figure 2. Modeling iron ore bulk flow behaviour (a) a test from Experiment 1; (b) a test from Simulation 1.

Table 2. Comparisons of the three angles obtained by experiments
and simulation.

Groups Angle 1, U1 [
o] Angle 2, U2 [

o] Angle 3, U3 [
o]

Experiment 1 33.8 ± 0.7 35.6 ± 1.2 38.9 ± 1.1
Simulation 1 35.4 ± 0.2 35.4 ± 0.7 42.4 ± 1.4
Experiment 2 33.7 ± 0.9 37.7 ± 0.7 33.3 ± 0.8
Simulation 2 32.7 ± 0.6 37.8 ± 0.4 33.8 ± 0.9
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length of the particle factory is 0.1m and the width 0.2m
equated to the width of the chute bottom. Furthermore, the
particle factory is positioned closely to the area of onset
contact between particle and chute. Figure 3 presents the
prediction of sliding wear.

Figure 3 shows that the wear areas on the chute surface
are divided into three zones. Zone 1 is the curved surface to
which severe wear occurs due to the high normal force trig-
gered by the impact of bulk solids. Zone 2 is the curved sur-
face which suffers the sliding wear. Zone 3 is the wear of the
straight surface when bulk solids contact the chute end again
and travel off. The legend bar denotes the range of the total
wear loss for individual meshes through the feeding time. It
is also obtained that after 0.5 s steady transport is reached
and a steady bulk flow is achieved. The predicted wear rates
for the three zones 1–3 are Wr,qb,s,1¼ 0.97� 10 m3/s,
Wr,qb,s,2¼ 1.72� 10 m3/s and Wr,qb,s,3¼ 0.48� 10 m3/s,
respectively. By repeating this simulation three times, it is
demonstrated that the stable wear predictions are achieved.

4.2. Theoretical verification of wear prediction

To verify the effectiveness of sliding wear prediction using
the DEM model, theoretical calculation is carried out based
on the analytical chute flow model as shown in Figure 1(b).
According to Archard (1953), the sliding wear volume by
the element mass Dmb for the distance dls is calculated by

DWV ;Dmb;s ¼ asFndls (3)

in which Fn is the normal force applied on the curved
surface of chute bottom. DFb is composed of centrifugal
force and gravitational force, i.e.

Fn ¼ Dmb
vsðhLÞ2
R1

þ g0 sin hL

" #
(4)

From Figure 1(b), dls is given by,

dls ¼ R1dhL (5)

Inserting Equations (4) and (5) into Equation (3), the
sliding wear volume by element mass,

DWV;Dmb;s ¼ asDmb vbðhLÞ2 þ R1g0 sin hL
� �

dhL (6)

The wear for the element mass Dmb moving through the
curved chute is expressed by the integral of Equation (6)
from hL¼ hL;0 to hL¼ hL;t, where hL;0 and hL;t are chute slope
angles corresponding to two boundaries that bulk
solids entering and leaving zone 2 (Figure 3). Therefore, the
volume of sliding wear on zone 2 caused by element mass
Dmb is,

WV;Dmb;s ¼ asDmb

ðhL;t
hL;0

vbðhLÞ2 þ R1g0 sin hL
� �

dhL (7)

For the total sliding wear of the chute surface (WV,qb,s)
subjected to the bulk flow rate qb, it can be estimated by
substituting Dm with qb, i.e.

WV;qb;s ¼ asDmb

ðhL;t
hL;0

vbðhLÞ2 þ R1g0 sin hL
� �

dhL (8)

The velocity of bulk solids subjected to any location hL is
given as (Roberts 2003),

vbðhLÞ2 ¼ 2g0R1

4l2e þ 1
ð1�2l2eÞ sin hL
� �þ Ke�2lehL (9)

where le is equivalent friction factor which combines the
coefficient of friction between the bulk solids and the chute
surface. le is evaluated by Equation (10) (Roberts 2003),

le ¼ lsð1þ -
H
B1
Þ (10)

in which - is estimated at 0.4 corresponding to the condi-
tion of transporting a shallow layer of iron ore (Roberts
2003). ls is measured at 0.46 (Chen et al. 2017). H is the
depth of the bulk solids and B1 is chute width. Finally, le is
calculated at 0.47.

The parameter K in Equation (9) is evaluated by (Roberts
2003),

K ¼ fv20�
2g0R1

4l2e þ 1
ð1�2l2eÞ sin hL þ 3le cos hL
� �ge2lehL (11)

Figure 3. Sliding wear prediction of a smooth surface of a loading chute.

Table 3. Values for modeling abrasive wear on the chute.

Category Wear aspect DEM parameters Values

Diameter dp [�10�3 m] 3–8
Particle Iron ore Density qp [kg/m

3] 4865
Poisson ratio vp 0.24
Shear modulus Gp [gpa] 65
Density qg [kg/m3] 7932

Geometry Steel surface Poisson ratio vg 0.3
Shear modulus Gg [gpa] 78
Mesh size dm [mm] 6.0
Coefficient of restitution ep,d 0.45

Contact Iron ore/iron ore Coefficient of static friction ls,p,d 0.41
Coefficient of rolling friction lr,p,d 0.22
Coefficient of restitution ep,d 0.4

Iron ore/chute Coefficient of static friction ls,p,d 0.46
Coefficient of rolling friction lr,p,d 0.3
Particle generation rate qb [kg/s] 27.78
Total time [s] 4.0
Initial horizontal velocity vx,0 [m/s] 0.2

Simulation Conditions Initial vertical velocity vy.0 [m/s] 5.33
Coefficient of sliding wear
as [�10�13 m2/N]

3.0

Time step Dt [�10�6 s] 1.5

968 G. CHEN ET AL.



Using v¼ v0¼ 5.34m/s at h¼ hL,0¼ 28.36
�
, it is found

that K¼�4.68 m2/s2.
To estimate the wear rate from zone 2, the chute slope

angles hL,0 and hL,m are measured at 35.34
�
and 64.15

�
,

respectively. By inserting K into Equation (9) and integrating
Equation (8), the theoretical wear rate for zone 2 is obtained
Wr,qb,s¼ 1.68� 10�10 m3/s. By comparing with the DEM
prediction Wr,qb,s,2¼ 1.72� 10�10 m3/s, it is demonstrated
that the DEM simulation model can correctly predict the
sliding wear by iron ore bulk solids.

5. Abrasive wear prediction of bionic surfaces

To predict wear reduction of using the bionic surface of the
chute bottom, the geometrical parameters of the bionic
model are determined in this section. Besides, the wear of a
base case of a bionic surface is predicted and compared to
that of a smooth surface. In addition, the sensitivities of
geometrical parameters on abrasive wear are investigated.

5.1. Bionic model

Figure 4 illustrates the application of a bionic model (Chen,
Schott, and Lodewijks 2017b) to the chute bottom surface, in
which the four geometrical parameters a0 and b0 are the major
and minor radii. c0 and d0 are the distances between the
centers of convexes, respectively, in vertical and horizontal
directions. The determinations of the geometrical parameters
of the bionic model are given in the following two paragraphs.

For the geometrical parameters a0 and b0, it is noted that
a0> b0 such that particles can be transferred along the
chute bottom. To enable rolling of particles, the height of
the convex is smaller than particle diameter such that b0 can
be determined (i.e. b0< d50¼ 3.0mm) (Tong et al. 2007).
Due to the fact that smaller sizes of convex results in large
number of meshes and thus introducing much simulation
time, the minimum size of b0 is limited to 1.5mm.

The determinations for c0 and d0 are based on similar
work by other researchers (Tong et al. 2012; Greiner and
Sch€afer 2015), in which it shows that c0 and d0 can be
increased but will give low reduction of wear beyond a
range. Thus, in this research c0 and d0 are determined when

wear reduction can still be achieved and the simulating time
is acceptable. Table 4 lists the values of the four geometrical
parameters, in which group 2 is the base case to be applied
on chute bottom. Other values are used to investigate the
sensitivities of the geometrical parameters (Section 6).

5.2. Wear prediction of bionic surface

Corresponding to the values of group 2 in Table 4, the DEM
predictions of particle velocities for the bionic surface and
the smooth surface are shown in Figure 5 (sectional view). It
demonstrates that the overall velocities of bulk solids for the
bionic surface are lower than those of the smooth surface.
Furthermore, it indicates that a portion of particles fly off
the chute bottom of the bionic surface, which is ascribed to
the fact that particle bounce directions are changed on
bionic surface.

In order to estimate material loss because of the bouncing
particles, the transport capabilities for the bionic surface and
the smooth surface are examined. It demonstrates that the
transport capability for bionic surface is lower than smooth
surface at initial transport state (before 2.4 s) as a result of
the loss from bouncing particles. However, after that time
the transport capabilities for both surfaces reach comparable
levels. It is noted that although a bionic surface causes
certain particles to travel off the chute channel, in practice,
such occurrences are restrained. This is because the chute
sides are high enough to block flying particles.

To further understand the wear consequences in simula-
tions, the contact pressure on bionic surface and smooth
surfaces is compared. It is obtained that the pressure on the
bionic surface is less severe than that of the smooth, which
implies that the corresponding wear is less severe. The rea-
son can be explained as: the convexes of bionic surface affect
directionalities of the transported particles (as is seen in
Figure 5), which results in less interactions between particles

Figure 4. Bionic design of wear resistant surface (a) geometrical parameters; (b) meshed surface of the base case (group 2).

Table 4. Geometrical parameters of the bionic model.

Geometrical parameters Group 1 Group 2 Group 3 Group 4

Major radius a0 [mm] 2 3 4 5
Minor radius b0 [mm] 1.5 2 2.5 3
Vertical distance c0 [mm] 30 40 50 60
Horizontal distance d0 [mm] 25 30 35 40
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and bionic surface and thus having lower contact pressure.
By contrast, the pressure on the straight surface near the
exit is higher than that of the smooth surface. This is also
due to the fact that the convexes change directionalities
of particles and can introduce more contact areas with the
surface of chute exit.

Figure 6 shows the wear prediction of the bionic surface
from the base case (group 2). It can be seen that the bionic
surface also exhibits similar wear zones 1–3 as those of the
smooth surface. Besides, more wear occurs to convexes than
to the matrix part of the chute surface. This is ascribed to
the convexes that induce interactions with particles such
that less particles wear the matrix part of the chute surface.
This phenomenon is consistent with the referred research of
resistance reduction by sliding particles (Ren et al. 1995).

To compare wear loss between the bionic surface and
smooth surface, their corresponding total wear volumes for
zone 2 are compared. It is obtained that both bionic surface
and smooth surface initially undergo exponential increase
and quickly maintain linear increase, which means that

steady transport status is arrived. For the steady transport
status, the bionic surface produces less wear volumes than
the smooth surface. The reduction of wear can be quantified
by Equation (12):

k ¼ WV;s�WV;b

WV;s
� 100% (12)

in which k is designated as the ratio of wear reduction; WV,s

and WV,b are wear volumes with respect to smooth surface
and bionic surface. By using the predicted wear volumes
from 1.6 to 2.4 s, the ratio of wear reduction is calculated
at 30.7%.

6. Sensitivity analysis of bionic model

The previous section has demonstrated the abrasive wear
reduction of a bionic surface compared to smooth surface. To
investigate the influences of varying four geometrical parame-
ters (a0, b0, c0 and d0) on wear reduction, a sensitivity study is
performed. Using the values given in Table 4, the Figures
7–10 present the wear volumes of bionic surfaces subjected to
the four geometrical parameters. In each figure, the wear of a
smooth surface is also incorporated for comparisons.

Figure 7 illustrates the wear volumes of the four bionic
surfaces subjected to four values of the major radius (a0). In
general, the wear volumes increase with increasing major
radius a0. Notably, a significant increase occurs when
increasing a0¼ 2mm to 3mm. Nevertheless, this increase in
wear volume becomes less significant when a0> 3mm. The
reason for this is that the contact between particle and
convex is more isotropic for a0¼ 2mm which corresponds
to hemispherical convex. This can maximally increase the
contact directionality (Ren et al. 1995; Greiner and Sch€afer
2015) and thus enabling the highest reduction of wear
(43%). With further increasing a0, the convexes tend to be
ellipsoidal and thus the directionality reduces.

Figure 8 presents the wear volumes for the four bionic
surfaces with respect to changing minor radius (b0). It shows
that a steady and significant wear reduction is obtained
with increasing the minor radius. Thus, varying minor

Figure 5. Sectional views of particle velocities for bionic and smooth surfaces (group 2).

Figure 6. Wear prediction for the base case of a bionic surface (group 2).
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radius exhibits very sensitive effects on the wear. The
reason is that with increasing the minor radius, the shape
of semi-ellipsoidal convex tends to be hemispherical (i.e.
a0/b0 is increasing to 1.0). The hemispherical shape is benefi-
cial to increasing contact as the cases for major radius
a0¼ 2mm. For the group of the values for b0, the maximum
reduction of the wear prediction is obtained at 63%
for b0¼ 3mm.

Figure 9 shows the wear volumes for the bionic surfaces
by varying vertical distance (c0), in which a minor increase of
wear is observed for c0¼ 30 to 60mm. It demonstrates that
this parameter is not very sensitive on the wear prediction for
the test range. The reason is that when c0 is much larger than
particle sizes (i.e. c0> 3dp), increasing c0 promotes little influ-
ences on increasing contact directionality (Tong et al. 2007,
2012). Thus, among the four values for c0 the maximal wear
reduction is 37% for c0 ¼ 30mm.

Figure 10 provides the wear volumes with respect to the
horizontal distance d0. It is seen that the wear volume
increases with increasing horizontal distance d0. This
indicates that for the horizontal distance d0> 3dp the contact
directionality decreases by increasing d0. Moreover, it shows
that the larger the d0, the faster the increase of wear
volume. At d0¼ 25mm, the highest ratio of wear reduction
is calculated at 38%.

In summary, the minor radius a0 is the most sensitive
parameter whilst vertical distance c0 the least. The wear
volumes of all bionic surfaces are lower than that of smooth
surface. The maximum reduction of wear is achieved when
the convex becomes semi-hemispherical (i.e. a0/b0¼ 1). This
provides valuable reference for the design of bionic surface
for the bulk solids handling equipment.

7. Conclusions

This paper presented the DEM simulations of the abrasive
wear reduction of bulk solids handling equipment using
bionic surface. Four conclusions are drawn as follows:

1. Using the determined DEM values, the sliding wear
volume is accurately predicted with respect to steady
transport of iron ore.

2. In comparison with a conventional smooth surface, the
abrasive wear reduction of a bionic surface of a transfer
chute bottom is demonstrated.

3. The effects on wear reduction subjected to varied
geometrical parameters of the bionic model are obtained
and the maximum reduction of wear is 63%.

4. This research provides important reference for designing
bionic surface for the abrasive wear reduction of bulk
solids handling equipment.

Nomenclature

Latin letters

a0 major radius of the bionic model [mm]
b0 minor radius of the bionic model [mm]
c0 long diagonal of the bionic model [mm]

Figure 7. Wear volume as a function of major radius a0.

Figure 8. Wear volume as a function of minor radius b0.

Figure 9. Wear volume as a function of vertical distance c0.

Figure 10. Wear volume as a function of transverse distance d0.
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Cn coefficient of damping force [N]
d0 short diagonal of the bionic model [mm]
dp particle diameter [mm]
dm geometry mesh size [mm]
e coefficient of restitution [dimensionless]
Fd drag force for Dmb [N]
Fr reaction force for Dmb [N]
Fn normal force for Dmb [N]
g0 gravitational acceleration [m2/s2]
G shear modulus [GPa]
i number of wear events [dimensionless]
K parameter for estimating flow velocity at any slop angle

[m2/s2]
ls sliding distance made by the particle [m]
qb iron ore feeding rate [kg/s]
S stiffness [N/m]
Dt time step [s]
T time [s]
v relative velocity [m/s]
WV total wear loss in volume [m3]
WV0 wear loss in volume from one geometry mesh [m3]
Wqb,s the total sliding wear volume on the chute surface [m3]

Roman letters

as coefficient of sliding wear [m2/N]
d contact overlap [m]
U1,2,3 angles for characterizing bulk flow [o]
c angle between chute bottom and chute side [o]
le equivalent friction factor [dimensionless]
ls coefficient of static friction [dimensionless]
lr coefficient of rolling friction [dimensionless]
k rate of wear reduction [dimensionless]
x rotating speeds [o/s]
. density of the chute equipment surface [kg/m3]
- pressure ratio [dimensionless]
hL chute slope angle measured from gravitational direction [o]
hw wall friction angle between Sishen iron ore and steel

surface [o]
W chute cut-off angle [o]
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