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Summary

Bulk handling plays a significant role in a range of industries, such as the mining, agricultural,
chemical, and pharmaceutical industry. For the mining industry, economic development results
in an increasing demand of steel and consequently the raw materials used for steel production,
such as cokes and iron ore. Dealing with bulk material leads to severe wear on bulk handling
equipment due to the countless contact between materials and equipment surfaces. The wear
causes surface deformation and deterioration of handling equipment, bringing a high risk of
reduction in the lifespan of equipment.

Inspired by a bionic design method, a previous study applied a convex pattern to a transfer
chute to reduce wear caused by bulk material. The convex pattern configuration is proposed by
seeking biological morphologies and categorizing the corresponding wear reduction
mechanisms of each morphology. A numerical study based on the Archard wear model using
discrete element method (DEM) indicates that the convex pattern surface enables to reduce the
abrasive wear by 63 % compared to a plain one.

Following the previous study, this thesis aims to reveal the principles of the convex
configuration on wear reduction for bulk handling equipment and to predict the surface
deformation due to the contact with bulk material. For the surface deformation, by evaluating
multiple numerical methods, DEM with deformable geometry technique has the advantage to
integrate bulk material and surface deformation effectively and accurately.

This thesis consists of two parts. The first part elaborates the wear mechanisms of the
convex pattern surface on wear reduction with non-deformable geometry. The second part
models the surface deformation caused by a single particle contact and multiple contacts from
bulk material separately.

The convex configuration is optimized based on a design of experiments approach. By
applying a definitive screening design, six factors including two operational conditions at three
levels are evaluated. Two flow regimes, namely continuous and discontinuous flow regime, are
distinguished as a result of the combination of design factors. Although the discontinuous flow
regime is capable to reduce wear, it is discarded as it induces severe particle accumulation. For
the continuous flow regime, a regression model indicates that three individual factors and one
interaction have a significant effect on wear rate. The design with the lowest wear rate is
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considered as a reference for the following study. The numerical result implies that the convex
pattern sample reduces wear compared to a plain sample as it alters the bulk flow behaviour by
facilitating the rolling and decelerating the sliding of particles.

As bulk handling equipment deals with multiple materials with various particle size
distribution, it is essential to comprehend the effect of particle size on sliding wear of the convex
pattern sample. A coarse graining technique, which is used to reduce computational time by
replacing physical particles with representative parcels, is implemented to evaluate the
effectiveness of the reference sample on sliding wear reduction. The result demonstrates that
when the particle radius is smaller than the equivalent radius of the convex, the convex pattern
sample reduces wear by altering the flow behaviour of particles. Otherwise, the particles
traverse across the convex pattern, converting to the resistance of the particles and therefore
leading to the increase of wear.

As the mechanisms of the convex pattern sample on wear reduction are revealed, it is crucial
to investigate the effectiveness of the sample subjecting to surface deformation due to wear.
DEM combined with a deformable geometry technique is implemented to model the surface
deformation due to wear. As a benchmark, a single contact test, namely pin-on-disc test, is
performed to evaluate the feasibility of the numerical model. Three wear properties of a meshed
disc, including wear depth, wear width, and wear volume, are compared with the test results.
The mesh size sensitivity indicates that the mesh size makes wear volume converge but it has
a significant effect on the shape of the wear contour. After experiencing a run-in phase, the
numerical results demonstrate that by properly scaling up the wear coefficient of the Archard
wear model and selecting the element size, the long-time or long-distance laboratory test can
be modelled by a short-term or short-distance numerical simulation. The scaling effect enables
to significantly save computational effort with a promising calculation precision.

Furthermore, the surface deformation of a convex pattern sample due to the contact with
bulk material is modelled. The wear experiments are performed on a circular wear tester and
the results demonstrate that the convex pattern sample reduces wear by 43 % compared to a
plain sample after the experiment of 56 hours. To investigate the deformation of the convex
pattern sample, the wear contour is reconstructed based on the point cloud obtained from 3D
scanning. The numerical model is validated by comparing the wear volume of a plain sample
between the simulation and wear experiment. The simulation results indicate that the deformed
convex pattern surface continues to reduce the sliding wear compared to a plain sample and the
reduction performance weakens as wear evolves. On the other hand, particle size plays a
significant role in the effectiveness of wear reduction on the convex pattern sample. The wear
caused by contact with the particles corresponding to a lower scaling factor is less than that
corresponding to a higher scaling factor and this is consistent with the study using non-
deformable geometry.

In conclusion, the convex pattern surface reduces wear as it alters the flow behaviour of
bulk material by strengthening the rolling and reducing the sliding of individual particles. As
indicated in a validated numerical model, the surface deformation undermines the effectiveness
of the convex pattern as it reduces the capability of changing the bulk flow behaviour.
Compared to a plain sample, the convex pattern sample continues to reduce the sliding wear
with the surface deformation.

Further work should focus on long-term laboratory testing and evaluate the feasibility of
applying the convex configuration to the industry dealing with a large amount of material and
facing severe wear.
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1 Towards the wear reduction of bulk handling
equipment

1.1 Wear on bulk handling equipment

Bulk handling plays a significant role in a range of industries, such as the mining, agricultural,
chemical, and pharmaceutical industry [1]. For the mining industry, economic development
results in an increasing demand of steel and consequently the raw materials used for steel
production, such as cokes and iron ore. During the process of transferring raw materials from
belt to equipment shown in Figure 1.1, the countless contacts between bulk solids and bulk
handling equipment lead to severe wear.

Wear causes surface deformation and deterioration, resulting in a reduction in lifespan of
equipment. The maintenance of worn area is costly and increases downtime. Therefore, the
surface wear of bulk solids handling equipment must be reduced.

Figure 1.1 Transferring of iron ore from a belt conveyor through a transfer chute [2]

Abrasive wear and impact wear are considered as two principal wear mechanisms during
bulk handling process [3,4]. Abrasive wear is caused by relative sliding and rolling of particles
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against equipment surfaces, while impact wear occurs when solid particles strike a surface. As
a continuation of previous work [5], this research focuses on abrasive wear as it is the most
dominant wear mechanism in transfer chutes. Roberts et al. [6] state that approximately 91 %
of the energy loss contributes to bulk material sliding over the chute, with the remaining 9 %
due to inter granular friction. Among the 91 % of the energy loss, around 82 % are attributed
to the bulk material sliding along the chute bottom, and 9 % due to sliding against the side
walls. Severe wear has been found in several locations on bulk handling equipment, for
example, silo walls and transfer chute bottom sections shown in Figure 1.2 [7,8].

Figure 1.2 High wear area in a transfer chute [8]

Generally, to improve the wear resistance of equipment, the following five approaches can
be distinguished:
1) To optimize operational conditions based on theoretical wear models [6,9]. For
example, Roberts et al. [6] describe the chute flow mathematically and determine chute
profiles to achieve optimum flow, as shown in Figure 1.3;

Pl v
<N\ Rectangular Cross
<\\\'5>> Section

2 B

Velocity
Profile )
g

Circular Cross
Section

Figure 1.3 Chute design based on material flow model, based on [6]

2) To use wear-resistant materials with coating technologies [10]. For example, coatings
comprised of a combination of materials in a form of multilayer have been gaining much
interest and widely used to minimize and control friction and wear phenomena
encountered in mechanical systems [11], as shown in Figure 1.4;
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Figure 1.4 Schematic representation and example of multilayer coating [11]

3) To supply a repulsive force to diminish the contact force between particulate solids and
equipment [1]. Fluidizing gas flow is distributed to the bottom of a perforated plate of

a chute to facilitate the flowing of bulk material, as shown in Figure 1.5 (a);

4) To add assistant components enabling the self-wear mechanism of the bulk solids [1].
For instance, a group of ribs perpendicular to a chute bottom is mounted to form multiple
chambers, so the flowing particles directly contact with the non-moving particles stored

in the chambers, as shown in Figure 1.5 (b);

5) To fabricate a surface geometry pattern to change the flow behaviour of bulk material
along the surface [12]. For instance, a triangular prism and partial circular column are
applied to reduce drag force and therefore wear during subsoiling [13], as shown in

Figure 1.5 (c).

Perforated plate Moving bulk solids

Non-moving bulk
solids

Distributor bottom e
Sliding interface

(@)

(b)

Particle circular columns

- ©

Figure 1.5 Three approaches to reducing wear (a) applying fluidized gas as repulsive force
[5], (b) particle self-wear mechanism [5], (c) equipping geometrical patterns [13]

As an extension of approach five, bionic design [12] which embraces the practical use of
mechanisms and functions of biological science in design, chemistry, engineering, and so on,
has been playing a significant role in reducing wear due to contact between bulk materials and
devices [13]. The bionic design method includes designing and testing various biological
systems as potential prototypes and strives to make some adapted engineered versions of the
biomimetic device which we are trying to develop. For example, a cemented carbide drill bit
inspired biologically by a dung beetle is shown in Figure 1.6. The dome structure reduces
impact and abrasion of bulk solids while the pit structure decreases friction force and prevents
getting stuck when drilling. Compared to an original drill, this novel one reduces the abrasive

wear rate by 23 % and increases drilling speed by 45 % [14].
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Head SEM scanning

{

Pronotum SEM scanning 7 Bionic inspired sample
Figure 1.6 Bionic drill bit inspired by dung beetle, based on [14]

Similarly, inspired by the bionic design method, Chen [15] applied biological wear-resistant
morphologies to a transfer chute for transferring free flowing material (e.g., iron ore). First, the
studies sought biological morphologies which can be applied as a biological prototype are
classified. Second, the corresponding wear reduction mechanism of the morphologies are
categorized. Third, a geometrical design of parallelogram arrangement with semi-ellipsoids
which is inspired by a convex scale on sandfish body surface was proposed (Figure 1.7). With
the comparison of an original plain chute, numerical results indicate that the convex pattern
equipped with bionic surface reduces abrasive wear significantly by 63 %. The success of the
application of bionic design method provides a new perspective on wear reduction of bulk
handling equipment.
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Figure 1.7 Bio-inspired transfer chute for wear reduction, based on [15,16]

IEDEMAcademic

However, although the designed transfer chute shows promising performance on wear
reduction, three crucial aspects still need to be unfolded. First, the wear reduction mechanisms
of the convex pattern for bulk handling equipment (e.g. transfer chute) need to be understood.
Second, the deformation of the surface should be modelled to represent reality and to
understand to what extent the sample remains reducing wear while being exposed to wear.
Third, the numerical results and the effectiveness of the bionic sample on wear reduction should
be verified by experiments.
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1.2 Research scope

Following the previous work [5] where a convex pattern surface is applied to the wear reduction
of transfer chutes based on DEM modelling, this thesis continues to reveal the mechanisms of
the convex pattern sample on abrasive wear reduction performance and to predict the surface
deformation caused by bulk material.

For the surface deformation during bulk handling processes, wear modelling is complex as
multiple wear mechanisms coexist simultaneously. Besides, bulk material refers to a vast
number of interactions instead of a single interaction. From a time scale point of view, this
research deals with long term (e.g., from days to months) modelling of wear. It is unpractical
to include all potential mechanisms into a single model as the surface deformation modelling is
highly related to computational expenses and feasible level of modelling detail. Therefore,
assumptions and requirements are set to simplify the process based on three aspects which affect
wear mentioned in the previous work [5].

1) Bulk material: Individual particles are unique in multiple aspects, including angularity,
hardness, and frangibility. To simplify the characteristics, the particles are assumed as
rounded and rigid in this study. For the modeling of bulk material, only free flowing
solids are taken into account.

2) Surface: The geometry surface is assumed as smooth with respect to surface roughness.
For surface deformation, it is considered that all of the deformed geometry is removed
in a form of plastic deformation. On the contrary, the elastic deformation and cracking
due to fatigue are beyond the scope. Besides, the material properties, such as work
hardening referring to material science (e.g. homogeneity and isotropy), are excluded
from this study.

3) Operational conditions: The bulk material flows under low velocity (e.g., < 2 m/s). As
impact wear normally occurs at high impact velocity, only abrasive wear is considered
in this study. The effect from other perspectives, such as environmental conditions (e.g.
temperature, moisture content), is ignored. Besides, the surface deformation occurs over
a long time (e.g., from days to months) instead of a short time scale (e.g., seconds).

Based on the three points stated above, it can be summarized that this research focuses on
the surface deformation due to the contact with free-flowing bulk material over a long time
scale.

1.3 Research objective and research questions

The primary objective is to model and predict the wear rate and deformation of a convex pattern
surface proposed to reduce sliding wear for a transfer chute. This can be achieved by combining
discrete element method (DEM) with a deformable geometry technique.

Based on the research objective, the main research question is stated:

How to model and predict the wear reduction performance and deformation of the convex
pattern surface caused by contact with bulk material?

To answer the main research question, the following five sub-questions are addressed in this
thesis.
1) What are the main wear mechanisms in bulk handling and what is a suitable numerical
method for wear modelling in this context?
2) What is the effect of the parameters of the convex configuration on wear reduction
performance of the convex pattern surface?
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3) To what extent can the convex pattern sample reduce wear for different particle size
distributions?

4) In what way can the surface deformation caused by sliding of a single particle be
modelled?

5) To what extent does the deformed convex pattern sample continue to reduce sliding
wear caused by bulk material?

1.4 OQutline of the thesis

Figure 1.8 depicts the outline of this dissertation. The chapters are related to research questions
and the main contents (Chapter 3 - 6) consist of two aspects considering the modelling of
surface deformation. The first aspect (Chapter 3 and 4) elaborates the wear mechanisms of the
convex pattern surface on wear reduction with non-deformable geometry. The second aspect
(Chapter 5 and 6) models the surface deformation caused by a single particle and bulk solids.

Chapter 2 summarizes the principal wear mechanisms and potential numerical models
applied to the modelling of surface deformation. First, two wear mechanisms with the
corresponding multiple wear modes are specified. Second, seven numerical methods used for
modelling surface deformation due to wear are evaluated, including finite element method
(FEM), discrete element method (DEM), smoothed particle hydrodynamics (SPH), element
deletion method (EDM), DEM with deformable geometry, and corresponding coupled methods.

Chapter 3 optimizes the convex pattern sample to reduce sliding wear based on a design of
experiments approach and reveals the mechanisms of the wear reduction of a convex pattern
sample. A definitive screening design is applied to sort out the critical factors and second-order
interactions between factors. Two flow regimes are identified with respect to the flow behaviour
of particles. The essential mechanisms of the convex pattern sample enabling to reduce sliding
wear are clarified and an optimal design is obtained for further investigation.

Chapter 4 investigates the effect of particle size on the wear reduction properties of the
sample obtained in Chapter 3. A coarse graining technique is applied and the effect of particle
size on wear volume of the sample is formulated. A relation indicates the boundary where the
convex pattern sample has positive or negative effect on wear reduction with respect to particle
size distributions.

As a benchmark, Chapter 5 establishes a pin-on-disc numerical model to study surface
deformation caused by a single contact. A geometrical deformation technique is implemented
to predict a long time laboratory test with an acceptable short time-span numerical model. The
wear contours are extracted and analysed statistically and compared with test results.

Chapter 6 models the surface deformation of the convex pattern surface caused by bulk
material. As a benchmark, the wear experiments are conducted to verify the numerical model.
Wear properties, including wear volume, wear distribution, and 3D reconstruction, are used to
demonstrate the effect of the convex pattern sample on sliding wear reduction. The numerical
model reveals the effectiveness of the deformed convex pattern sample on wear reduction
compared to a plain sample.

The overall conclusions and recommendations are summarized in Chapter 7.
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Chapter 1
Towards wear reduction of bulk handling equipment
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Chapter 2
Wear during the bulk handling process
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2 Wear during bulk handling

Wear of bulk handling equipment is a complicated process. To comprehend the surface
deformation caused by the contact between bulk material and handling equipment, this chapter
explains the wear mechanisms, system characteristics, and potential numerical methods
relevant to modeling surface deformation. In Section 2.1, the two principal wear mechanisms,
namely abrasive wear and impact wear, are elaborated. Section 2.2 introduces the three system
characteristics. Section 2.3 describes numerical methods for the modelling of surface
deformation caused by wear. Section 2.4 concludes the wear mechanisms and the most suitable
numerical method to model the surface deformation of bulk handling equipment.
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2.1 Wear mechanisms

The wear mechanisms play a significant role in the surface deformation during bulk handling
processes, and abrasive and impact wear are considered as the two principal wear mechanisms.

2.1.1 Abrasive wear

Abrasive wear is caused by a relative sliding and rolling of particles against an equipment
surface [17]. For abrasive wear, material is displaced or removed from a contact surface by hard
particles, or by hard protuberances on a counter face, forced against and moving along the
surface. Abrasive wear occurs in two forms which are two-body abrasion and three-body
abrasion [17,18]. Two-body abrasive wear is caused by abrasive particles simply sliding against
a surface [19], while three-body abrasion happens by both sliding and rolling of particles [17].
For two-body abrasive wear, translation is the only motion of particles. However, for three-
body abrasive wear, the motion of particles also includes rotation. As a result, the two-body
abrasion causes higher wear rate than three-body abrasion. Depending on handling operations,
equipment surfaces can suffer these two abrasions at the same time. In some situations, particles
may slide in one region of a contact, but roll in another. It is therefore more convenient and
helpful to classify abrasive wear as either sliding abrasion or rolling abrasion as shown in Figure
2.1, relying on the motion of the particles. It should be noted that the body above the particles
could also be represented as a bed of particles.

L Jhauxxy

Two-body abrasion (sliding) Three-body abrasion (rolling)
(@) (b)

Figure 2.1 lllustration of abrasive wear (a) sliding abrasion, (b) rolling abrasion,
based on [17]

In practice, however, particles with irregular shapes deform a surface in different ways.
Abrasive particles can deform the material in ways that lead to the removal of only part of the
material displaced from the groove, or even to the removal of no material at all [17].
The surface deformation caused by abrasive wear is relevant to the properties of surface
material summarized in Section 2.2. For ductile material, it is considered that the three
following main wear modes contribute to the surface deformation [17,20], which are (see Figure
2.2):
1) Micro-cutting (Figure 2.2 (a)), in which material is deflected through a shear area and
flows up the front face of the particle to form a chip [17].

2) Micro-ploughing (Figure 2.2 (b)), in which a ridge of deformed material is pushed along
a piece of the particle [17].

3) Wedge formation (Figure 2.2 (c)), in which represents intermediate behaviour and leads
to, like the cutting mode, to removal of material from the surface [17].
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(b) (c)

Figure 2.2 Wear modes of ductile material [17]
(a) micro-cutting, (b) micro-ploughing, (c) wedge formation

Figure 2.3 shows that the cracks form in a brittle surface subjected to a concentrating load
and spread beneath the sharp rigid indenter. At the point of initial contact, high stresses occur.
When the load on the indenter increases to a critical value associated with the material, tensile
stresses across the vertical mid-plane induce a median crack. Further increase in load is
accompanied by progressive extension of the cracks. After the unloading lateral cracks are
formed and the formation of these cracks is driven by residual elastic stresses [17].
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Figure 2.3 Crack formation in a brittle material due to point indentation, based on [17]

For brittle material, micro-cracking is a main mode of wear as highly concentrated stresses
are imposed by abrasive particles based on the removal of material by lateral cracking. As a
sharp particle slides over the surface forming a plastic groove, lateral cracks grow upwards to
the free surface from the base of the sub- surface deformed region [17].

/ Plastic groove

Direction
of motion

/ Surface

Lateral crack \ Plastic zone

Figure 2.4 Schematic illustration of material removal in a brittle material, based on [17]
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2.1.2 Impact wear

Impact wear occurs when discrete solid particles strike a surface [18] (see Figure 2.5). This type
of wear is called erosion, often qualified as solid particle erosion or solid impingement erosion
to distinguish it from the damage caused by the impact of liquid jets or drops [17]. It differs
from three-body abrasion as it involves loose particles impacting a surface in the origin of the
forces from the contact between particles and a surface. As shown in Figure 2.6, multiple forces
from different origins may generate an action on a particle contacting with a solid surface.
Contact forces may be exerted from neighboring particles, and drag force will be triggered by
a flowing fluid if present. However, the dominant force on an impact particle is usually the
contact force exerted by the surface. This is because the contact force is responsible for
decelerating the particle from its initial impact velocity. Impact wear depends not only on the
number and mass of individual particles striking the surface, but on their impact velocity
[21,22]. Therefore, it is reasonable to state that the main differences for three-body abrasive
wear and impact wear are contact time between particles and surface and the relative normal
velocity.

QO

O\
O'\)(D
Q"

Figure 2.5 Schematic of impact wear, based on [18]
Surface contact
force

Inter-particle
contact forces

—_— >

Drag force

i Weight

Figure 2.6 Schematic of forces acting on a particle, based on [22]

The wear modes of the impact wear are generally considered different depending on impact
angels [23-25]. Similarly, the surface deformation of the impact wear is related to material
properties. For ductile material, it is considered that two main wear modes contribute to the
surface deformation at low and high contact angles responsively, which are (see Figure 2.7)

1) Micro-cutting, in which the surface is highly deformed to raise the material into a
prominent chips. The surface deformation caused by a single angular particle is
dependent on the orientation of the particle when it strikes the surface, and on whether
the particle rolls forwards or backwards during contact. Type 1 cutting is defined as a
particle rolling forward, and Type 2 when rolling backward.
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Forward cutting @

Particle trajectory "
High deformation
as “chips”

Backward cutting @
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Figure 2.7 Cutting mode of impact wear (a) illustration of particle cutting, (b) two types of cutting,
based on [17,26]

2) Lip formation, in which the incidence can be thought of as an indentation process,
leading the formation of crater ‘lips’ to highly deformed material. As a result, the lips
are subsequently removed as platelets after being impacted by successive particles. This
deformation mode embraces both the ploughing and wedge-formation of abrasive wear.

Particle
trajectory

Material removed as N
‘platelets’ Piling up

Figure 2.8 Mode of lip formation of impact wear, based on [26]

2.2 System characteristics

Generally, the trends of wear loss of materials depend not only on properties of particles, but
also on the wearing materials as well as the operational conditions [17]. As each aspect involves
multiple characteristics and some exceeds the scope of this research, Figure 2.9 specifies the
possible properties and conditions for the three system characteristics.



14 Wear Behaviour of A Convex Pattern Surface for Bulk Handling Equipment

( Wear aspects )

Particle properties Surface properties Operational conditions

» Hardness * Ductility * Normal load

« Angularity « Hardness « Particle velocity

« Size * Work-hardening * Impact angle

« Density « Density + Impact orientation

* Roughness * Roughness « Particle self-wear

» Frangibility » Thermal conductivity » Geometry

. « Environmental
conditions
(temperature,
moisture content)

Figure 2.9 System characteristics for bulk handling

2.2.1 Particle properties

Particles as wear media refer to general material properties (e.g., hardness and roughness) and
geometrical characteristics (e.g., size and angularity). As material science corresponding to
microstructure exceeds the scope of this research, only particle hardness (which is one of the
most significant parameters of deformation modelling), shape, and size, are considered in this
study.

2.2.1.1 Particle hardness

Hardness means the ability of a surface resisting the deformations subjected to loads applied on
an indenter [27]. The hardness of the particles involved in abrasion or erosion influences the
rate of wear: particles with lower hardness than that of the surface cause less wear than harder
particles. For particles significantly harder than the surface, then the exact value of their
hardness matters less [21]. This behaviour is illustrated in Figure 2.10 which shows the relative
wear rates in two-body abrasion of a wide range of metals and ceramics abraded by various
types of grit particles [28]. From Figure 2.10, it can be seen that the wear rate becomes much
more sensitive to the ratio of abrasive hardness Ha to the surface hardness Hs when Ha/Hs is less
than 1.
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Figure 2.10 Relative volume wear rate plotted against the ratio of the hardness of the abrasive to that
of the surface (Ha/Hs) for a range of metallic and ceramic materials and abrasive particle, for two-body
abrasion, based on [28]

During indention of a spherical particle, an equipment surface deforms when the hardness
ratio of abrasive particle to surface Ha/Hs > 1.2 [27], as shown in Figure 2.11 (a). If the hardness
ratio Ha/Hs < 1.2, the particle deforms rather than the surface as shown in Figure 2.11 (b).

lFI d Ei

@) ()

Figure 2.11 Illustration of critical hardness ratio (a) Ha/Hs> 1.2, (b) Ha/Hs< 1.2, based on [27]

2.2.1.2 Particle angularity

Particle angularity affects the deformation of equipment surface and thus affects wear rate [29].
Wear rates depend strongly on the shape of particles, with angular particles causing greater
wear than rounded particles. It has been confirmed by laboratory tests that increasing particle
angularity leads to a significant increase in abrasive or impact wear rates [30]. Descriptors of
particle visual appearance, such as “rounded”, “semi-angular” or “angular”, have been used to
roughly classify and distinguish among various groups of abrasive particles [31-33]. Multiple
attempts have been made to characterize abrasive particle shapes applying various conventional
numerical descriptors. These descriptors correlate particle shape with its ability to abrade
geometry. For example, L, | and S denote the longest, intermediate and smallest dimensions of
a rectangular box containing exactly particles as shown in Figure 2.12, the following dimension

ratios can be defined [34]:
Plainness = S/L, Elongation = I/L, Aspect ratio = S/I.
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B

Figure 2.12 Characteristic lengths of a particle [34]

2.2.1.3 Particle size
The sizes of abrasive particles cover a wide range [21] from micrometre to centimetre. Regular-
shaped particles can be accurately described by the given shape and a number of dimensions.
However, no single physical dimension can adequately describe the size of an irregularly
shaped particle, just as a single dimension cannot describe the shape of a cylinder, a cuboid or
a cone [35]. The dimensions we use in principle depend on the following two perspectives:

1) What property or dimension of the particle we are able to measure;

2) The use to which the dimension is to be put. Some common diameters are used to

express particle size, as shown in Figure 2.13 [35].

Feret’s

Equivalent

circle diameter circle diameter

(@) (b) (©

Figure 2.13 Illustration of parameters in particle characterizations (a) Equivalent circle
diameter, (b) Martin’s diameter, (c) Feret’s diameter

Figure 2.14 shows the laboratory studies of both abrasive and impact wear of copper [36].
It should be noted that the ranges of particle size are chosen from around 10 pm to 125 pm with
at least 3 intervals, and then the particle size is increased to 250 um. It can be seen that wear
rates for particles smaller than about 100 um drop markedly with decreasing particle size. When
particle size increases to 150 pm, wear rates reach nearly a constant. There are various
explanations for this size effect [37,38]. The explanation of strain distribution appears to be the
most convincing theory [39], which suggests the surface after abrasion will have a preferentially
hardened layer of around 10 um. Because of the layer near the surface, small particles are only
able to influence this layer with high stress. However, sufficiently big particles can penetrate
the hard layer and continue to plastically deform the material which is softer than that
encountered by the small particles. Therefore, after some critical particle size, the influence of
this hard layer on material deformation becomes slight.
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Figure 2.14 Wear rates of copper under conditions of erosion, two-body and three-body abrasion [36]

2.2.2 Surface properties

Surface properties reflect the material characteristics. As different materials display different
deformation behaviour, it is essential to evaluate the ductility of the material. Besides, the
deformation is directly associated with hardness ratio between particle and surface, so the
surface hardness along with work hardening is considered.

2.2.2.1 Surface ductility

A solid will either be ductile or brittle depending upon the ratio of shear strength to tensile
strength [40]. Surface ductility represents the ability of a structure to sustain large deformations
in a plastic range without significant loss of resistance [41]. The surface materials of bulk solids
handling equipment are assumed to be either ductile or brittle, and ductile and brittle surfaces
suffer from different deformation mechanisms. A truly ductile material, for example pure
copper, is unlikely to sustain a cleavage crack, but may fail by plastic instability. Some
materials, like diamond and mica, apparently can undergo pure brittle cleavage with no
discoverable plasticity [42].

When a rigid sphere and a plain ductile specimen are pressed against each other under
increasing load, the contact is purely elastic initially. Then an elastoplastic area reaches which
is a plastic zone surrounded by elastically deformed material. Finally, a full plastic zone exists.
This process is shown in Figure 2.15 [43].
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Figure 2.15 Schematic illustration for indentation of a sphere and a plain surface, based on [43]
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Plastic deformation process has a substantial role in the overall wear process of ductile
materials, but fracturing process has a major role in the wear process of brittle materials [44,45].
For brittle materials, the increasing load can result not only in elastic and plastic deformation
but also in micro-cracking at and below the stressed surfaces [43]. Surface loading by a point
indenter results in median and lateral cracks below the stressed surface [46]. The process of
cracking formation during loading and unloading is shown in Figure 2.3. It should be noted that
the shapes of indenters can significantly influence fracture generation and distribution [47].

2.2.2.2 Surface hardness

For abrasive wear (two-body abrasion and three-body abrasion) and impact wear, surface
hardness has various influences on wear rate. Generally, it is considered that abrasive wear
occurs when the ratio of abrasive particle hardness to the surface hardness is higher than 1.2.
Specifically, different materials indicate different critical values. Figure 2.16 shows the
experimental wear rate results when referring to a material with different matrices. It is obvious
that two regions are observed: when the Ha/Hs ratio is less than 1.9 the increasing of abrasive
hardness causes evident increase in wear rate. However, when the ratio is higher than 1.9, the
increase in abrasive hardness in relation to material hardness has little effect on the wear rate
[48]. Figure 2.16 also corresponds to three wear regions which are a small mild wear region
(0.5-0.8), a mild-severe wear transition region (0.8-1.9), and a severe wear region (1.9-7.2).
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Figure 2.16 Relationship between wear rate and the ratio of the abrasive particle hardness (H.) and
surface hardness (Hs), based on [48]

In three-body abrasive wear the relation between wear rate and material hardness is more
complicated than in two-body abrasive wear [49,50], because particles not only slide but also
roll against surface. Sliding of particles can lead to micro-cutting, thus a cutting wear
mechanism of three-body abrasion was formed [51]. Rolling of particles can cause craters
because of plastic deformation and the corresponding plastic deformation was observed [52,53].
Based on the explanation above, micro-cutting and plastic deformation in three-body abrasive
wear may coexist and the ratio between them can change with changes in operational conditions
[49]. With increasing hardness of material, the wear rate decreases continuously but not
decrease linearly. The wear decreasing rate becomes smaller in the range of higher hardness
values, as shown in Figure 2.17 [50].
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Figure 2.17 Comparison of simulation and experimental results of various ring materials against (a)
pure copper plate, (b) 0.8 % C steel plate [50]
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2.2.2.3 Surface work-hardening

Work hardening also known as strain hardening, related to material properties, is a
strengthening process led by plastic deformation [54]. In bulk handling conditions, equipment
surfaces suffer from both erosive and abrasive wear, which will induce the phenomenon of
work hardening [55]. Surface work-hardening increases the hardness of surface contacting with
bulk solids and therefore decreases wear rate.

Several studies have revealed that the surface hardness after particle contact has better
relationship than the original hardness with wear rate [56]. As shown in Figure 2.18, the surface
material becomes heavily work-hardened by particle impacts, which can be reflected in the
difference between the two sets of hardness values. The impact wear has stronger relation with
the work-hardened hardness (solid line) of the surface rather than to the annealed hardness
(dashed line) of the surface [56]. Therefore, the work-hardened hardness should be used when
refereeing to a relation with wear rate.

1.00
. Sn Pb o Annealed hardness
1 n\\O\ e Hardness after erosion
050 5
Tf-‘\
L0
=)
E0.10
=}
2
£ 0.051
m
0.01 . . . .
10 100 5001000 4000
Vickers hardness (MPa)

Figure 2.18 Volume erosion for a number of metals as a function of Vickers hardness of the annealed
surface and of the eroded surface, based on [56]
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2.2.3 Operational conditions

Operational conditions involve bulk flow and environmental effects. This study focuses on the

effect of particle flow behaviour on wear and the environmental factors exceed the scope of this
research.

2.2.3.1 Normal load

For abrasive wear, it is generally observed that mass loss (wear rate) increases with applied
load [57], as an example shown in Figure 2.19. It also indicates that the wear rate for each
material appears to be independent of particle size at the highest load. At high load, when
particles become more deeply embedded in spacemen, cutting may become more significant

and result in a high increase of wear rate. This phenomenon is consistent with the explanation
of surface work-hardening.
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Figure 2.19 Wear rate against applied load for three-body abrasion wear, based on [57]

2.2.3.2 Particle velocity

Particle velocity plays a significant effect on impact wear. One theoretical feature predicts that
the erosive wear should depend on the cube of the impact velocity. Experimental works reported
that velocity exponents for the erosion of metals at normal incidence tend in general to be higher

than the values of 2.3-2.4 commonly found in low angle erosion experiments [58], as shown in
Figure 2.20 [21].

Erosion (mg.g )

10 10°
Impact velocity (ms 1)

Figure 2.20 Measurement of erosion rate of copper, based on [21]
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Table 2.1 lists the velocity exponents corresponding to different metal materials at normal
incidence. It is noteworthy that values of around 3 are often found for impact wear by both
angular and spherical particles at normal incidence [59]. As impact wear normally refers to high
impact velocity (e.g., > 20 m/s), it can be justified that the impact wear is excluded in this
research as the particle velocity in this study is constrained below 2 m/s.

Table 2.1 Velocity exponents reported in normal impact erosion [59]

Material Abrasive material Velocity
exponent
Cu, OFHC 82 um SiC grit 3.0
Cu, OFHC Various grits 2.8
Steel, 11 % Cr 13882 um glass 3.4
spheres

Al 1100 -0 250 pum SiC grit 2.9
Al, 99.9 % 1.58 mm WC spheres 3.3
Al alloy 138 um glass spheres 2.4
Al 430 um steel spheres 2.5
Al 6061-T6 550 um glass spheres 3.0
230 um glass spheres 2.3
650 um glass spheres 3.3

2.2.3.3 Impact angle
The geometry of the deformation due to the impact of a hard particle depends on the impact
velocity, on the shape and orientation of the particle, and on the impact angle. Impact angles in
erosion are usually defined relative to the plane of the surface, as shown in Figure 2.21 [21].
For brittle materials (e.g., glass and graphite) attacked by aluminium particles (297 um) at
a velocity of 96 m/s and by glass spheres (475 um) at a velocity of 108 m/s [23], impact wear
rate of brittle materials increases with the increase of impact angle, as shown in Figure 2.21
(curve b). In brittle materials, material will be removed by the intersection of cracks which
initializes from the point of impact of the eroding particles [23]. Ductile materials undergo mass
loss by a process of plastic deformation in which material is removed by the displacing or
cutting action of the successive impacting particle.
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Figure 2.21 Typical dependence of erosion on impact angle [23]
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2.2.3.4 Impact orientation

It is possible that rotation of particles may affect the erosion rate and even the erosion
mechanisms when the particles strike a target surface. A variable termed as ‘rake angle’ which
shows the orientation of the particle relative to the surface at the impact point is proposed [60].
Figure 2.22 shows how an angular particle impacts at a range of rake angles and how the rake
angle is defined [60]. The rake angle as defined in Figure 2.22 varies associated with particle
orientation, and the impact of spherical particles is a special situation equivalent to that of
angular particles with a zero rake angle [61]. It is argued that the nature of the impact
deformation depends strongly on this angle.
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Figure 2.22 A particle striking a surface at different orientations (a) positive rake
angle, (b) negative rake angle, based on [43]

Studies of the impact of single particle on metals show three basic types of impact damage
[62,63] shown in Figure 2.7. Figure 2.23 illustrates two spherical particles with contrasting spin
directions striking a target [61]. Rounded particles deform the surface by ploughing, displacing
material to the side and in front of the particle [61].

The particles with backward spin have an effective contact velocity higher than the impact
velocity. For ductile materials, it might be expected that the shear force applied by the particle
would increase as a result of an increasing contact velocity [61]. This in turn results in more
material being displaced from under the particle to the front of the crater during impact,
generating a larger lip. On the other hand, the spherical particles with top spin have a lower
effective contact velocity than the impact velocity. The forward momentum of the particle
means that it tends to roll on the target surface resulting in little surface deformation and small
lips [61]. Further impacts on neighboring areas lead to the detachment of heavily-strained
material from the rim of the crater or from the lip at its end.
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Figure 2.23 Illustration of spinning spherical particles with a target surface, based on [61]
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Similarly, the deformation caused by an angular particle depends on the orientation of the
particle as it strikes the surface, and on whether the particle rolls forwards or backwards during
contact. In the mode which is termed type | cutting (Figure 2.7 (b)), the particle rolls forwards,
indenting the surface and raising material into a prominent lip, which is vulnerable to removal
by subsequent nearby impacts. If the particle rolls backwards, a true machining action can
occur, in which the sharp corner of the abrasive grain cuts a chip from the surface, and this
mode is termed type Il cutting. This mode occurs over only a narrow range of impact angles
and orientations [63]. Based on these mechanisms, the direction of rotation of a particle should
be considered into surface deformation [61].

As is clear from Figure 2.24, backward spin of the angular particles increases the effective
impact velocity and decreases the effective impact angle. This might be expected to result in an
increase in impact wear rate, particularly at angles larger than that corresponding to the peak
erosion rate which is a peak at angles between 0° and 90°.
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Figure 2.24 Schematic diagram indicating the velocity vectors associated with spinning angular
particles impacting a surface (a) particle with back-spin, (b) particle with top-spin, based on [61]

Figure 2.25 Finnie [64] developed an erosion model for ductile metals which was based on
an analysis of the mechanisms of kinetic energy exchange during the impact of a single solid
particle where cutting was the predominant mechanism. This model was later modified by Bitter
[23,24], who incorporated the effect of deformation wear acting in conjunction with cutting
wear. A modified Finnie-Bitter model is predicted by impact wear experiments shown in Figure
2.25. The results are for the wear of a steel target by crushed glass abrasive material (150 pm —
250 um). It should be noted that the rake angle in the predicted model is 0° which means the
particle can be considered as spherical. The lines shown in Figure 2.25 indicate the predictions
of the model for the three possible modes of particle spin: top-spin, back-spin and non-spinning
particles. The predictive model presents generally good agreement with the experimental data
over a wide range of impact angles. The effect on erosion depends on the direction of spin, and
the results indicate a higher erosion rate if particles strike the target with “back-spin” rather
than “top-spin” or “no-spin” [61].
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Figure 2.25 Experimental data and predictions of the modified Finnie-Bitter erosion model [61]

During bulk handling process, three aspects including particle properties, surface
characteristics, and operational conditions determine the wear mechanisms. Abrasive and
impact wear are the two principal wear mechanisms occurring on bulk handling equipment. For
each mechanism, multiple wear modes coexist, such as cutting, plastic deformation, and
cracking, resulting in different formation of surface deformation. Figure 2.26 gives an overview
of system characteristics and wear mechanisms of surface deformation during bulk handling.
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Figure 2.26 Schematic relating to surface deformation during bulk handling

2.3 Numerical modelling for surface deformation caused by bulk material

The modelling of wear on bulk solids handling equipment refers to two parts: bulk material and
surface deformation of surface. For the modelling of bulk material, discrete element method
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(DEM) has been successfully used by researchers and engineers to design, analyze and optimize
bulk material handling systems and equipment for granular materials [65,66]. DEM is used in
different fields ranging from mining [67,68] to agriculture [69,70], and geotechnical
applications [71].

For the modelling of surface deformation, numerical methods categorized in Figure 2.27,
such as finite element method (FEM), smoothed particle hydrodynamics (SPH), and discrete
element method (DEM), have been implemented in a wide field of research. Below evaluates
seven numerical methods and the most suitable one for surface deformation due to bulk material
is selected.

Particle-based

Single method

( Surface deformation modeling

Deformable geometry ‘

FEM-SPH

Coupled method

FEM-DEM

Figure 2.27 Numerical methods for surface deformation

2.3.1 Finite element method

Finite element method (FEM) is one of the most used methods [72] for simulating the process
of sliding wear [73-75], impact wear [76,77], fretting wear [78,79], and cracking generation
and propagation [80-82]. FEM computes the stress-strain field by discretizing a continuum
geometry into a finite number of elements assembled at nodes. Therefore, the deformation due
to wear is calculated by determining the stress-strain correlation associated with a wear model
[83].

Figure 2.28 shows the process of fretting wear damage modelled by FEM [80]. The fretting
wear occurs when small relative oscillatory movements appear between two bodies in contact
[84]. During this simulation, the coordinates of nodes in an expanded region under the contact
surface are updated by interpolating the current damage field to a new position. However, the
calculation convergence tends to fail when referring to multiple layers of meshes.
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Figure 2.28 Illustration of the progressive node translation strategy [80]

To overcome the element distortion problem, adaptive remeshing techniques have been
suggested. One adaptive remeshing technique, depicted in Figure 2.29, can be divided into four
main steps: (1) development of a representative three-dimensional finite-element model; (2)
calculation of the effective stress intensity factors along the crack front; (3) determination of
the crack front advances applying an adequate fatigue crack growth law; (4) definition of a new
three-dimensional finite-element model incorporating the new crack front. For wear modelling
and simulation, user defined subroutines based on adaptive meshing technique are applied to
adjust the contact nodes in order to adapt the mesh to the evolving geometries [85-87]. When
referring to big deformation in comparison with mesh size, the adaptive remeshing technique
can be a proper option to avoid mesh distortion.

Step 1

2.3.2 Element deletion method

The element deletion method (EDM) is on the basis of finite element method. In the element
deletion method, elements are removed when the necessary conditions, such as the critical
stress-strain relationship, is met during the deformation. The element deletion method has the
advantage to overcome the stress concentration at cracked surface by deleting the corresponding
elements. However, it might induce physical inaccuracy as the material removal is dependent
on element size and results in non-smooth profile [88,89].

Figure 2.30 shows the mechanism of the element deletion method. First, valid fracture
criteria are needed for determining those elements deleted. Second, implementation of element
deletion and preparation for disconnected node removal are necessary. Third, rearrangement of
the boundary conditions after the element deletion. Since some elements might be deleted
depending on the level of critical damage factor of each fracture criterion, the new boundary
surface would be generated.

Step 5

Figure 2.29 Adaptive remeshing technique, based on [81]
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Figure 2.30 Schematic diagram of the element deletion method, based on [88]

2.3.3 Discrete element method
Simulation of non-continuous phenomena like fracturing is not well adapted to a continuous
description. A bonded particle model based on Timoshenko theory [90] offers the possibility to
simulate the deformation of materials, such as abrasive wear [91,92], elastic deformation [93],
rock cutting and polishing [94-96], and fracture and damage during machining process [97]. In
this case, the DEM is an alternative because it naturally takes into account discontinuities [93].
The bonding contact model was used to bond particles with a finite-sized “glue” bond, as
shown in Figure 2.31 [98]. If the contact radii of two particles overlap during the bond formation
time, these two particles will be bonded together. When the particles no longer overlap the bond
is lost [91], and therefore individual elements are leaving the surface object.

Contact plane
Element / N&°

‘ X l n

Min (R, R)
<

F; Contact
R point

Figure 2.31 Illustration of inter-element contact constitutive model, based on [98]

As the DEM essentially takes most of discontinuities into account, the material failure
characterized with multiple fracturing and cracking makes it a suitable tool to study rock cutting
[99-102]. Typically, a cutting tool is treated as a rigid object and the rocks are built by
assembling discrete particles with a specific contact model [99,103,104].

Inspired by the advantage of the DEM on the modelling of material failure, a cutting tool is
discretized with solid particles to represent the continuous geometry. The shape of the tool is
changed by eliminating particles if the accumulated wear exceeds the particle size [100]. Figure
2.33 illustrates a rock cutting process with a pick of dredge cutter head in 2D. From Figure 2.33
(d) it can be seen that the shape of the cutter head changes due to the removal of particles.
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Figure 2.32 Modelling of rock cutting with a dredge cutter header (a) model settings for rock
cutting, (b) thermomechanical simulation of rock cutting, (c) accumulated wear on the tool surface,
(d) change of the tool shape due to wear [100]

As the discretized geometry based on individual particles leads to non-smooth surface and
influences the contact behaviour with particles, quantifying the wear loss brings relatively high
error.

2.3.4 Smoothed particle hydrodynamics

Smoothed particle hydrodynamics (SPH) which is a particle-based method for continuum
mechanics may have significant advantages over FEM for the simulation of surface deformation
because it does not involve the use of elements which can deform, tangle, and distort [105].
Similar with FEM, the deformation occurs when a fracture criterion is met governed by the
stress-strain response of a proposed constitutive mode [106].

SPH is a mesh-free numerical technique, in which particles without fixed connectivity are
used to discretize the problem domain. The SPH particles carry material properties and can
move relative to each other according to the governing conservation equations, as shown in
Figure 2.33. The computation domain is discretized by an amount of mass points and each point
occupies independent domain and mass. Thus, the mesh tangling and element distortion
problems encountered in large deformation problems with grid-based finite element methods
can be avoided [105]. However, many researchers evaluated the SPH method on numerical
aspects and identified several challenges, such as low accuracy, modelling stability,
convergence and efficiency issues, in comparison with FEM [107].
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Figure 2.33 Schematic illustration of a SPH smoothing kernel function
in a three-dimensional case [108]

As a particle or grid/mesh free method, SPH is an ideal tool to model free surface and
interfacial flow problems as the connectivity between particles are updated as part of the
computation [107]. For fracture generation, SPH can be applied to modelling the failure of
discontinuous solids, such as rock and concrete [106,109], and the plastic and crack propagation
of continuous structure, such as a shell deformation [110], dynamic deformation of a beam and
crack formation of a cylinder [111,112], and metal cutting process [113]. For surface
deformation, SPH is also an alternative when refers to large deformation, such as impact wear
caused by particle impact [114,115] and abrasive wear [116] due to the relative sliding of a
counterpart.

2.3.5 DEM with deformable geometry technique (DEM-DG)

DEM method combined with a deformable geometry technique provides a new option for
modelling of surface deformation. Successful applications include prediction of wear rate of a
steel plate [117], material loss at soil tillage via scratch test [118], and wear profile update of
an industrial vertical stirred mill screw liner [119]. In this method, the meshed geometry is
imported into DEM environment and only the surface layer of the object is meshed. Therefore,
the computational demand is significantly lower compared to FEM. The procedure of this
method is illustrated in Figure 2.34.
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Figure 2.34 Flow chart of DEM with geometry deformation technique

The highlighted part demonstrates the process of calculating wear volume and updating the
mesh deformation of the geometry. First, the contact between the particle and the surface
elements is detected and the forces are calculated based on the contact model. Second, the loss
of the material is evaluated based on the wear model. Third, the new positions of the elements
and velocity of the particle are recalculated. Fourth, the element is displaced in normal
direction. Therefore, the representation of the wear loss is performed by deforming the meshes
subjected to abrasive wear.
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Figure 2.35 Mesh deformation procedure (a) particle in contact with the surface E; of the mesh
element, (b) displacement of the mesh element, (c) side view of the interconnection between nodes,
and (d) top view of the wear representation, based on [117]

2.3.6 Coupled methods for surface deformation

Individual methods have disadvantages as mentioned above, for example the mesh distortion
issue for FEM and high computational cost for DEM. Two methods coupled together has
potential to discard the disadvantages and combine the advantage of individual methods.

2.3.6.1 FEM-SPH coupled method

For FEM, the meshes may be distorted during large deformation as mentioned before. For
mesh-free method, such as SPH, there is no mesh tangling problems but time consuming.
Shown in Figure 2.36, the impacted area [114] or abraded area [116] is modelled by the SPH,
while the other section with less deformation uses FE discretization. The results obtained from
this coupled method include surface morphology and wear rate which are comparable to the
experimental results. However, the weakness of the method is similar with SPH as explained
in Section 2.3.4, such as stability issue and low accuracy.

Impact partic:

Target materials
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Figure 2.36 Numerical model of impact wear at 30° impact angle (a) FE mesh section, (b)
SPH section at centre of the target material [114]

2.3.6.2 FEM-DEM coupled method

The DEM is a suitable method to model materials with discontinuities and material failure
characterized with fracture. The FEM is usually a method when involving continuous material
behaviour. As complementary methods to each other, FEM and DEM coupled method takes
advantages of each method [120-122]. The coupled finite-discrete element methods allows us
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to create multiscale models where material models at different levels are employed in different
subdomains of the same body [120].

Figure 2.37 illustrates a multiscale discrete-finite element model. The DEM and FEM
subdomains overlap each other, so a transitory zone between the two domains is formed. In this
zone the contributions of each of the two methods to the overall stiffness vary gradually to
minimize unrealistic wave reflections at the interface between the DEM and FEM subdomains
[123].

)

A

’XI

Figure 2.37 Multiscale discrete-finite element model [120]

To cut the computation cost of the pure DEM simulation, the rock cutting process can be
modelled by combining the DEM with the FEM in such a way that the discrete elements are
used only in a portion of the analysed domain where material fracture occurs, while finite
elements are used outside the DEM subdomain [122]. Figure 2.38 shows similar failures of rock
during cutting using DEM and DEM/FEM coupled models. This indicates that the coupled
model gives similar results to the DEM model while improving the computation efficiency.

@ (b)

Figure 2.38 Simulation with rock cutting [122]
(a) DEM model, (b) DEM/FEM model

2.3.7 Evaluation of numerical methods for surface deformation
As the surface deformation is caused by the contact with bulk material, the numerical methods
should be capable to model the interaction between bulk material and surface accurately and
efficiently. For the accuracy, the surface is assumed to be smooth in terms of roughness and
continuous with respect to material characteristics. For the efficiency, the computational
demand is evaluated as the numerical model refers to bulk material.

The traditional FE-based methods, FEM and EDM, complete material removal by detecting
if a critical value governed by a stress-strain equation is met. This detection procedure is
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computationally expensive as an extra technique is normally required to re-mesh the geometry
to avoid the element distortion problem. Besides, this method is typically applies to single
interaction.

Both DEM and SPH are a particle-based method which means the object is discretized by
particles, leading to an unsmooth surface. Besides, DEM is costly as it requires a large amount
of small particles to mimic a relative smooth surface. SPH, which is a particle-based method
for continuum mechanics, solves the stress-strain equation to determine surface deformation
and therefore leads to high computational cost similar with FEM.

FEM-SPH and FEM-DEM coupled methods combine the advantages of two individual
methods and improve the computational expense because a subdomain is discretized with
particles. The subdomain is represented by particles and therefore is unsmooth.

The DEM combined with deformable geometry technique is selected to model the surface
deformation. In comparison with other methods, first, the surface is discretized with elements
rather than individual particles, so it is smooth and continuous. Second, this method allows the
material removal in a form of plastic deformation based on a specific wear model by efficiently
solving a force-displacement relationship derived from the bulk-surface contact in DEM.

2.4 Conclusions

This chapter addresses the question:

What are the main wear mechanisms and what is a suitable numerical method for wear
modelling with respect to bulk handling process?

Wear occurs as a result of interaction between particles and geometry during the bulk
handling process. Two main wear mechanisms are abrasive wear and impact wear. Each of the
wear mechanisms contains multiple wear modes depending on the three system characteristics,
namely particle properties, surface properties, and operational conditions. The wear modes for
the abrasive wear consist of micro-cutting, micro-ploughing, and wedge formation, while the
impact wear deforms surface by micro-cutting and lip formation associated with the impact
angle of particles.

The selection of the numerical model refers to bulk material and surface deformation.
Multiple numerical methods including coupled methods are evaluated on the modelling of
surface deformation caused by bulk material. By comparing the numerical methods, the DEM
with deformable geometry technique has the advantage to integrate bulk material and surface
deformation effectively and accurately.

Chapter 3 and 4 elaborate the wear mechanisms of the convex pattern surface on wear
reduction with non-deformable geometry. Chapter 5 and 6 model the surface deformation
caused by a single particle and bulk solids using the deformable geometry technique.
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3 Optimization of a convex pattern surface based on
DSD*

To reduce the sliding wear of a transfer chute, a bio-inspired convex pattern surface is proposed
in a previous study. Continuously, this chapter optimizes the surface based on a definitive
screening design (DSD) approach and discrete element method (DEM). An optimal sample
with lowest wear rate compared to a reference plain sample is obtained. The structure of this
chapter is as follows. Section 3.2 demonstrates the contact model and wear model applied to
this study. Section 3.3 calibrates two critical parameters between particles based on two
laboratory tests. Section 3.4 designs experiments and develops the results analysis procedure.
Section 3.5 evaluates numerical results and identifies two flow regimes. Section 3.6 draws main
conclusions.

*This chapter is based on Yan, Y., Helmons, R., Wheeler, C., & Schott, D. (2021). Optimization of a convex
pattern surface for sliding wear reduction based on a definitive screening design and discrete element method.
Powder Technology, 394, 1094-1110. https://doi.org/10.1016/j.powtec.2021.09.041.

35



36 Wear Behaviour of A Convex Pattern Surface for Bulk Handling Equipment

3.1 Introduction

Bulk solids handling plays a significant role in a range of industries, such as the mining,
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 wear mechanisms can be distinguished: abrasive wear and erosive (impact) wear [3,4].
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 [6]. Severe
wear has been found in several locations on bulk handling equipment, for example, silo walls
and transfer chute bottom sections [6,7]. 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 increases 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 rely on five
aspects [16]: (1) optimizing operational conditions based on theoretical wear models [6,9]; (2)
using wear-resistant materials with coating technologies [124]; (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 [124]; and (5) fabricating a
surface geometry pattern to affect the kinematics of the bulk material flowing along the surface
[12,125]. In this research, a geometry pattern equipped on a smooth surface is studied based on
a bionic design [5]. Scientists have discovered several surface morphologies [126-128] that can
achieve lower wear rates compared to smooth surfaces [129-131], and recently a convex pattern
surface was introduced to reduce the sliding wear of transfer chutes [132,133]. 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 conditions are sorted out based on a definitive screening design (DSD).
Second, the relationship between the bulk flow regimes and the factors is investigated. Third,
the mechanisms of the sliding wear reduction are elaborated based on the contact behaviour
between particles and samples.

3.2 Discrete element method

3.2.1 DEM contact model
Discrete element method (DEM) is developed by Cundall and Strack [134] to model particle
systems by tracking the movement of each particle and interaction with its surroundings over
time. DEM is the most attractive computational method used by researchers and engineers to
successfully design, analyze, and optimize bulk materials handling systems and equipment for
granular materials [135,136]. In this study, a DEM software package EDEM [137] is used.
The motion of discrete particles in DEM is governed by Newton’s second law of motion
[135]. The Hertz-Mindlin no-slip contact model is a nonlinear elastic contact model [138] which
is appropriate for non-cohesive granular materials. Figure 3.1 illustrates the contact between
two particles. This contact 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. The normal
force Fy is calculated according to Equation (3.1), where Sy, 6n, Dn, and v, are the stiffness,
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overlap, coefficient of damping force, and velocity in the normal direction of the contact,
respectively.

Fn :_ésngn}é + Dnvn (31)

The tangential force Ft is restrained by Coulomb law [139], which is expressed by Equation
(3.2), where st is the coefficient of static friction; St, &, Dy, and v are the stiffness, overlap,
coefficient of damping force, and velocity in the tangential direction of the contact, respectively.

F = min{—Stﬁt + Dtvl'lustFn} (3.2)
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Figure 3.1 Illustration of contact between two particles

Spherical particles are normally used in DEM for simulation of non-spherical particles,
since DEM is an expensive technique for modeling particulate systems at the individual particle
scale [140]. 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 results.
For example, Esteves et al. [119] compared a vertical stirred mills screw liner wear (wear profile
and wear volume) after more than 3000 hours test with simulation results (spherical particles
and Archard wear model). For other applications, such as ball mill liner wear, spherical particles
were used to predict the wear of mill based on DEM simulations [141-143].

The non-spherical particle shape is accounted for by the use of a rolling friction model
[144,145]. A review of rolling friction identified four different classes of rolling resistance
models that are commonly used in DEM [146]. In this study, rolling type A is chosen because
it is effective for modeling small scale systems such as sand-pile formation and can also be used
for rolling energy dissipation in a dynamic scenario if the adopted computational time step is
sufficiently small [146]. Type A applies a constant torque on a particle to represent rolling
friction, and the direction of the torque occurs always against the relative rotation between two
contact entities. This mechanism can also be applied to the contact between particles. A typical
model of rolling model Type A by Zhou [147] is expressed by Equation (3.3)

Mr == P Hy Rr I:n (a)
|a)rel| (33)
Dy =0, — 0, (b)

where M is the torque between two in-contact disks i and j. o and w; are the angular velocities
of particles i and j, respectively, and wrei is the relative angular velocity between them.

To ensure realistic behaviour of the bulk material, calibration of the sliding and rolling
friction coefficients has been performed in this study. Laboratory scale experiments were
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executed to determine the characteristic behaviour of the material. These experimental results
were used to calibrate the material to confirm the ability of the DEM material model to capture
the material behaviour realistically. A detailed description of the calibration can be found in
Section 3.3.

3.2.2 Sliding wear model

Archard wear model [148] 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 [149] and local failure prediction of abrasive wear on tipper
bodies [150]. Equation (3.4) shows the generalized equation to calculate sliding wear volume,

F
W, =k—1
T (3.4)
where W, (mm?3) is the wear volume, Hs (N/mm?) is the hardness of the surface, k is a
dimensionless wear coefficient, Fn (N) is the normal force applied to an equipment surface, and
Is (mm) is the sliding distance. By introducing the coefficient of sliding wear os in Equation

(3.5),
o =— (3.5)

Equation (3.4) is simplified as Equation (3.6).
W, = Fl (3.6)

3.3 Calibration of DEM parameters

3.3.1 Experiments

River gravel, which is classified as dry, non-cohesive, and free-flowing, is used in this research.
A sample of the river gravel is shown in Figure 3.2, and the particle size distribution is given
in Figure 3.3.
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Figure 3.2 Sample of river gravel Figure 3.3 Particle size distribution
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The shear box test (Figure 3.4) and drawdown test (Figure 3.5) were executed at The
University of Newcastle, Australia, to characterize the relevant bulk properties. Both the tests
were performed three times for repeatability.

The shear box is made of Perspex with dimensions of 200 x 200 x 200 mm?3. In the
experiment, a total mass of 11.64 kg of river gravel is poured into the box to a filling height of
200 mm. After the preparation, the right wall is opened, and the remaining gravel forms a slope.
The angle of the slope is called shear angle.

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
dimensions with length of 500 mm, width of 100 mm, and height of 500 mm. A square opening
Is positioned at the bottom center which can be opened to allow the discharge 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 measurement of the discharge
time during the experiment. After the measurement of discharge time Tq, the shear angle app
and angle of repose PBpp are determined.

Figure 3.4 and Figure 3.5 show the examples of the shear box test and drawdown test. The
experimental results are summarized in Table 3.1. For the shear box test, the averaged shear
angle of the shear box test was determined as 30.0 + 0.4 degrees. For the drawdown test, the
averaged shear angle and angle of repose are 36.1 + 0.5 and 33.3 + 0.9 degrees respectively. In
addition, the averaged discharge time of the drawdown test is 5.4 = 0.1 seconds.

Figure 3.4 Shear angle in the shear box test Figure 3.5 Shear angle and angle of
repose in the drawdown test

Table 3.1 Summary of the experimental results

Experiment Measured variable Value
Shear box OsB 36 +04°
ODD 36.1 £0.5°
Draw down test Bop 33.3+£0.9°
Tq 54+0.1s

3.3.2 DEM calibration
To save computational time, particles with a size lower than 2 mm are neglected in DEM
simulations as those only account for 0.26 % of the total mass shown in Figure 3.3. Based on
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literature review [150-152], the coefficient of sliding friction psp-p and the coefficient of rolling
friction prp-p between particles are the most influential parameters on bulk flow properties, so
these two parameters need to be calibrated. The other parameters of the DEM model are given
in Table 3.2. 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 [151].

Table 3.2 General DEM parameters

Categories Parameters Values
Particle density (kg/mq) 2460
River sand Poisson ratio v (-) 0.24
Shear modulus G (GPa) 0.07
Density (kg/m?) 1200
Perspex Poisson ratio v (-) 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
Time step At (s) 5x10®
Gravitational acceleration G (m/s?) 9.81

The shear box test is performed first to get a rough range of possible combinations of these
two parameters because this test needs less computational time compared with the drawdown
test. To reduce the computational time, the effect of the box dimensions is investigated. Based
on [140], 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 dso of the river
gravel is 2.65 mm, as shown in Figure 3.3, 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 3.3 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.

Table 3.3 Simulation results of shear box test

Dimension (mm?) Averaged asg(°) Deviation (°)
200x200x20 31.2 0.9
150x150%20 30.4 0.5

100x100%20 31.1 0.7
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After the investigation of the effect of the dimensions of the container on the shear angle,
the total sixteen shear box test simulations are performed for a range of sliding and rolling
friction coefficients listed in Table 3.4. Figure 3.6 shows the shear angle as a function of sliding
and rolling frictions between particles. It can be seen that multiple combinations of these two
coefficients result in the same shear angles. The area from 36° to 38° represents the potential
combinations to match the experimental results.

Table 3.4 Coefficients of sliding and rolling friction in DEM simulations
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Figure 3.6 Shear angle results of shear box test

For the drawdown test (see Figure 3.5), 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 [152]. 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 ps -, from 0.2 to 0.7 is investigated to obtain a narrow
scope. Second, a detailed investigation is conducted at this narrow scope.

Table 3.5 lists the selection of the combinations for the first step. As explained in [151], 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.

Table 3.5 Selection of combinations

Run Hsp-p Hrp-p Boo (°) aop (°) Ta ()
1 0.2 0.45 35.1 355 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 0.12 375 38.8 111
5 0.7 0.1 28.0 36.9 10.9
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For the second step, the value of pspp is selected at a range of 0.21 to 0.29 with an interval
of 0.01 and the corresponding p:p- is chosen from Figure 3.6. Finally, a combination of (0.21,
0.4) (usp-ps pirp-p) Satisfies the experimental results, as shown in Table 3.6.

Table 3.6 Comparison between experimental and simulation results

Experimental

Test Criteria Simulation result

result
Shear box ass (°) 36.0+ 0.4 35.7
aop (°) 36.1+0.5 36.3
Draw down test Boo (°) 33.3+0.9 34.3
Ta (S) 54+0.1 5.6

3.4 Experimental design for simulations

3.4.1 Simulation setup

A convex pattern surface, as shown in Figure 3.7 can be described by five parameters [5,132]:
major and minor radii a and b, vertical and horizontal distance ¢ and 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 to demonstrate the wear
distribution. It should be noted that the sliding wear does not remove the surface material, and
the sample keeps intact during the simulation.
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Figure 3.7 Meshed convex pattern surface based on [132] (1) top view, (2) side view (a: major radius;
b: minor radius; c: vertical distance; d: horizontal distance; h: height of convex)

In terms of operational conditions, the normal load [57] and the relative velocity [21,61]
have significant effect on the sliding wear. The normal load is directly related to the particle
bed thickness, which is defined by the depth of the particle bed, so particle bed thickness is
selected as an operational condition. The velocity of the sample is achieved by applying a
constant velocity to the sample in y-direction. Figure 3.8 shows a particle bed clipped from the
middle (thickness t) with dimensions 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.
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2000 mm

i

300 mm

Figure 3.8 Simulation setup (clipped from the middle of the particle bed with v sample velocity, t
particle bed thickness)

The central and side bins are linked to and move with the sample to investigate the contact
behaviour between particles and the sample, as shown in Figure 3.9. The dimensions of the
central bins are 200 mm by 200 mm and side bins 200 mm by 50 mm. The moving bins consist
of several multiple layers from the bottom to the surface of the particle bed, and the thickness
of each layer is set as 5 mm.

Side moving bins Central moving bins

Figure 3.9 Setting of moving bins (clipped from the middle of the sample)

3.4.2 Definitive screening design (DSD)

Screening design is a major use of fractional factorial design [153], which is used to identify
the factors that affect the response. In this research, the response, which is the dependent
variable, is the sliding wear volume, and the independent variables are the six factors listed in
Table 3.7. A three-level definitive screening design is applied to this research, as it is able to
assess the curvature of the factor-response relationship [154]. For the screening design, the
independent factors should be at a wide but reasonable range [153]. 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 ¢ has no influence
on the sliding wear reduction [5] and is therefore kept constant as 40 mm.
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Table 3.7 Six factors at three levels for screening design

Levels
Factors — - -
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) 15 3 6
v (sample velocity/m/s) 0.5 1 2
t (bed thickness/mm ) 10 20 40

Table 3.8 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, O, 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 [154].

Table 3.8 Three-level definitive screening design for six factors

Run Run Factors
order Pattern a b d h v t
R1 +0+--+ 8 4 60 15 0.5 40
R2 -++-0- 2 8 60 15 1.0 10
R3 +-+0+- 8 2 60 3.0 2.0 10
R4 0----- 4 2 20 15 0.5 10
R5 O+++++ 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 15 2.0 20
R13 --0-++ 2 2 40 15 2.0 40

3.4.3 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 reduce the sliding wear, the simulations with plain surfaces under
corresponding operational conditions listed in Table 3.8 are performed as references.

The stability of the sliding process includes two aspects: the bulk flow steady state and the
sliding wear stability. Correspondingly, 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 bulk material, it is considered that the particle flow reaches a
steady state when the ratio of the averaged particle velocity at the sample moving direction (y-
direction) to the sample velocity approaches a steady value. It should be noted that only the
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particles in the central moving bins (see Figure 3.9) with the original particle bed height are
considered for this criterion. The relative velocity n is defined as
v,
n =—x100% (3.7
Y

s

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

Relative wear gradient ¢r is used to evaluate the stability of the sliding wear process, which
is denoted by Equation (3.8),

4

PR :W (3.8)

where ¢r is relative wear gradient, ¢ (mm3/mm) is wear gradient, and max(¢) (mm?) is the
maximum value of wear rate among all simulations.
The wear gradient ¢ is denoted by Equation (3.9)

Wv,s 7WV,S—AS
o= (3.9)
where As (mm) is displacement increment of the sample, and Wy,s — Wys-as (mm®) 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 pointed in Section 3.5.

The relative wear vy is defined by Equation (3.10),

W,

T T—T— 10

v, flat

where v, Wy convex (MM3) and Wy siae (MmM?) indicate the relative wear, wear volumes of the
convex sample and corresponding plain surface, respectively. max{Wy.convex, W flat} represents
the maximum value in each group.

The wear rate wy is denoted by Equation (3.11),

w = VL = —WV
'_m_v><t><l><p (3.11)
where wr (mm®/(kg/s)), Wy (mm?3), m (kg/s), v (m/s), t (mm), | (mm), and p (g/mm?q) represent
wear rate, wear volume, mass flow rate, sample velocity, particle bed thickness, width of the
particle bed, and bulk density, respectively.

3.5 Results

3.5.1 Steady state evaluation

Figure 3.10 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
Figure 3.11.

The continuous flow regime of Group A as shown in Figure 3.10 has a relatively wide range
of ratios from 15 % to 70 %. It can be divided into three subgroups because the simulations in
those subgroups have common factors. For Group Al, the common factors are the horizontal
distance (20 mm) and the particle bed thickness (40 mm). Group A2 has the same horizontal
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distance (60 mm) and the particle bed thickness (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 %, which means the particles move with the sample at a close velocity, and this result is
consistent with the flow regime shown in Figure 3.11 (b).

For all simulations, the relative velocities increase rapidly at the first 200 mm and
experience a transitional state from 200 mm to 800 mm. Finally, all simulations reach a steady
state from 800 mm to 1700 mm with fluctuations less than 7 %. The fluctuations occur because
the particle bed height is always changing with the movement of the sample, so the averaged
particle velocity changes.
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Figure 3.10 Relative velocity of particles
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Figure 3.11 Bulk flow regimes (1: bottom view (x-y direction), 2: side view (y-z direction)),
(a) Continuous flow regime of Group A, (b) Discontinuous flow regime of Group B

Figure 3.12 shows the relative wear gradient of all simulations. It can be seen that the
continuous flow regime of Group A (including Group Al, A2, and A3) has significant high
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,
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and all simulations have fluctuation of less than 0.002. The possible reason is that the
discontinuous flow regime of Group B causes the particles to accumulate on and in front of the
sample, so the accumulated particles influence the contact force between particles and the
sample, therefore increasing sliding wear.

For all simulations, the relative wear gradient decreases rapidly at the first 200 mm and goes
into a transitional state until 2000 mm. 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 results are closely related to the flow regimes; so, the
analysis of results is performed at the steady state separately, based on the two flow regimes.
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Figure 3.12 Relative wear gradient

3.5.2 Sliding wear

Figure 3.13 shows the relative wear rate of the two flow regimes indicated 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 Figure 3.13 (a). The sample of the R12 is almost fully covered by the
convexes based on Table 3.8, which indicates wrong combinations of the factors could increase
the sliding wear. The rest designs show that the bases of the samples have higher proportions
of the sliding wear compared with the convexes. R5 has the lowest relative wear rate and
reduces the sliding wear by 66 % compared to the corresponding plain surface. Similarly, Figure
3.13 (b) indicates R2 has the lowest relative wear and reduces the sliding wear by 17 %
compared with the corresponding plain 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.
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Figure 3.13 Relative wear rate of convex pattern and plain surfaces, (a) continuous flow regime of
Group A, (b) discontinuous flow regime of Group B

Figure 3.14 and Figure 3.15 illustrate the sliding wear distributions of the convex pattern
and plain surfaces. Figure 3.14 demonstrates the wear distributions of the samples of R5 and
the corresponding plain surface. For the base of the R5 in Figure 3.14 (a), the majority of the
sliding wear appears at the front two rows of the convexes and the two sides of the sample as
the first two rows alter the flow behaviour of particles. The wear path on the base indicates the
guiding effect of the convex pattern. For the convex pattern, as shown in Figure 3.14 (a), the
majority of wear appears at the front half part because contact between particles and the convex
mainly takes place at this area. Figure 3.14 (b) shows the wear distribution of the corresponding
plain surface. It is obvious that the sliding path is formed along the sample moving 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 of
particle accumulation.

Figure 3.15 indicates the front and the side of the convex pattern and plain sample encounter
the most severe wear because of particle accumulation at the front and wall effect at the side. It
should be noted that the corresponding plain surfaces of the R2 and R5 have different flow
regimes which influence the wear distribution.
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Figure 3.14 Wear distribution of R5 and the corresponding plain surface (continuous
flow regime), (a) Convex surface of R5, (b) Plain surface
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Figure 3.15 Wear distribution of R2 and the corresponding plain surface (discontinuous
flow regime), (a) Convex surface of R2, (b) Plain surface

Figure 3.16 compares the normal force of the samples and the error bars represent the
standard deviation. For both the two flow regimes, the normal forces of the convex pattern
samples are higher than that of the plain surfaces. Although the normal force of the convex
pattern surfaces is higher than that of the plain surfaces, the relative wear rate is lower except
run 12 shown in Figure 3.13. Considering 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.
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Figure 3.16 Normal force of samples

3.5.3 Bulk property analysis

3.5.3.1 Bulk flow regimes
The two bulk flow regimes mentioned before are indicated in Figure 3.17 and Figure 3.18. It
should be noted that the colored particles represent the magnitude of angular velocity.

For the continuous flow regime of R5 as shown in Figure 3.17 (a), the side view indicates
the particles accumulation 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. The cross-
section view demonstrates that the accumulated particles flow to the side and are then deposited
in the shape. The same flow regime happens to the corresponding plain surface, and the particle
bed profile is barely influenced by the plain surface, as shown in Figure 3.17 (b). Compared to
the bottom view of the plain surface, R5 activates more particles with high angular velocity,
which verifies that the convex pattern surface can facilitate the rolling of particles.
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Figure 3.17 Continuous flow regime with (1: side view clipped from the middle, 2: bottom view, 3:
cross-section view) (a) convex surface of R5, (b) plain surface

Figure 3.18 shows the discontinuous flow regime of R2 and the corresponding plain surface.
For R2 in Figure 3.18 (a), the accumulation of particles appears in front of the sample, as shown
from the side view. The bottom view indicates 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 depicts that the particle bed with the side part
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covered with particles is formed. The corresponding plain surface shows the similar particle
bed profile, as shown in Figure 3.18 (b). The main reason lies in the effect of the combination
between the particle bed thickness and the sample velocity.
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Figure 3.18 Discontinuous flow regime (1: side view clipped from the middle, 2: bottom view, 3:
cross-section view) (a) convex surface of R2, (b) plain surface

3.5.3.2 Particle velocity profile

Particle velocity profiles of R5 and R2 are used to investigate the influence of the sample on
the movement 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 illustrated in Figure 3.9.

Figure 3.19 shows the particle velocity profile of the R5 and the corresponding plain surface.
For the averaged particle velocity as shown in Figure 3.19 (a), R5 has higher velocity than the
plain surface both in the central and side moving bins. 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 others. The
side moving bins indicate the opposite trend that the averaged velocity lower than 0.1 m/s at
the first 8 layers increases slowly, and the velocity reaches less than 0.25 m/s for the rest of the
layers. For the plain 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 plain 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, Figure 3.19 (a) indicates the majority of
particles moves much slower than the sample and therefore stays behind the sample.

The ratio of the averaged particle velocity in x-direction to that of in y-direction reflects the
trend of particles to move sideways. For the central moving bins of R5 as shown in Figure 3.19
(b), the velocity ratio is close to 0, which means the tendency of particles to move sideways is
negligible. 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 particles at the side bins have a strong
tendency to move to the sides of the particle bed. The reason is that the accumulated particles
over the sample are forced to move sideways, and the particles at the bottom layer close to the
sides of the sample are pushed sideways. The plain surface has a similar tendency with R5 both
in the central and side bins. For the R5 and the plain surface, all ratios are less than 0.7, which
means the particles are more likely to move in the sample moving direction, 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 Figure 3.19 (c). For the central moving bins of R5,
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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 declines 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 influence of the sample on the accumulated particles
decreases, so the ratio drops from the layer eight to the top layer. The corresponding plain
surface shows the similar trends both at the central and side moving bins.
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Figure 3.19 Particle velocity profile of R5 and the corresponding plain surface (CB—central
moving bins; SB—side moving bins; R5—run 5; P5—plain surface of R5), (a) average velocity
in y-direction, (b) ratio of vx to vy, (c) ratio of v, to vy

Figure 3.20 shows a similar particle velocity profile of R2 and the corresponding plain
surface. For the averaged velocity in y-direction as shown in Figure 3.20 (a), the central moving
bins indicate high velocity close to 1 m/s. 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 accumulated particles with high velocity.

Figure 3.20 (b) shows the tendency of particles to move 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 plain surface
increases from 0.14 in layer 1 to 0.3 in the layer 4 and slightly decreases to 0.27. This shows
that the particles in the side moving bins have the tendency to move 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
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in the top layer with a relatively high fluctuation. Although the particles tend to move sideways,
the tendency is lower than that of the plain surface.

Figure 3.20 (c) shows the tendency of particles to move across layers. For the central moving
bins of the R2, the ratio is close to zero, which is because 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 accumulated particles at the central moving bins are forced to move sideways and
downward to side moving bins. The corresponding plain surface shows the similar trend both
at the central and side moving bins.
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Figure 3.20 Particle velocity profile of R2 and the corresponding plain surface (CB—central
moving bins; SB—side moving bins; R2—run 2; F2—plain surface of R2), (a) average velocity in
y-direction, (b) ratio of vy to vy, (c) ratio of v, to vy

3.5.3.3 Particle angular velocity profile

The particle angular velocity profile shows the magnitude of the averaged angular velocity and
reflects the rolling effect of the convex pattern, as the rolling instead of sliding of particles is
the main mechanism to reduce the sliding wear.

Figure 3.21 shows the similar trend of particle angular velocity of R5 and the corresponding
plain surface. The angular velocity decreases from bottom layer to top layer and the particles at
the central moving bins have higher angular velocities than those of at the side moving bins.
The side moving bins for both the R5 and the plain surface have the angular velocity of lower
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than 120 deg/s. For the central moving bins, the top layer of the R5 has the highest value of
higher than 320 deg/s which is more than two times higher than that of the plain surface. The
angular velocity drops significantly to the second layer, which means the convex pattern surface
can induce the rolling and reduce the sliding of particles contacting with the convex pattern.

R2 and the corresponding plain surface show the similar trend of the angular velocity for
both the central and side moving bins. This indicates the convex pattern surface can hardly
influence the motion of the particles at the discontinuous flow regime, and the flow regime
dominates the motion of particles.
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Figure 3.21 Angular velocity profile of R5 and Figure 3.22 Angular velocity profile of R2 and

the corresponding plain surface (CB—central the corresponding plain surface (CB—central
moving bins; SB—side moving bins; R5—run 5;  moving bins; SB—side moving bins; R2—run 2;
P5—plain surface of R5) P2—mplain surface of R2)

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 to the rolling of particles at the continuous flow regime. The discontinuous flow
regime reduces the relative motion between particles and the sample and therefore leads to
severe particle accumulation. Compared with the plain surface, the convex pattern has slight
influence on the rolling of particles at the discontinuous flow regime.

3.5.4 DSD analysis

To quantify the effect of the factors, a regression equation is fitted based on the normalized
wear results obtained by dividing the highest value of the wear volumes. Table 3.9 lists the
fitted model and the corresponding R2. The fitted model is non-hierarchical because it does not
contain all of the lower order terms (factor b and d) for each term (interaction bxd) in the model,
so this model is fitted in coded unit logarithm In(y). The model indicates that three main factors
and one two-level interaction have significant influence on the sliding wear volume. The R2
value of more than 95 % indicates the goodness of the fit to the data points.

Table 3.9 Regression equation of fitted model

. . . . R2 R2
Response Reqgression equation in coded units R2 .
P g q (adj) (pred)

y =-1.859+0.449a + 0.650v +
In(y) 95 % 92 % 86 %
1.425t -0.629b x d
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A significance level of 0.05 (o) is chosen in this design to assess the terms. As listed in
Table 3.10, the p-values of the coefficients of the constant, a, v, t, and the interaction bxd are
lower than 0.05, which means a statistically significant association between the sliding wear
volume and the terms of the 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
distance show a comparable influence on the sliding wear.

Table 3.10 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
bxd -0.633 0.013

A residual plot as shown in Figure 3.23 is used to determine whether the fitted model is
adequate and meets the assumptions of the analysis. The normal probability plot of residuals,
as shown in Figure 3.23 (a) displays the relation between residuals and the expected values
when the distribution is normal and verifies that the residuals are normally distributed as the
plot of the residuals approximately follow a straight line. Figure 3.23 (b) demonstrates the
relation between residuals and fitted values of response (normalized wear volume), which is
used to verify the assumption that the residuals are randomly distributed with a relatively
constant variance. It can be seen that the points fall randomly on both sides of 0 with no
recognizable patterns in the points. Based on the analysis of the residual plots, it can be
concluded that the regression model meets the assumption as listed in Table 3.9.
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Figure 3.23 Residual plot (a) normal probability plot, (b) fitted value vs residuals

A contour plot (Figure 3.24) 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 Figure 3.24 (a), it
can be seen that the major radius has a small effect on the sliding wear volume compared with
the particle bed thickness. Figure 3.24 (b) shows that the influence of the major radius and the



56 Wear Behaviour of A Convex Pattern Surface for Bulk Handling Equipment

sample velocity is similar which is consistent with the analysis of model coefficients. Figure
3.24 (c) reveals that 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 Figure 3.24
(d). The curvature expresses the influence of one factor depends on another. As shown in Figure
3.24 (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.
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Figure 3.24 Normalized response contour plot (a) major radius and particle bed thickness, (b) major
radius and sample velocity, (c) sample velocity and particle bed thickness, (d) minor radius and
horizontal distance

3.6 Conclusions
This chapter addresses the question:

What is the effect of the parameters of the convex configuration on wear reduction
performance of the convex pattern surface?

This chapter entails detailed investigations of bulk flow regimes and sliding wear
mechanisms of the convex pattern surface. The aim of this work is to optimize a convex pattern
surface to reduce the sliding wear caused by non-cohesive free flowing bulk material.
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Two flow regimes are formed, namely, the continuous and discontinuous flow regime, and
the mechanisms of the sliding wear reduction for the two flow regimes differ. For the
continuous flow regime, the convex pattern surface can significantly facilitate the rolling of
particles to reduce the sliding between particles and the sample. The discontinuous flow regime
can reduce the relative sliding velocity and therefore decline the sliding distance. The
continuous flow regime is preferred, as this flow regime induces less particle accumulation and
more apparent rolling effect of particles.

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.

R5 and R2 are the optimal design for the continuous and discontinuous 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
material with dso of 2.65 mm, and it is suitable for bulk material with similar bulk properties.
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4 The influence of particle size on sliding wear of a
convex pattern surface*

Chapter 3 obtains an optimal convex pattern sample and the results indicate that the sample
reduces the siding wear significantly by 66 % compared to a plain sample. However, as the bulk
handling equipment deals with multiple materials with various particle size distributions, it is
crucial to comprehend the effect of particle size on the sliding wear of the convex pattern
sample. This chapter investigates the effect of particle size on sliding wear of the optimal
sample by implementing a coarse graining technique. Section 4.2 demonstrates the particle
upscaling theory for contact model and wear model. Section 4.3 verifies the scale invariance of
the contact model and wear model through packing and pin-on-disc test, separately. Section 4.4
develops a numerical model and proposes analysis procedures. Section 4.5 compares the
numerical results and builds the correlation between the particle size and wear volume of
samples. Section 4.6 concludes the main findings.

*This chapter is based on Yan, Y., Helmons, R. L. J., & Schott, D. L. (2022). The Influence of Particle Size on
Sliding Wear of a Convex Pattern Surface. Minerals, 12(2), [139]. https://doi.org/10.3390/min12020139.
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4.1 Introduction

The handling of bulk solids plays an important role in a variety of industries, such as the mining,
agricultural, chemical, and pharmacological industries [155]. For the mining industry, the
process of transferring bulk solids leads to surface wear of shovel bucket [156]. The vertical
stirred mills are applied widely in mineral industries and the liner wear plays a significant role
in the maintenance and operational costs [119]. Severe wear has been found in several locations
on bulk handling equipment, for example, silo walls and bottom sections of the transfer chute
[7]. For transfer chute, studies show that approximately 82 % of the energy losses are attributed
to the bulk material sliding along the bottom of the chute, and 9 % of the losses are due to
sliding against the side walls [6]. To reduce the wear caused by the interaction between bulk
material (e.g. soil and iron ore) and equipment surface (e.g. shovel bucket and transfer chute),
scientists have proposed biological wear-resistant surfaces inspired by the contacts between
biological surfaces and the corresponding living environments. Inspired by the bionic design
method, a convex pattern surface is introduced [157] and optimized [158] to reduce the sliding
wear of the surfaces of bulk solids handing equipment by using a discrete element method
(DEM). Many works [91,117,118,143,159-163] have been completed on the investigation of
sliding wear caused by bulk material based on the DEM method while studies seldom focus on
the influence of particle size on sliding wear. Although the previous studies have shown that
the convex pattern surface can significantly reduce sliding wear compared with the plain
surface, the effect of particle size is still unknown. The effect of particle size is crucial as the
bulk handling equipment transfers various materials with different particle sizes. To bridge this
gap, the study aims at the effect of particle size on sliding wear of the bionic surface.

Based on the previous study [158], to investigate the influence of particle size on the sliding
wear of the convex pattern surface, a particle scaling technique is applied. Various scaling
techniques can be used for DEM, such as exact scaling [164,165], scalping [166], coarse
graining [167], hybrid particle-geometric approach [168], and multi-level coarse graining [169].

The exact scaling aims at setting a numerical model that can reproduce the physical
phenomena exactly. Three similarity principles, namely geometric, mechanical and dynamic,
must be satisfied to meet exact scaling [165]. The system parameters, for instance the
acceleration of gravity, can be determined by the basic quantities, for instance length L, density
p, and time T. As the domain and the particle size scale up together, so the upscaled system has
the same number of particles and the same computational costs. For example, the particles and
equipment are scaled to experimentally investigate excavating motion characteristic for grabs,
reclaimers, and bulldozers [170]. For the scalping technique, the real PSD is scalped at a
specific particle diameter, and only the larger particle size fractions are considered in the
simulation [171]. For example, the finer fractions of the particles are omitted by replacing them
with larger particles.

Another approach is called coarse graining or non-exact scaling [171] and the objective of
coarse graining is to reduce computational time by replacing physical particles with
representative parcels [167], so upscaled particles can be treated as pseudo-particles [165] or
“meso” particles [172]. The key limitation of the particle upscaling factor is the precise
representation of a process and therefore difficult to determine in general [171]. For example,
the coarse graining technique was used to demonstrate the effect of particle upscaling on
material equipment interactions for tool penetration and sliding regimes, and scaling factors 3
and 5 are determined for Hertz-Mindlin with rolling model C and with restricted particle rolling
[173]. Another example indicates that an angle of repose test using a lifting cylinder discovers
that the repose angle is invariant with respect to the dimensions of the lifting cylinder and the
particle size [171]. A confined compression and unconfined loading process revealed that the
contact stiffness for loading and unloading scales linearly with particle size and the adhesive
force scales very well with the square of the particle size [174]. In addition, coarse graining can
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also be applied to investigate silo flow [175], granular mixing [176], and the powder die-filling
system [177].

The hybrid particle-geometric scaling approach was proposed to scale DEM simulations by
isolating the effects of varying particle size and geometric dimensions on bulk properties [168].
This approach successfully extends the coarse graining technique to incorporate elastoplastic
behaviour and cohesive forces [168]. Multi-level coarse graining allows the couple of multiple
coarse grain levels to overcome the errors caused by the upscaling procedure of the
conventional DEM coarse grain model [169] but is difficult to implement.

Although the scaling approach is widely applied to the granular systems mentioned above,
the application of the approach on sliding wear caused by bulk material with different sizes is
still unstudied. The coarse graining technique is chosen in this research as it is suitable for
noncohesive and free-flowing material. The aim of this research is to investigate the influence
of particle size on the sliding wear of the convex pattern surface based on the coarse graining
approach. The structure of the article is outlined below. In Section 4.3, the effect of particle size
on the contact behaviour among particles and wear behaviour for single particle-surface
interactions is investigated through the coarse graining technique. Section 4.4 builds a
simulation setup to conduct the sliding wear and clarifies the methods used to analyse the
simulation results. The comparisons of the simulation results between the convex pattern
surface and a plain surface are elaborated from three aspects in Section 4.5. Section 4.6 draws
four main conclusions.

4.2 Particle upscaling theory

4.2.1 Contact model

In the coarse graining method, the original particles with radius R are replaced by larger
particles with radius R". To guarantee the identical physical behaviour, the coarse-scaled system
should keep the consistent energy density and energy density evolution with the original system.
Therefore, the gravitational acceleration g, particle density p, and velocity v should be kept
constant to retain the energy conservative. The motion of each particle follows Newton’s
equations and the normal and tangential forces of spring-damping model in EDEM [137] can
be denoted as Equations (4.1) and (4.2):

I:n :kné‘;/2 —7n 5” (41)

Ft :kté‘t _7/t5t (4.2)

where Knt, vnt, and ontare stiffness coefficients, damping coefficients, and overlap, respectively,
and the subscripts n and t denote normal and tangential direction, respectively.

Applying the Hertzian and non-linear damping [169,178] theories, the stiffness and
damping coefficients are formulated as in Equation (4.3):
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where E*, G*, R", and m" are the equivalent Young’s modulus, shear modulus, particle radius,
and mass, respectively. e is the coefficient of restitution which is defined as the ratio of the
relative particle velocity before and after the collision. Furthermore, a rolling model A, which
depends on the relative rotational velocity of two particles, is applied to the motion of particles
[146].

Assuming two particles with radii Ri, R;j contacting each other, the equivalent radius R” can
be identified at Equation (4.4):

R*_ RiRj _aRi 44
"R+R  l+a (4.4)

i i

where a = Rj/Ri. Similarly, the equivalent mass is shown in Equation (4.5):

m* . mimj _ 47rRi3063 4 5
m, +m, p3(1+a3) (45)

To substitute Equation (4.1) with the dimensionless mass m* = m*/pR3, overlap &}, =
8,/R;, velocity 8, = 8,,/v,, and acceleration &/, = §,R; /v with the reference velocity v, =
JE*/p, the Equation (4.1) can be denoted as Equation (4.6):

m*’gl — I(né‘n _ 7n5n

" RE Rf—\//? (4.6)

Therefore, the scaling is based on dimensionless normal overlap for the translational motion
of a particle [167] and the dimensional analysis of Equations (4.1) and (4.2) yield the invariant
parameters shown in Equation (4.7):
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where 1 is related to geometric similarity and indicates that the particle needs to be scaled with
the constant ratio and mz and n3 require that the knw/Ri and yy /R? be constant, since the
velocity and density are scale-invariant.
For the stiffness coefficients in Equation (4.3), it is observed that the stiffness is scaled with
the scaling factor s, as s = Rca/Ro. Rcc and R, are the coarse grained and original particle radii.
The damping coefficient is scaled with s as the m” and kn are scaled with s® and s, respectively.
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Therefore, the Hertz-Mindlin model is termed scale-invariant. Moreover, as the coarse grain
has the same rotational energy as the original particles [26], the rolling model remains
unchanged.

4.2.2 Archard wear model

Archard wear model [148] is applied to calculate the wear volume caused by the sliding of
particles. This wear model has been used widely for bulk handling process, such as the
prediction of the wear of mill lifters [179] and local failure prediction of abrasive wear on tipper
bodies [150]. Equation (4.8) shows the generalized equation to calculate sliding wear volume:

Fn
H

S

W, =k

I (4.8)

where Wy (mm?®), Hs (N/mm?), k, Fn (N), Is (mm) indicate the wear volume, hardness of the
surface, dimensionless wear coefficient, normal force applied to an equipment surface, and the
sliding distance, respectively. Obviously, particle size has no influence on the sliding wear
model, so the Archard wear model is scale-invariant to particle size.

4.3 Verification of model scale invariance

4.3.1 Packing
In order to guarantee similar contact behaviour between particles, the microstructure (e.g.,
particle density and coordination number) and macrostructure (e.g., bulk density and porosity)
should be invariant to particle size. The coordination number and porosity are used to
investigate the contact behaviour through a packing process [180]. In this process, the particle
size is scaled up corresponding to the scale factor, while the dimensions of the simulation
domain remain unchanged.

River gravel is used in this research and particle size distributions from scaling factor 1 to
8 are shown in Figure 4.1. For the parameters of the DEM model, please refer to the previous
work [158].
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Figure 4.1 Particle size distribution

A square container with the dimension of 300 mm shown in Figure 4.2 is filled with particles
to a height of 300 mm. To avoid the wall effect, periodic boundaries, where the particles moving
out from one side re-entered into the wall at another side, represented by the dashed line ware
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used. A bin group with the dimensions of 250 x 250 x 300 mm? is set in the container, and the
depth of each bin is four times of dso (particle diameter corresponding to 50 % of cumulative
mass). After being filled, the container is vibrated for 4 s in the y-direction following a formula
shown in Equation (4.9) and kept still for 5 s:

y = Asin(wt) (4.9)
where A = 0.1dsp and ® = 200 rad/s.

- -
- ~

Bin group g, N

1\ Bin 2 |-

Periodic boundary
Periodic boundary

Bin 1| [ :
Figure 4.2 Packing container

The coordination number and porosity are investigated under the loose and dense packing
states. Figure 4.3 shows the coordination number and the difference between the loose and
dense packing. As shown in Figure 4.3 (a), the bottom and second bins indicate the lowest and
highest coordination number because of the wall effect and the particle consolidation. The
coordination number decreases slowly from the third bin and significantly at the last two bins.
In order to eliminate the effect of the wall effect and bulk consolidation, the bottom and top
bins are excluded in the following analyses. It can be seen from Figure 4.3 (a) that before
vibration, the coordination number for all scaling factors is higher than 5 and lower than 5.6.
After the vibration, as shown in Figure 4.3 (b), the coordination number increases by 0.1 to 0.4.

For the porosity, if the center of a particle is located inside a bin, the whole volume of the
particle is included. Figure 4.4 depicts the opposite trend to the coordination number. Before
vibration, as shown in Figure 4.4 (a), the porosity is lower for lower scaling factors and
increases from the second bin to the top bin for each scaling factor. After the vibration indicated
from Figure 4.4 (b), the porosity decreases by less than 4 %. The coordination humber and
porosity imply that the vibration has an obvious influence on the contact among particles,
because vibration induced compressed and relaxed effects which are competing with each other
on the particles [181].

For both before and after vibration, the coordination number and porosity demonstrate a
more obvious fluctuation for a scaling factor higher than 4 compared with those of a scaling
factor lower than 4. The reason is that the dimensions of each bin only changes in the depth
direction, leading to the reduction of the particle numbers in each bin with the increase of the
scaling factor, and therefore, the number of particles in each bin affects the particle contact
behaviour.
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4.3.2 Pin-on-disc test

The pin-on-disc test, as shown in Figure 4.5, is used to investigate the influence of particle size
on sliding wear. A disc with a radius of 200 mm is meshed with 1 mm triangular elements using
ANSYS Workbench software package [182]. A particle body force (PBF) obtained by
implementing an EDEM API model [137] is applied to the particle to generate the normal force.
The particle is constrained with a cylindrical holder located above the disc with a distance of
80 mm from the center of the disc. To eliminate the influence of the gravitational force of the
particle, the masses of particles with different radii keep constant by adjusting the particle
density. A rotational velocity of 180 deg/s around the central axis is applied to the disc, and the
total sliding wear volume is calculated after one round.

Disc
Particle

Wear path

(b) (%)

[ |

Figure 4.5 Pin-on-disc test setup (a) top view, (b) side view.

Figure 4.6 compares the simulation and theoretical results under the normal force of 1 N
and the simulation result with scaling factor of 1 is taken as a reference. The result indicates
that the simulation results are comparable with the analytical result with a difference less than
0.6 %. It implies that the particle size has an ignorable effect on sliding wear, which is consistent
with a previous study [183].
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Figure 4.6 Comparison between the simulation results and Archard wear model
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4.4 Simulation setup and analysis procedures

4.4.1 Simulation setup

Figure 4.7 shows a particle bed clipped in the sample moving direction. The particle bed
contains bulk solids with 40 kg, and the dimensions of the bed are 2000 x 300 mm? (length and
width). The sample is located at the left central side of the particle bed and traverses in the y-
direction with a velocity of 2 m/s. To eliminate the wall effect, a periodic boundary condition
is applied to the width direction. A bin group, which is used to investigate the contact behaviour
among particles, is built at the particle bed.

2000 mm |
1800 mm

Figure 4.7 Original particle bed

Figure 4.8 illustrates the moving bins used to investigate the bulk flow behaviour. The bins,
which are ordered from bottom to the top of the particle bed with the same dimensions of the
sample, are attached to and move with the sample. The depth of the bin is related to scaling
factor, as listed in Table 4.1. The ratio of bin depth to scaling factor is set as 5 to guarantee the
layer of particles for different scaling factors constant. As the particle flow behaves differently,
the layers of bins for different scaling factors varied.

Moving bins

Figure 4.8 Moving bins

Table 4.1 Sizes and layers of the bins

Scaling Factor dso (Mmm) Bin Group Height (mm) Layers of Bins
1 2.65 60 12
2 5.3 60 6
3 7.95 60 4
4 10.6 80 4
5 13.25 75 3
6 15.9 90 3
7 18.55 105 3
8 21.2 80 2
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4.4.2 Analysis procedures
The analysis of the wear results is related to the steady state of the simulation setup. Therefore,
the stability of the simulation setup is first evaluated including two aspects, i.e., a stable state
and dynamic state. The stable state focuses on the bulk contact behaviour when the sample is
located at a specific position. The dynamic state is evaluated by two criteria, the relative
velocity of the bulk material and the relative wear rate of the sample.

For the relative velocity of bulk material, it should be noted that only the particles in the
moving bins (see Figure 4.8) with the original particle bed height are considered. The relative
velocity n is defined as Equation (4.10):

0= V\‘/’—y %100% (4.10)

S

where , Vo~ (mm/s), vs (mm/s) denote the relative velocity, the averaged particle velocity in
sample moving direction, and the velocity of the sample, respectively.
The wear rate ¢ is denoted by Equation (4.11):

_ Wv,s _Wv,s—As (4 11)
- As '
where @ (mm?), Al (mm), and Wys— Wy s.as (mm) are the wear rate, the displacement increment
of the sample, and the wear volume increment, respectively.
The relative wear rate @r is used to evaluate the stability of the sliding wear process, which

is denoted by Equation (4.12):

4
= 100%
7R max (@) x ° (4.12)

where ¢r is the relative wear rate and max(e) (mm?) is the maximum wear rate of all
simulations. For the convex pattern sample, Equations (4.11) and (4.12) can be used to calculate
the wear results of the base and convex pattern, respectively.

After the analysis of the stability of the simulation setup, the sliding wear result is
investigated. A relative wear vy is used to compare the wear result, as denoted by Equation
(4.13):

W,

;/:W—"xloo% (4.13)

v, flat,s=1

where v, wy (mm?3), Wy siats=1 are the relative wear, the wear volumes of the convex pattern
sample, and a plain surface, respectively.

4.5 Results

This part consists of the steady-state evaluation, the sliding wear and bulk flow behaviour
between the convex pattern and plain surfaces at a steady state.

45.1 Steady-state evaluation

4.5.1.1 Contact behaviour

The contact behaviour of the particles is consistent with the packing, including the coordination
number and porosity, and the particle bed with a plain surface is taken as a reference. Figure
4.9 indicates that the coordination number of the original particle bed is higher than 5 for the
scaling factor 1 to 5 and less than 5 for the rest. After the travel of the sample, the coordination
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number for all scaling factor is lower than that of the original particle bed. Porosity indicates
an opposite trend to the coordination number shown in Figure 4.10, which rises with the
increase of scaling factor. Combining both the coordination number and porosity, it implies that
the plain surface can influence the contact behaviour among particles by forcing the particle
bed to switch from a relative dense state to a loose state.
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4.5.1.2 Bulk flow and sliding wear behaviour

The bulk flow and sliding wear behaviour, including the relative velocity of the particles and
the relative wear rate, focuses on the moving process of the samples. The plain surface with the
original particle bed (scaling factor is 1) is taken as a reference. It should be noted that Figure
4.11 and Figure 4.12 only present four scaling factors (1, 3, 5, and 7) to improve the visibility.
As shown in Figure 4.11, the relative velocity, as indicated in Equation (4.10), increases rapidly
for the first 700 mm and reaches a steady state until 1700 mm. For the relative wear rate
(Equation (4.12)), as shown in Figure 4.12, a periodic fluctuation appears from 100 mm to 1700
mm, and this phenomenon is magnified with the increase of the scaling factor. Combining both
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Figure 4.11 and Figure 4.12, the state of the simulations is considered to be stable in the range
between 700 mm and 1700 mm.
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Figure 4.11 Relative velocity of the particles for the convex pattern surface
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Figure 4.12 Relative wear rate of the convex pattern surface

Figure 4.13 (a) indicates the average relative velocity of the particles. For the particle bed
with a plain surface, the relative velocity ranges between 10 % and 15 % of the sample velocity
with deviation of +1.5 %, which means the particle size has a minor effect on bulk flow
behaviour. For the convex pattern surface, the relative velocity is higher than that of the plain
surface, increasing from 30 % to 45 % from scaling factor 1 to 5 and decreasing to 40 % from
5 to 8, and the standard deviation increases with the increase of the scaling factor from £0.4 %
to +3.2 %.

Figure 4.13 (b) compares the relative wear rate between the convex pattern and plain
surfaces. For the plain surface, the relative wear rate has a similar trend to the relative velocity
and the standard deviation increased with the increase of the scaling factor. For the surface of
the convex pattern, both the relative wear rate and standard deviation increase with the scaling
factor, and the deviation is below than £5.5 % for all scaling factors.
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Figure 4.13 Comparison of the relative velocity and wear rate
(@) relative velocity, (b) relative wear rate

4.5.2 Sliding wear volume

The sliding wear volume is related to the wear volume of a plain surface caused by the original
particles. Figure 4.14 shows the relative wear results, and the corresponding fitted models are
listed in Equations (4.14) — (4.17). For the plain surface, the particle size hardly affects the
sliding wear, as indicated by Equation (4.14). For the convex pattern surface, the total wear has
a linear correlation to the particle size, as indicated by Equation (4.15). It can be seen that the
convex pattern surface reduces wear compared to the plain surface when the scaling factor is
lower than 4. This indicates that the effectiveness of convex pattern surface on wear reduction
is related to the particle size.

To analyze the wear distribution, the convex pattern surface is separated into two parts: the
base and the convex pattern. As shown in Figure 4.14, the base of the sample, as denoted by
Equation (4.16), has a similar trend to the plain surface and the wear is much lower than that of
the plain surface. The convex pattern, denoted by Equation (4.17), contains the majority of the
sliding wear and linearly relates to the particle size. This means that the base is protected by
transferring the sliding wear into the convex pattern.
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Figure 4.14 Relative wear in relation with scaling factor
(CS: convex pattern surface, FS: plain surface, BC: base of CS, CC: convex part of CS)
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Yes =1.01—-0.002x, R* = 0.96 (4.14)
Yes =—0.08+0.26x,R? = 0.98 (4.15)
Yee =0.12+0.003x,R* =0.72 (4.16)
Yrs =1.01-0.002x, R? = 0.96 (4.17)

Figure 4.15 compares the wear distributions between the plain and convex pattern surfaces
for scaling factors 1 and 5. For scaling factor of 1, the wear distribution shown in Figure 4.15
(@) clearly demonstrates that the scratches caused by the sliding of the particles are formed on
the plain surface. For the convex pattern surface shown in Figure 4.15 (b), the majority of wear
appears at the front part. Wear paths among the convex pattern from front to the back part can
be visualized obviously, which indicates that the convex pattern can guide the particles to flow
along specific paths. For detailed analysis of the wear distribution, please see the previous study
[7].

For a scaling factor of 5, the front part of the plain surface shown in Figure 4.16 (a) displays
a larger area with less wear distributed compared to Figure 4.15 (a). For the convex pattern
surface, the guiding effect of the convex pattern disappears and the sliding wear is distributed
on the whole sample. These phenomena are elaborated based on the particle velocity and
angular velocity profiles in Section 5.3.
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Figure 4.15 Wear distribution of samples for a scaling factor of 1
(a) plain surface, (b) convex pattern surface
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Figure 4.16 Wear distribution of samples for a scaling factor of 5
(a) plain surface, (b) convex pattern surface

To study the relation between the particle size and the dimensions of the convex, four ratios,
which are the projected area, surface area, volume, and equivalent radius, are investigated. For
convex, the projected area is defined as the area of a convex projected vertically. The equivalent
radius is obtained when taking the convex as a half-sphere. It should be noted that these
parameters of particles are based on the values of Rso (particle radius corresponding to 50 % of
cumulative mass). The four ratios are denoted in Equations (4.18) — (4.21):

e =R, /3[abh/2 (4.18)

o = RZ /(@) (4.19)
ag, =6R? /(ab+ah+bh) (4.20)
a, =2R’ /(abh) (4.21)

where Ry, a, b, and h are the radius of particle, major radius, minor radius, and height of the
convex pattern, respectively. oer, opa, 0sa, and av are the ratios of the equivalent radius,
projected area, surface area, and volume of particle to that of the convex pattern, respectively.

Figure 4.17 demonstrates that a scaling factor of 4 is a critical value where the wear results
for the plain and convex pattern surfaces are comparable. It can be seen that asa and av have
no direct relationship with the sliding wear. oer and apa present an obvious correlation with the
wear result, which shows that the convex pattern surface can reduce the sliding wear when the
ratios are less than 1 and increase the sliding wear when they are higher than 1. Taking the
linear relationship between the relative wear and the scaling factor shown in Figure 4.14 into
account, it can be seen that the oer determines the effect of the convex pattern surface on the
sliding wear reduction. When agr is lower than 1, the convex pattern promotes the rolling effect
on particles. Otherwise, the particles travel over the convex pattern, becoming the resistance of
the movement of particles.
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Figure 4.17 Ratios of values between dso related to convex pattern related (PA: projected area, SA:
surface area, Vol: volume, ER: equivalent radius)

4.5.3 Bulk flow behaviour

The velocity and angular velocity of the particles are used to indicate the effect of the convex
pattern on bulk flow behaviour. It should be noted that the bulk flow behaviour only focuses on
the particles in the moving bins shown in Figure 4.8.

4.5.3.1 Velocity behaviour

The velocity profile is displayed by spider charts where the values outside the charts and in the
radius direction are the particle bed height and velocity or angular velocity of particles. As the
particle size varies, the layer depth listed in Table 4.1, differs for different scaling factors.

The particle velocity in the y-direction indicates the tendency of particles to move with the
sample. For a plain surface, as shown in Figure 4.18 (a), the particle velocity for all scaling
factors is less than 0.35 m/s and much lower than the sample velocity 2 m/s. This means that
the particle size has a minor influence on the particle velocity in the y-direction. Moreover, the
particle velocity decreases with the increase in the height of the particle bed as the effect of the
sample weakens.

For the convex pattern surface shown in Figure 4.18 (b), the velocity in the bottom bin is
higher than 0.9 m/s for all scaling factors. This indicates that the particles at the bottom of the
particle bed tend to move with the sample to reduce the sliding distance. This tendency is more
obvious for low scaling factors because smaller particles are easier to be guided by the convex
pattern. In addition, the effect drops abruptly with the increase of particle bed height.
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Figure 4.18 Particle velocity in the y-direction (a) plain surface, (b) convex pattern surface

The velocity of the particles in the Z direction indicates the tendency of the particles to move
across layers. For the plain surface shown in Figure 4.19 (a), the velocity of the particles is
much lower than that of the surface of the convex pattern shown in Figure 4.19 (b). This means
that the plain surface has a weak effect on the movement of particles across bins. For the convex
pattern surface, Figure 4.19 (b) demonstrates that the particle velocity increases to a maximum
value from the bottom layer and decreases to the top layer for all scaling factors. The velocity
at the bottom layer rises with the increase of the scaling factor. This indicates that the larger
particles could travel over the convex pattern, while the smaller particles moved around the
convex pattern.
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Figure 4.19 Particle velocity in Z direction (a) plain surface, (b) convex pattern surface

The particle velocity in the X direction showed a tendency of the particles to move sideways.
For both the plain and convex pattern surfaces, as shown in Figure 4.20, the particles have no
obvious tendency to move sideways for all scaling factors. For each scaling factor, the particles
have comparable velocity at all layers, so the effect of the samples on the movement of particles
in the X direction can be ignored.
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Figure 4.20 Particle velocity in the X direction (a) plain surface, (b) convex pattern surface

4.5.3.2 Angular velocity behaviour

As the bottom layer reflects the rolling and guiding effect of the convex pattern, the angular
velocity focuses on the bottom layer of particles with a bin group shown in Figure 4.21. The
depth and width of each bin are related to the scaling factor indicated in Figure 4.8.
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Figure 4.21 Bin groups for the angular velocity

For the plain sample, Figure 4.22 (a) demonstrates that the angular velocity of the particles
decreases significantly with the increase of the scaling factor. For each scaling factor, the
angular velocity displays two increase-drop periods. First, the angular velocity has a high value
at the first bin and drops to a low value at the second. Second, the angular velocity ascends from
the second bin to the maximum value and gradually descends to the lowest value until the last
bin. The reason relies on that the initial contact between the particles and the sample facilities
the rotation of particles. As high angular velocity tends to generate less sliding wear, this
phenomenon can explain the lower wear distribution in the front part of the plain sample.

For the convex pattern surface shown in Figure 4.22 (b), the angular velocity is much higher
than that of the corresponding plain surface and decreases with the increase of scaling factor.
This indicates that the rolling effect of the convex pattern weakens with the increase of particle
size. Furthermore, the particles at the front part of the sample have a higher angular velocity
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compared with those at the back part for all scaling factors, leading to the decreasing rolling
effect.
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Figure 4.22 Angular velocity (a) plain surface, (b) convex pattern surface

4.6 Conclusions

This chapter addresses the question:

To what extent can the convex pattern sample reduce wear for different particle size
distributions?

This chapter investigates the effect of the particle size on the sliding wear of a convex pattern
surface. On the basis of the coarse graining technique, the relationship between the dimensions
of the convex pattern and the particle size is clarified and the effect of the convex pattern on
the flow behaviour of particles is elaborated.

The simulation system reaches a steady state from 700 mm to 1700 mm. For a plain surface,
the particle relative velocity and relative wear rate of the sample are comparable and the
corresponding deviations are less than +0.65 % and +0.33 %, respectively. For the convex
pattern surface, the particle size affects the bulk flow behaviour and relative wear, while the
corresponding deviations are less than +1.2 % and 5.5 %, respectively.

The particle size has no effect on the sliding wear of the plain surface, while it has a linear
correlation with for the convex pattern surface. The majority of the sliding wear of the convex
pattern surface occurs on the convex part, and the base of the sample is protected by transferring
the sliding wear to the convex.

The convex pattern surface enables to reduce the sliding wear compared with the plain
surface when the scaling factor is lower than 4. The ratio (oer) of the equivalent radius of the
convex to the particle radius determines the effect of the convex pattern surface. When ogr is
lower than 1, the convex pattern can reduce the sliding wear by altering the flow behaviour of
particles. When ogr is higher than 1, particles can traverse across the convex pattern, leading to
the resistance of the particles.

The investigated convex pattern surfaces can, in some cases, significantly accelerate the
flowing and rolling of particles compared with the plain surface. It should be noted that only
the flow behaviour cannot fully reflect the effect of the convex pattern on the sliding wear.

In conclusion, when the relationship between particle size and the dimensions of the convex
pattern is carefully considered, the convex pattern surface can reduce the sliding wear
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significantly. Future research including sliding wear experiments on a circular wear tester to
verify the simulation results will be conducted.



5> Pin-on-disc modelling with mesh deformation
using DEM*

Chapter 3 obtains an optimal convex pattern sample for the sliding wear reduction and chapter
4 reveals a relation between particle size and wear volume of the sample. However, the study
is performed without the consideration of surface deformation. To study the surface
deformation, as a benchmark, this chapter models a long-term pin-on-disc test with a short-term
numerical model by combining a deformable geometry technique with a discrete element
method. This chapter consists of five main sections. Section 5.2 elaborates a geometrical
deformation technique integrated with Archard wear model. Section 5.3 clarifies the pin-on-
disc test procedures and corresponding results. Section 5.4 obtains a wear coefficient by a
scaling technique. Section 5.5 verifies the simulation results by comparing the test results.
Section 5.6 draws main conclusions.

*This chapter is based on Yan, Y., Helmons, R. L. J., & Schott, D. L. (2022). Pin-on-Disc Modelling with Mesh
Deformation Using Discrete Element Method. Materials, 15(5), [1813]. https://doi.org/10.3390/ma15051813.
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5.1 Introduction

Bulk solids handling plays a significant role in a range of industries, such as the mining,
agricultural, chemical and pharmacology industries [155]. For the mining industry, the process
of transferring bulk solids, e.g., iron ore, leads to surface wear of handling equipment. 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 [6]. The sliding wear
can be characterised as a relative motion between two solid surfaces in contact under load [184],
and long-term wear leads to surface deformation and accelerates the damage of the equipment,
resulting in a reduction in lifespan. To reduce the sliding wear of the surfaces of bulk solids
handling equipment, a convex pattern surface is proposed [5] and optimised [158] by using the
discrete element method (DEM) [185]. However, the deformation of the surface caused by the
sliding wear is still unstudied. It is essential to investigate the deformation behaviour of the
surface caused by the sliding wear because surface deformation might affect the flow, in turn
influencing the wear behaviour of the geometry. Before the analysis of the deformation of the
surface caused by bulk material, it is necessary to achieve the modelling of the surface
deformation caused by a single particle, so a pin-on-disc test, which is a standard sliding wear
test, is applied to the analysis of the surface deformation [184].

In the context of wear evaluation, DEM is a useful approach to predict the wear of
equipment caused by bulk material. DEM was developed by Cundall and Strack to model
particle systems by tracking the movement of each particle and its interaction with its
surroundings over time [185], and it is widely used to design, analyse and optimise bulk
material handling systems and equipment for granular materials [135].

On one hand, DEM simulates the wear process without the consideration of geometrical
deformation. Cleary et al. [186] first proposed an approach based on DEM to predict the liner
wear and distribution of a ball mill using a 2D model for different conditions of rotational
velocity. Similarly, Cleary et al. [9,10] evaluated wear in a 3D slice of a mill and performed an
evaluation and comparison between wear in tower and pin mills. Recently, Xu et al. [11-13]
studied the liner wear of a tumbling mill based on a multiple-level approach, and the numerical
model was validated by experimental data. Rojas et al. [190] studied the wear in mining hoppers
and obtained comparable results with the measurements. In addition, Kalacska et al. [159],
Katinas et al. [163] and Powell et al. [143] studied the wear behaviour of steel used in
agricultural tines, wear of soil rapper tin, high speed steel and liner revolution in ball mills based
on the discrete element method, respectively. On the other hand, some researchers are interested
in surface deformation caused by wear. Kalala et al. [191] applied DEM to estimate adhesion,
abrasion and impact wear in dry ball mills with further validation with industrial wear
measurement. Esteves et al. [119] compared the industrial vertical stirred mills screw liner wear
profile to the measurements after more than 3000 h by using scaling-up procedures for
rotational velocities. The predicted wear volumes obtained from the DEM model have a good
agreement with the measured results when using a specific velocity. Boemer et al. [142]
proposed a generic wear prediction procedure based on the discrete element method for ball
mill liners in the cement industry. By obtaining a global wear constant and analysing the mesh
size sensitivity, the predicted wear profile can match the measurement through a mesh
smoothing technique. Additionally, Schramm et al. [118] modelled a scratch test to study the
abrasive material loss at soil tillage and compared it with a cross-section profile.

Although these studies pay attention to the deformation of geometry, the detailed analyses,
such as mesh size sensitivity, wear contour matching and wear depth distribution, are still
lacking, and these aspects determine the accuracy of the numerical model. Therefore, a pin-on-
disc test as a benchmark is applied to this study to compare the long-term laboratory test with
a short-term numerical model. Four steps are built to complete the research. First, the
geometrical deformation technique combined with a sliding wear model named the Archard
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wear model is introduced. Second, the procedures and the results of the pin-on-disc test are
clarified. Third, the wear coefficient is calibrated, including the mesh size sensitivity, wear
depth and wear width distribution analysis and wear contour reconstruction. Fourth, the
simulation results including wear contour and wear volume analysis are verified by the test
results.

5.2 Materials and methods

5.2.1 DEM with geometrical deformation technique

The surface deformation is modelled by a geometrical deformation technique [117] in EDEM
[137] combined with the Archard wear model [148] shown in Figure 5.1. The highlighted part
demonstrates the process of calculating wear volume and updating the mesh position of the
geometry, as explained below.

| Initializing general parameters and mesh information |

Importing particles

|Time step / (i=1.. ..m); i*l|

Jt+ ‘/K No
> j<=n

Yes

Generating the list of neighbors, edge elements,
and surfaces close to j” particle

l

Search for contacts between particles, edge elements,
and surfaces using neighbor list

|

Calculation of the forces and moments on the j”
particle from the contact model

I

Estimation of the loss of material of the geomelry
from wear model

Calculation of speeds and new positions of particles

Geometry|deformation procedure

Calculation of displacement of meshes and
updating the positions of meshes

!

Calculation of the energy of the systems, writing
of files for the visualization of accumulated wear

( End of cycles )

Figure 5.1 Flow chart for calculating wear volume and updating deformation

The Archard wear model is integrated into this technique, as this model is widely used both
for particles and geometries, e.g. for evaluating the wear of ballast and abrasive grain [192,193],
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for predicting the wear of mill lifters [179], and for predicting local failures caused by abrasive
wear on tipper bodies [150]. This model has also been successfully applied to evaluate the wear
behaviour of the convex pattern surface [158]. It is worth mentioning that particle size is
independent from the model and that the particle is considered rigid. The Archard wear model
is shown in Equation (5.1):

F
V =kl
H, - (5.1)
where V (mm?®), Hs (N/mm?), k, Fn (N), and Is (mm) are the wear volume, the hardness of the
surface, dimensionless wear coefficient, normal force applied to an equipment surface, and is
the sliding distance.
Equation (5.1) can be expressed by a derivative formula denoted as Equation (5.2),

_ kP, [w ]t
-

S

dv a,F, v, | dt (5.2)

where as = k/Hs represents the wear coefficient. dV, ||v,||, and dt denote the increment of wear
volume of the material removed, relative tangential velocity, and time increment, respectively.

The geometry is meshed by triangular meshes using ANSYS Workbench 18.2 software and
the sequence of mesh deformation is illustrated in Figure 5.2.

1) The contact between the particle and the mesh elements is detected and the forces are

calculated based on the contact model.

2) The loss of the material is evaluated based on the Archard wear model.

3) The new positions of the elements and velocity of the particle are recalculated.

4) The element is displaced in its normal direction.

Therefore, wear loss can be represented by deforming the triangular meshes subjected to
abrasive wear.

Fl‘l
EIAI - Ad‘ E1+]
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(@) (b)
(c) (d)

Figure 5.2 Mesh deformation procedure (a) particle in contact with the surface E; of the mesh element,
(b) displacement of the mesh element, (c) side view of the interconnection between nodes, and (d) top
view of the wear representation

The wear volume of the i element at each time step At is expressed by Equation (5.3).

AV, = [ & F, v dt = e F, v at 53)
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The differential displacement (wear depth) Adi for the i element is related to the element
area and the relations are denoted as Equations (5.4) and (5.5),

_ay,

A% = (5.4)
A = |(p, - pz);(pl - py)| (5.5)

where p1, p2, ps, are the positions of a node of a triangular element.
The wear depth df*2 and the new position of nodes of the mesh element piH2* at time t+At
are obtained through Equations (5.6) and (5.7),

4 =d! + Ad! -y (5.6)

P = pt+Ad! - ni (k=12,3) .7)

where 1, is the normal vector of the element. By interconnecting the common nodes of the
element faces, it is possible to obtain continuity in the deformation of the surface, generating a
smoothed wear pattern [117]. As the mesh element is in motion, the coordinates of the central
point pc, which represents the position of the i element, is calculated before obtaining the
accumulated wear V; of the mesh element, as expressed by Equation (5.8).

Pui + Poi + Ps;i

3 (5.8)

pci =

Then, the wear volume of each element is integrated through Equation (5.9).

A (5.9)

The total volume loss of the whole surface is obtained by adding the volume of each element
together, as expressed by Equation (5.10).

Vo=V,

t+h t
pcj - pcj

V=3V, (5.10)

5.2.2 Pin-on-disc test setup

Figure 5.3 illustrates a pin-on-disc tribometer [5] that is used to obtain sliding wear loss of a
sample by a single particle. The device consists of three main parts: the load which generates
normal force over the pin, the pin mounted in a holder and a disc sample which encounters the
sliding wear. The pin is located at a position with a distance of 22 mm from the center of the
disc, and the radius of which is 40 mm.
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Figure 5.3 Pin-on-disc apparatus [194]

The materials of the disc and the pin are mild steel with 0.3 % carbon and iron ore,
respectively, and the parameters of the test are listed in Table 5.1. During particle indentation,
the disc surface deforms when the hardness ratio (Hp/Hs) of particle to the surface is higher than
1.2 and approximately maintains a constant when the ratio is higher than 1.9 [48]. Based on a
statistical analysis of the hardness [4], the Vickers hardness of the particle and mild steel are
476 + 9 Hy and 143 + 4 Hy, respectively, so the ratio is higher than 1.9 and therefore the disc is
considered to be deformed with a relatively constant rate. As listed in Table 5.1, the rotational
speed is 390.8 deg/s under the normal load of 5 N, so the corresponding sliding distance after
1302.5 revolutions is 180m.

Table 5.1 Parameters of samples and tests

Categories Parameters Values
radius (mm) 3
hardness (Hy) 476 £9
Iron ore
hardness (Hm) 4-45
density (kg/mm?3) 4850
Mild steel density (kg/mm?3) 7932
hardness (Hv) 143 +4
indentation force (N) 5
rotational speed (deg/s) 390.8
Test sliding distance (m) 180
revolutions (-) 1302.5
rotational radius (mm) 22

5.3 Pin-on-disc test

Figure 5.4 illustrates the prepared particle, worn disc and obtained wear contours. The polished
particle fixed in a metal holder as shown in Figure 5.4 (a) is mounted to the tribometer. Figure
5.4 (b) displays an example of the cross-sectional wear morphology on the mild steel disc after
test. During the sliding process, grooves are formed as a result of the removal and displacement
of the mild steel. To analyze the wear profile specifically, Figure 5.4 (c) demonstrates three
inhomogeneous wear morphologies obtained from three random positions of the wear path. It
can be seen that the wear depth and width have ranges of 0.01 — 0.014 mm and 0.65 — 0.8 mm
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respectively. The wear volume obtained is 0.565 + 0.089 mm?® and the corresponding wear
coefficient is (6.3 + 1) x 10 Pa™.,
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Figure 5.4 Wear contour extraction (a) an iron ore with a spherical head, (b) measuring of the cross-
section [31], and (c) three wear contours based on the measurement after test

It should be noted that the main mechanisms of the sliding wear on the disc include micro-
ploughing and micro-cutting, as mild steel is a ductile material [48]. The micro-ploughing
generates ridges of deformed material which are pushed along ahead of the particle, as shown
in Figure 5.4 (c). The micro-cutting deflects the material which flows up the front face of the
particle to form a chip, so all the material displaced by the particle is removed in the form of
chips and generates grooves [17]. Therefore, it should be clarified that the abrasive particle can
deform the material in ways that lead to the removal of only part of the material displaced from
the groove.

5.4 Calibration of wear coefficient

The coefficient calibration consists of the establishment of the simulation setup, mesh size
sensitivity, and the wear result analysis.

5.4.1 Simulation setup

A simplified pin-on-disc modelling setup is illustrated in Figure 5.5. The disc with the radius
of 24 mm is meshed by unstructured triangular meshes with specific size. A particle is located
at the disc with a distance of 22 mm from the center. A cylindrical holder is used to restrict the
movement of the particle in horizontal directions. The normal force of 5 N on the particle is
generated by applying a particle body force (PBC) through an APl model [137].
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Figure 5.5 Pin-on-disc setup (a) top view, (b) side view

Table 5.2 lists the simulation parameters. The simulation conditions are consistent with the
test conditions, except the wear coefficient and rotational speed, which are set as 5 x 107! Pa!
and 180 deg/s in the reference simulations.

Table 5.2 Parameters for DEM simulations

Categories Parameters Values
radius (mm) 3
density (kg/mm?d) 4850
Iron ore . .
Poisson’s ratio 0.24
shear modulus (GPa) 0.1
density (kg/mm?d) 7932
Mild steel Poisson’s ratio 0.3
shear modulus (GPa) 78
mesh size (mm) 0.1
coefficient of restitution e 0.4
Contact coefficient of static friction ps 1.0
coefficient of rolling friction p, 0
indentation force (N) 5
rotational speed (deg/s) 180
Conditions rotating radius (mm) 22
coefficient of sliding wear os (x 10! Pa) 5
time step At (x 10°s) 1.4

5.4.2 Mesh size sensitivity

Before conducting the mesh size sensitivity analysis, it is essential to clarify the establishment
of the wear contours and calculation of the wear volume. To analyze the wear depth and wear
width distribution over the wear path, as shown in Figure 5.6 the disc is divided into 360
subparts corresponding to 360 wear contours. The establishment of each contour includes 3
steps. First, the disc is reconstructed based on the coordinates of elements. Second, the disc is
sliced into 360 subparts with A6 = 0.5 deg in radian direction of the disc. Third, the coordinates
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of elements at each subpart are sorted from inner side to outer side of the disc and the sorted
coordinates finally form a contour at each position. The contour depth is defined as the
maximum displacement of meshes in vertical direction in each wear contour, and the wear
width is defined as the width of the opening of each wear contour.

Wear path

Outside

Figure 5.6 Illustration of data extraction

A range of mesh size from 0.1 mm to 1 mm with an increment of 0.1 mm is investigated
and the wear coefficient is set as 5x10! Pa! as a reference. Figure 5.7 shows the statistical
analysis of the wear depth and width of the 360 contours for different mesh size and the error
bar denotes the standard deviation. It can be seen that the contour depth decreases with the
increase in mesh size, while the wear width shows the opposite trend and increases with the
increase in mesh size.

Figure 5.8 shows an example of wear contours after one revolution. To make it more visible,
the figure lists six wear contours. Figure 5.8 indicates that the smaller the mesh size, the
narrower and deeper the contour. The reason is that the small meshes indicate a fine meshed
surface, and the contact between particle and disc involves more meshes as the contact area is
constant, so the deformation of the disc influences more meshes and generates a more precise
contour. As the test results shown in Figure 5.4 indicate the width of wear contour is around
0.8 mm, to obtain a more precise wear contour, the mesh size is set as 0.1 mm for the following
analysis.
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Figure 5.7 Statistical analysis of wear depth and width
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Figure 5.8 Effect of mesh size on wear contour

5.4.3 Calibration analysis

Ten revolutions are used to analyze the wear results of the calibration process, including normal
force, wear depth, wear width and wear volume. Figure 5.9 depicts the summary of the
distribution of normal force between the particle and disc. The box shows the middle portion
of the normal force (first quartile to third quartile). Although the normal forces of the 10
revolutions show different distributions from minimum to maximum values, the mean values
are all close to 5 N, as represented by the green marker which means the cumulative force of
each revolution is nearly constant. In addition, the normal force contains outliers with high
values represented by the circlers. The outliers are caused by the arrangement and deformation

of meshes as the deformed meshes influence the contact with particles at the following time
steps.
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Figure 5.9 Normal force of ten revolutions

Figure 5.10 and Figure 5.11 illustrate the wear depth and wear width distribution of the 360
wear contours of revolution 10, respectively. It can be seen that wear depth and wear width are
randomly distributed at a relatively narrow range. The wear depth is at a range from 0.042 mm
to 0.07 mm, and the majority of the contours have depths from around 0.05 mm to 0.065 mm.

For the wear width distribution, it has a range from 0.8 mm to 1.6 mm and is mainly distributed
at a range of 1-1.5 mm.
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Figure 5.10 Wear depth distribution after 10 revolutions
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Figure 5.11 Wear width distribution after 10 revolutions

To better understand the distribution of wear depth and wear width, the total 10 revolutions
are summarized together based on a normality analysis as shown in Figure 5.12 and Figure
5.13. The Chi-squared test is used to evaluate the normality of the wear depth and wear width
distribution based on a 95 % confidence interval. The corresponding p-value is summarized in
Table 5.3. If the p-value is high than 0.05, it is assumed that the distribution of the variables is
normal.

For both the wear depth and wear width, one outlier appears at the first four and two
revolutions with the maximum value as shown in Figure 5.12 and Figure 5.13 and the
corresponding p-values are close to 0. The reason is that the initial indentation of the particle
causes severe deformation which therefore leads to extreme wear depth and wear width.
Starting from revolution 8, the p-value is higher than 0.05 for both the distributions of wear
depth and width, which means the wear depth and wear width follow a normal distribution from
revolution 8, so it is considered the simulation is at a run-in phase at the first 7 revolutions. This
is because with the continuity of the deformation of the surface, the interconnected common
nodes have the tendency to generate a smoothed wear pattern after multiple contacts between a
particle and meshes [25]. It should be noted that the wear depth increases linearly from R1 to
R10 as shown in Figure 5.12 while the increase rate of wear width becomes slow gradually.



90 Wear Behaviour of A Convex Pattern Surface for Bulk Handling Equipment

This phenomenon can be illustrated by the analysis of the wear contour as shown in Figure
5.14.
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Figure 5.12 Normality analysis of wear depth
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Figure 5.13 Normality analysis of wear width

Table 5.3 Summary of p-value based on Chi-squared test

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10
Depth 0 0 0 0 0 0.03 0.01 011 033 054
Width 0 0 0.001 0.02 0.04 0.001 0.02 021 029 0.15

Figure 5.14 shows 24 contours of the last three revolutions at 8 random positions. For the 8
positions, it can be seen that the wear contours extend both in vertical and horizontal directions
with the continuation of the revolution. The wear depth and wear width of R10 are at ranges
0.046 — 0.057 mm and 1.0 — 1.5 mm, respectively. For each position, the three wear depths
behave similarly from revolution 8 to revolution 10. This is because the relative positions of
mesh elements are relatively fixed as a result of the interconnection among nodes, so the
deformation of each contour follows a consistent pattern. However, the change in the wear
width is not obvious, as the structure of the wear contour as a whole extends in a horizontal
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direction, and this means the relation between the number of revolutions and the cross-sectional
area or wear volume should be described by a nonlinear relation.
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Figure 5.14 Examples of wear contour

Figure 5.15 indicates the correlation between the cumulative wear volume and amount of
revolutions corresponding to Equations (5.11) — (5.15). The equations indicate that the wear
volume has a quadratic relation with the wear revolution. This can be explained by analyzing
the normal force over the disc before and after deformation. For the original surface, as shown
in Figure 5.16 (a), the normal force on the original surface exists only in the vertical direction.
After deformation, as shown in Figure 5.16 (b), the normal force has a portion in horizontal
direction and the horizontal portion generates no influence on the total normal force between
particle and disc. As indicated in Figure 5.9 the normal force of each revolution is close to a
constant, so the increased wear volume is caused by the horizontal portion. With the wear
contour getting wider, the increasing trend of the normal force is enhanced and therefore
generates more wear.
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Figure 5.15 Wear volume as a function of revolution
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y =0.012x + 0.0008x° + 0.001, R* =0.996, (o, =1x10*Pa™) (5.11)
y = 0.023x +0.001x* +0.006, R* = 0.995, (¢, =1.5x10"' Pa™) (5.12)
y = 0.03x +0.001x* + 0.006,R? = 0.995, (a, =1.7 x10 ™" Pa™") (5.13)
y =0.042x +0.0012x* — 0.03,R* = 0.997, (&, =2x10 " Pa™*) (5.14)
y = 0.098x + 0.011x* +0.08,R* = 0.997, (a, =5x10 " Pa™) (5.15)
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Figure 5.16 Illustration of stress over disc (a) original surface, (b) deformed surface

As presented above, the pin-on-disc numerical model needs 8 revolutions (run-in period) to
reach a steady state, so the total 1302.5 revolutions of the test are determined to be modelled
with 12 revolutions. As shown in Figure 5.15 , the wear coefficient is changed systematically,
and finally the value of 1.7x10! Pa can reach the range of the test volume. It should be noted
that with the increase in the wear coefficient, the relation between wear volume and the number
of revolutions presents a more obvious accelerating tendency. This is because a higher wear
coefficient means a larger surface deformation, and the deformed surface in turn increases the
normal force in horizontal direction as shown in Figure 5.16, so that the wear volume of each
revolution increases faster.

Furthermore, the other wear coefficient lower than 2x10! Pa’ can also be selected when
the different revolutions are chosen to represent the total test revolutions. For example, 2x107!
Pa! can be applied when the number of revolutions determined is higher than 12. In total, 9 —
11 revolutions can also represent the total test revolutions when 2x101! Pa? is selected.
Therefore, the scaling factor, which is defined as the ratio of the number of test revolutions to
that of the modelling revolutions, depends on the match of the amount of revolution and the
wear coefficient.

5.5 Verification of numerical results

After obtaining the wear coefficient, the simulation results can be verified by comparing the
test results, including wear depth and width of the wear contour, wear volume, and wear profile.
The corresponding simulation and test results are summarized in Table 5.4. The difference is
calculated as the ratio of the absolute difference between the numerical and test results to the
test result. The wear depth and wear width of the test results are obtained based on the previous
study [4], and the simulation results are based on the statistical analysis of 360 contours as
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explained in Figure 5.6. It can be seen that the numerical wear volume is close to the test result,
with a difference of 6 %.

For the average wear depth and wear width, the numerical results depict 36 % and 34 %
differences, respectively. The differences can be explained from four factors [31]: wear volume
calculation in model and experiment, wear mechanism, number of samples from experiments,
and wear of particle tip in the experiment. First, the calculation of the wear volume is different.
For the test, the wear mass is obtained by calculating the wear mass loss. This means the wear
volume only counts the dispersed portion. However, the wear process also leads to plastic
deformation, and the plastic deformed portion directly affects the wear profile. For the
numerical model, the wear volume is directly calculated from the wear profile. Second, the
wear mechanisms are different. For the test, the geometry is mainly deformed by micro-cutting
and micro-ploughing (plastic deformation), so a portion of the deformed geometry generates
wear loss. This is why the ridges are formed as shown in Figure 5.4 (c). For the numerical
model, the deformation of the meshes only occurs in the normal direction of mesh element and
all the deformation is considered as wear loss. Third, the number of samples for the calculation
of wear depth and width has enormous difference. The test results of the wear depth and wear
width are only based on three contours and the randomness of the sample selection causes
deviation when compared with the whole wear profile. However, 360 wear contours are
extracted from the numerical model. Fourth, the tip of the iron ore in the test is worn off and
therefore the contact area changes, so the corresponding wear width and depth changes. This
situation is avoided in the simulations.

Table 5.4 Summary of numerical and test results

Wear Depth (mm) Wear Width (mm) Wear Volume (mm3)
Test result 0.014 0.8 0.565
Numerical result 0.019 1.07 0.532
Difference 36 % 34 % 6 %

Figure 5.17 presents the reconstructed deformed disc. It can be seen that the sliding of the
particle forms a relatively smooth profile around the disc, except for several highly deformed
spots ranging 90° - 120°. The reason is that the normal force at each revolution appears to be
high value shown in Figure 5.9 and these normal forces lead to extreme deformation. For the
cross-section of the wear profile at each degree, the wear depth has the highest value at the
middle and decreases toward the two sides gradually. Figure 5.17 shows that an extremely
deformed contour presents at the original position of the disc, which is because the initial
indentation of the particle causes the severe deformation. This is reasonable, as this extreme
deformation verifies the appearance of an outlier in the distribution of wear depth and wear
area, as shown in Figure 5.12 and Figure 5.13.
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Figure 5.17 Wear profile

To compare the wear contour with the test, three wear contours are extracted randomly from
the wear profile, as shown in Figure 5.18. It indicates that the width and depth of the contours
are higher and deeper than those of the test contours, while the contours are similar in shape.
The results show that by properly scaling up the wear coefficient and selecting the mesh size,
the long-term or long-distance laboratory test can be modelled by a short-term or short-distance
numerical model with an acceptable deviation.
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Figure 5.18 Wear contour comparison

5.6 Conclusions
This chapter addresses the question:

In what way can the surface deformation caused by sliding of a single particle be modelled?

A standard sliding wear process, pin-on-disc test, is investigated to indicate that a long-term
or long-distance laboratory test can be modelled by a short-term or short-distance numerical
model. This numerical model is built by combining the Archard wear model with a deformable
geometry technique. The wear results, including wear contour and wear volume, are evaluated
statistically with different mesh sizes. Three wear properties (i.e., wear depth, wear width and
wear volume) are compared with the test results.

For the sliding of a particle with the radius of 3 mm, the mesh size of the disc is set as 0.1
mm. The wear contour indicates that the mesh size from 0.1 mm to 1 mm has a significant effect
on the wear profile. The coarser mesh generates wider and shallower contours, while a fine
mesh can obtain comparable wear contour with test results. This is because the contact between
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particle and disc involves more meshes for the surface with fine meshes, so the deformation of
the disc evolves more meshes and generates a more precise contour.

For the geometrical deformation technique, the wear path reaches a relatively steady state
from the eighth revolutions. It is verified that the wear depths and wear widths of the wear
contours follow normal distributions after a run-in phase because of the self-smoothing effect
of the interconnected common nodes of the mesh elements.

The wear coefficient is calibrated by comparing the wear volume between simulation and
test results, and the wear volume has a quadratic relation with the number of revolutions. The
wear volume of the test accurately predicts the simulation results with the minimum number of
revolutions when the wear coefficient is lower than 2x107! Pa™L. For different wear coefficients,
the wear volumes correspond to different quadratic relations. The lower the wear coefficient,
the weaker the tendency of the quadratic relation.

To obtain comparable wear results, the minimum number of revolutions is determined as
eight, and the corresponding maximum scaling factor, which is defined as the ratio of the
number of test revolutions to that of the modelling revolution, is 162.8. By scaling up the wear
coefficient and properly selecting the mesh size, the long-term laboratory pin-on-disc test can
be modelled by a short-term numerical model. This scaling effect can significantly save
computational time and improve efficiency with promising calculation precision.

In this chapter, the presented methodology was successfully demonstrated on a single
material combination and can be used for different material combinations. To establish a
numerical model for the deformation of other material combinations, the corresponding tests
and simulations should be performed.
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6 Surface deformation of a convex pattern surface*

Chapter 5 indicates that a long-term single particle-surface contact, namely pin-on-disc test,
can be modelled by a short-term numerical model when implementing a scaling factor. This
chapter applies the scaling factor to predict the deformation of a convex pattern sample due to
bulk material. Section 6.2 describes the wear experiment procedures and compares the wear
behaviour between a plain and a convex pattern sample. Section 6.3 introduces the numerical
model and evaluates the stability of the model. Section 6.4 investigates the wear behaviour of
the sample, including the wear volume, wear distribution, and surface deformation
reconstruction, and contact behaviour, including particle flow behaviour and normal force
distribution. Section 6.5 concludes the main findings.

*This chapter is based on Yan, Y., Helmons, R., Carr, M., Wheeler, C., & Schott, D. “Surface deformation of A
Convex Pattern Surface Using DEM with Deformable Geometry Technique”. Submitted to Powder Technology.
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6.1 Introduction

Bulk solids handling plays a significant role in many different industries, such as the mining,
agricultural, chemical, and pharmaceutical industries [155]. In the mining industry, the process
of transferring bulk solids such as iron ore leads to surface wear of 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 [6]. Sliding wear can be characterized as a relative motion between two solid surfaces in
contact under load [184], and long-term wear leads to surface deformation and accelerates
damage to the equipment, reducing its lifespan. To reduce sliding wear affecting the surfaces
of bulk solids handling equipment, a convex pattern surface is proposed [157] and optimized
[158] by using the discrete element method (DEM) [134].

In the context of wear evaluation, DEM is a useful approach to predicting equipment wear
caused by bulk material. On the one hand, DEM models predicted wear without considering
geometrical deformation. This method is widely used to predict the linear wear and distribution
of a ball mill [186-188], tumbling mill [141,189,195], mining hoppers [190], agricultural tines
[159], and soil rapper tin [163]. On the other hand, many researchers are interested in surface
deformation caused by the contact with bulk material. Kalala and Moys [191] applied DEM to
estimate adhesion, abrasion, and impact wear in dry ball mills, using industrial wear
measurements for further validation. Esteves et al. [119] compared the wear profile of the screw
liner used in industrial vertical stirred mills to the measurements after more than 3000 h by
using scaling-up procedures. The simulation was performed for a 1:10 reduced scale geometry
and applied different scale-up methodologies for rotational velocity. The wear volumes
obtained from the DEM model agree closely with the measured results at a specific velocity.
Boemer and Ponthot [142] proposed a generic wear prediction procedure based on DEM for
ball mill liners in the cement industry. By obtaining a global wear constant and analysing the
mesh size sensitivity both in 1D and 2D, the predicted wear profile can be matched to
measurements through a mesh smoothing technique. Additionally, Schramm et al. [118]
modelled a scratch test to study abrasive material loss caused by soil tillage and compared it
with a cross-section profile.

It must be noted, however, that these surface deformation studies are limited to smooth or
regular geometrical shapes. For a non-smooth convex pattern surface used to reduce sliding
wear, it is essential to model the deformation of this sample, as this may influence its ability to
reduce sliding wear. To study the deformation caused by sliding wear, a pin-on-disc test was
performed [5] as a benchmark and modelled [196] using DEM by implementing a geometrical
deformation technique [117]. This test was used to verify the numerical results by comparing
wear contour and wear volume with the test results, which implies that the geometrical
deformation technique makes it possible model the surface deformation caused by a single
contact. However, the deformation of the convex pattern sample due to wear is not revealed at
the bulk level.

The aim of this study is to investigate to what extent the convex pattern sample continues
to reduce sliding wear compared to a plain sample. The study consists of five steps. First, the
wear experiment is performed in a circular wear tester. Second, a numerical DEM model is
developed and the stability of the model is evaluated. Third, the numerical model is
benchmarked with the result of the experiment, and the wear behaviour and contact behaviour
with particles of the convex pattern sample are analyzed. Besides, the main findings and
conclusions are shared.
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6.2 Wear experiments

6.2.1 Experiment setup

It should be noted that the sample is distinct to the optimal obtained in Chapter 3. As the
dimensions of the test sample is limited to 200 mm by 100 mm, the optimal sample would only
present two columns, which hardly alters the flow behaviour of particle. Therefore, the second
best design R9 from Table 3.8 is selected as a reference. To analyse the wear distribution, the
sample is split into 5 columns (with Col_1 indicating column 1) along the bulk flow direction,
and each convex element is labelled separately, moving from the inner side to the outer side of
the sample. For example, the first convex element in the first column is labelled as C11.

> s

[ I>
Col 3 Col 2 | Col I

Figure 6.1 Convex pattern sample (a=8 mm, b=2 mm, c=40 mm, d=20 mm, h=6 mm)

The convex pattern and plain samples are tested in an improved circular wear tester to make
it possible to test a submerged sample in addition to the traditional face-down sample. The test
rig is shown in Figure 6.2 and has the following features:

1) The outer and inner radii of the rotating annular bed are 500 mm and 290 mm,

respectively.

2) By inclining the test specimen at a small angle in the bulk flow direction, evenly

distributed wear over the entire surface of the test specimen can be obtained.

3) A test specimen holder for easy placement of a standard sample (Figure 6.2 (b)).

4) A consolidator is used to level the surface of the wear media before they are presented

to the test specimen.

5) Two wear samples (face-down and submerged), representing two wear scenarios, can

be tested at the same time.
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Figure 6.2 Wear tester (a) Improved circular wear tester holding a traditional face-down sample
and a submerged sample [197], (b) submerged sample holder with inclined sample

Table 6.1 lists the test parameters and sample properties. The test specimen is made from
polyethylene (PE), which is designed to meet the full range of material flow, friction and wear
challenges associated with bulk material. In addition, this material makes it possible to achieve
sufficient material wear within a reasonable testing period. The specimen is mounted at a depth
of 85 mm with an incline angle of 2 degrees.

The tester has a rotational velocity of 1.52 rad/s. Based on the dimensions of the tester, the
speed at the centre of the sample is 0.6 m/s, resulting in test distance of 2.16 km per hour. The
specimen is weighed by an electronic balance with 0.001g precision and is scanned every 8
hours by the Creaform HandySCAN 300 laser scanner with 0.02 mm accuracy. As the wear
loss of the plain sample follows a linear correlation with the test period [197], the plain sample
is tested 56 hours to cut experimental time. To ensure sufficient deformation on the convexes,
the convex pattern sample is continued to be tested to 184 hours.

Table 6.1 Summary of test parameters

Categories Parameters Values
Bulk density (kg/md) 1455
) Particle size dso (mm) 2.65
Wear medium )
Particle shape Irregular
Moisture content 0.6 %
. SIMONA
Material type PE1000
Wear sample Ductility ductile
properties .
Density (kg/m?) 930
Shore hardness (D scale) 62
Submerged depth (mm) 85
o ol Normal pressure (kPa) 1.2
perationa _—
conditions Inclination angle (deg) 2
Rotational velocity (rad/s) 1.52
Test interval (h) 8
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6.2.2 Wear contour reconstruction
To analyse the deformation of the sample, the wear contours are reconstructed based on point
clouds from 3D scanning and the detailed procedures are demonstrated in Figure 6.3.
1) The sample is scanned to formulate a point cloud where the coordinates of each point
are saved.
2) The orientation of the sample is confirmed based on a marker on the sample by
importing the point cloud into Meshlab.
3) The point cloud of individual convex are extracted based on the location of the convex
at the sample, and Python is used to process the data points from this step.
4) The data points of wear contour are extracted from the point cloud of individual
convex.
5) The data points are visualized by rotating 2 degrees to consist with the inclination of
the sample on the tester.

Scanning sample to S
generate point cloud

Meshlab

Recognizing orientation
based on a marker area

Python

Extracting individual
convex TR

Python

Extracting wear contour
points from convex

Python

Rotating points and
recontructing wear contour

Figure 6.3 Procedure of wear contour reconstruction

6.2.3 Experimental results

Continuing on from the previous study [158], this study focuses on the submerged sample.
Figure 6.4 compares the wear volume loss of a plain and convex pattern sample. After 56 hours
of testing, the plain and the convex pattern sample generated 145.2 mm? and 82.8 mm? of
volume loss, respectively. Compared to the plain sample, the convex pattern sample reduces
wear by 43 %. There is a linear correlation between wear volume and test time for both the
plain sample and the convex pattern sample and the corresponding regression models have high
coefficient of determination (R? > 0.99), as shown in Figure 6.4. The wear volume is fitted with
a linear equation, as wear volume increases by 17.9 + 1.7 mm® and 10.2 + 1.2 mm? at each time
interval for the plain and convex pattern sample, respectively. Besides, operational conditions
are kept consistent and the deformation of the sample has a minor effect on flow behaviour, so
it is reasonable to assume that the wear rate is constant in this time period.
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Figure 6.4 Wear volume comparison between plain and convex pattern samples from experiments

Furthermore, the wear contour was reconstructed to evaluate the deformation behaviour of
the convex pattern. Figure 6.5 compares the extracted wear contours from the point clouds. The
C11, C13, and C15 are taken as references and the reasons are explained in Section 6.4.2.2.
The maximum deformations in vertical direction are 0.34 mm, 0.30 mm, and 0.35 mm for these
three convexes, respectively. From the side view, it can be seen that the three convex elements
deform in similar ways where the front part of the convex displays more obvious deformation
than the back part as the front part initializes the contact with particles. From the front view,
the deformations are manifested differently depending on the location of the convex element
on the sample. For C11, the inner side deforms more heavily than the outer side, while C15, on
the other hand, shows more severe deformation on the outer side. Overall, C11 and C15 indicate
severer deformation than C13 as these convexes are located at the sides of the sample.
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Figure 6.5 Convex deformation from experiments (a) C11, (b) C13, (c) C15

6.3 Numerical model

6.3.1 Numerical model setup

The DEM simulation setup is shown in Figure 6.6. To cut computational costs, cylindrical
boundaries with 150 degrees are used which allow particles flowing out from one side to re-
enter from another side at the corresponding locations. The particle size is scaled up by 3, as
the previous study shows that particle size has a minor effect on the sliding wear of the plain
sample [198]. A consolidator similar to the one used in the experiment setup is applied to flatten
the particle bed. The test sample is located at a depth of 90 mm in the particle bed at a 2-degree
incline. The particle bed has a rotational rate of 90 deg/s, which means that a 150-degree
revolution takes 1.67 seconds. For other parameters used in the numerical model, see the
previous study [158].
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Figure 6.6 Simulation setup
(a) particle bed settings, (b) inclination angle of sample

6.3.2 Stability evaluation

The material flow in the numerical model should reach a stable state before the sample
deformation is modelled. The stability of the system is evaluated by three criteria, including
particle velocity, particle bed height, and wear rate. The particle velocity and particle bed height
demonstrate the particle flow behaviour and the wear rate indicates the wear behaviour of a
sample. The coefficient of variation (CoV), as expressed by Equation (6.1), is used to estimate
the variability of the criteria:

O
C Py (6.1)
where Cy, o, and p are coefficient of variation, standard deviation of each revolution, and the
mean value at each revolution, respectively.

Figure 6.7 depicts the CoV of the three evaluation criteria. It should be noted that the
particle flow behaviour is based on the particles over the sample. The coefficients of the three
criteria drop after the first revolution before stabilizing. For the particle flow behaviour, the
particle bed height and particle velocity demonstrate a small fluctuation, which indicates that
the particles flow smoothly after a transition period. For the wear rate, the convex pattern
sample shows relatively high variation, which remains between 5.7 % and 8.0 % from
revolution 6 onwards. Based on the evaluation of the coefficients, the numerical system reaches
a stable state after 6 revolutions.
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Figure 6.7 Stability evaluation of the numerical model (Wear, velocity, and height represent sample
wear rate, particle velocity, and particle bed height, respectively.)

6.4 Numerical result analysis

6.4.1 Benchmark of numerical model

Based on previous study [196], the finer the mesh, the more precisely we can estimate surface
deformation. However, if the convex pattern sample is meshed with fine mesh (e.g., 0.1 mm),
the total amount of elements exceeds 2.5 million, leading to unpractical computation times. To
help cut computation time, the effect of mesh size on wear behaviour is investigated.

Figure 6.8 compares the relative wear volumes of the samples with mesh size from 0.1mm
to 1mm after two revolutions. The wear volume of the plain sample with mesh size of 0.1mm
is set as a reference value. The average relative wear volumes are 97.9 £ 1.8 % and 56.9 + 2.8
% for the plain and convex pattern samples, respectively. Quantitatively, the mesh size has a
negligible effect on wear volume.
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Figure 6.8 Effect of mesh size on wear volume

For the wear contour, convex element C15 is selected, as shown in Figure 6.1, since it
suffers the most severe wear, as mentioned in Section 6.4.2.1. Figure 6.9 shows the effect of
mesh size on surface deformation of the convex element after two revolutions. As can be seen
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from the side view, the deformation is concentrated mainly around the front part of the convex,
since this part is in direct contact with the bulk flow. The front view shows that the outer side
of the convex element undergoes severe deformation. Combining the side and front views of
the wear contours, it demonstrates that the surface undergoes similar deformations with
different mesh sizes. As mesh size has a minor effect on wear in both quantitative and
qualitative terms, it is set at 1mm.
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Figure 6.9 Effect of mesh size on surface deformation (a) side view, (b) front view

It is assumed that, after the material flow reaches a stable state, the total 56 hours (8
intervals) of laboratory testing can be modelled in 2 revolutions by applying a scaling factor
[196]. As a benchmark, the wear volume of a plain sample with particle scaling factor is set at
3 and compared with the wear volume of the test result. If the wear volume of the plain sample
is comparable to that of the test result, the wear coefficient can be determined [196]. Figure
6.10 compares the wear volume between the experimental and the numerical results for a wear
coefficient of 5 x 10 Pa! in the numerical model. For the plain sample, the wear volumes of
the test and the numerical model are 145.16 mm3 and 154.06 mm?3, respectively, with a
difference of 5.8 %. Because of this small difference, the wear coefficient is chosen for the
following simulations.

Particles with scaling factor 1, 2, and 4 are investigated to test the validity of the numerical
model. Figure 6.10 shows that particle size has a minor effect on the wear volume of the plain
sample, with a fluctuation of 14 %, because of the wall effect that occurs when applying a
coarse graining technique. The wear volume of the convex pattern sample is lower than that of
the plain sample and it increases with particle size. The relation between particle size and wear
volume of both the plain and convex pattern samples is consistent with the previous study
[198].

For a particle scaling factor of 1, the convex pattern sample reduces wear volume by 68.9
% and 43.0 % in the simulation and the experiments, respectively. There are two reasons for
this. First, the numerical model only applies a sliding wear model, while the experiment
comprises multiple coexistent wear modes, such as wear caused by rolling particles. Second,
the particles are irregular in the experiments, but they are simplified and spherical in
simulations. The angular particles tend to accelerate surface deformation, as stress is
concentrated at the corners of the particles.

A scaling factor is defined by the ratio of the total distance of the experiment to that of the
simulation. Based on the operational testing conditions listed in Table 6.1, the total sliding
distances of the experiment and the simulation are 84.6 km and 2.142 m, so the scaling factor
is set at 40000.
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Figure 6.10 Benchmark test comparison
6.4.2 Wear behaviour comparison

6.4.2.1 Wear volume

To demonstrate to what extent the deformed convex sample continues to reduce sliding wear
compared to a plain sample, the deformation model does not terminate until it encounters a
convergence problem due to mesh distortion [142]. With the wear coefficient of 5x10° Pa’,
the model is valid for the first 17 revolutions, with the corresponding wear result being shown
in Figure 6.11. The wear volume of a plain sample with a particle scaling factor of 1 is set as a
reference. Figure 6.11 indicates that the wear volume of the plain sample is higher than that of
the convex pattern sample and increases linearly, while the convex pattern sample has a
quadratic trend. The equations under Equations (6.2) - (6.6) indicate that the higher the particle
scaling factor, the more obvious the quadratic trend becomes.
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Figure 6.11 Wear volume in relation to revolution (S indicates particle scaling factor)
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Yo, = 73.64x,R? = 0.9994 (6.2)
Yo, = 0.31x° +30.29x,R? = 0.9997 (6.3)
Yo, = 0.59%% +43.21%,R* = 0.99997 (6.4)
Ve, = 0.78x° +47.12x,R* = 0.99998 (6.5)
Yes =1.57x* +41.62%,R* =0.99996 (6.6)

where the subscripts P and C represent the plain and convex pattern sample, respectively. The
number indicates the particle scaling factor.

As the experiment of 56 hours is represented by 2 numerical revolutions, the 184 hours are
equal to 6.57 revolutions. Based on the Equation (6.2) and (6.3), the wear volumes of the plain
and convex pattern samples are 474.5 and 240.3 mm?3, respectively, showing a 56 % wear
reduction. Similarly, the experimental result shown in Figure 6.4 indicates 483.9 and 212.9
mm?3volume losses for the plain and convex pattern sample, leading to a 51 % wear reduction.
Quantitatively, the numerical model demonstrates 5 % difference with the experimental results.

To better understand the relation between wear volume and number of revolutions, the
average wear volume increment of individual elements shown in Figure 6.12 is defined. It is
denoted as the average wear volume increment of individual meshes between two revolutions.
Equation (6.7) is used to calculate wear volume increment:

S [h(i+1),-h(i)]-A 6.7)

av(j)==

n

where j, n, and subscript i denote the number of revolutions, the number of elements, and the
i element, respectively. The Av(j), h(j)i, and Ai represent the wear volume increment of j
revolution, wear depth of element i for j revolutions, and the area of mesh element j,
respectively.

For the plain sample, the wear volume increment decreases from 0.0022 mm? to 0.002 mm?.
For the convex patten sample, it has a increasing trend for different particle scaling factors. The
wear volume increases more slowly with a lower particle scaling factor than with a higher
scaling factor. For a particle scaling factor of 4, the wear volume increment surpasses that of
the plain sample at revolution 15, which means the wear volume of the sample increases faster
than that of the plain sample. Moreover, it implies that the total wear volume of the sample can
exceed the total wear volume of the plain sample after one specific revolution.
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Figure 6.12 Average wear volume increment for each revolution
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Figure 6.13 depicts the wear volume of each column for both the convex and plain samples.
For the plain sample, the wear volume increases from column 1 to 5. For the convex pattern
sample, the convex pattern accounts for 56 % of the total wear volume of the sample. Column
1 shows the highest wear volume, as it guides and initializes the movement of particles when
they come into contact with the sample. Besides, columns 1 and 5 see greater wear volume
levels than columns 2 and 4, because the surface area of columns 2 and 4 is lower than the

other 3 columnes.
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Figure 6.13 Wear volume distribution of each column

Figure 6.14 compares the wear volume of individual convex elements as labelled in Figure
6.1. Columns 1, 3, and 5 show a wide range of wear volumes from 7.6 to 31.6 mm?3, while
columns 2 and 4 show a relatively narrow range from 6.9 to 14.1 mm?®. The convex elements
located at the two sides of the sample demonstrate the maximum level of wear volume. This is
because the convex elements located at the two outer ends of the sample have a weak effect on

guiding and rolling particles. For a detailed explanation, see the previous study [158].
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Figure 6.14 Wear volume distribution of individual convex elements

6.4.2.2 Wear distribution and reconstruction

Figure 6.15 displays the wear distribution in two samples after 17 revolutions. For the plain
sample shown in Figure 6.15 (a), the wear is almost evenly distributed over the full sample.
For the convex pattern sample shown in Figure 6.15 (b), wear paths are formed among the
convex elements because of the flow behaviour of particles. In addition, the majority of wear
is transferred to the convex pattern, thus protecting the base.
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Wear depth (mm)

Wear depth (mm)
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Figure 6.15 Wear distribution (a) plain sample, (b) convex pattern sample

Figure 6.16 compares the deformation process of three convex elements in column 1, since
this column suffers the most severe deformation, as shown in Figure 6.13. C11 and C15 are
located at the two ends of the sample and C13 is in the middle of column 1, as illustrated in
Figure 6.1. From the side view, these three convex elements follow a similar deformation trend.
The front part of the convex elements suffers the most severe deformation, since this part comes
into direct contact with particles. From the front view, it can be seen that the inner side of C11
and outer side of C15 show greater deformation. This implies that the convex pattern hardly
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affects the flow behaviour of particles at the two sides [158]. 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. Overall, the numerical model indicates a similar deformation trend with
the experiment. As the effect of the coarse mesh on the reconstruction, the wear contour is
rougher compared to that of the experiment.
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Figure 6.16 Sample deformation from simulations
(a) C11 (1% column 1%t convex element), (b) C13 (1% column 3' convex element), (c)
C15 (1% column 5" convex element)

6.4.3 Contact behaviour

6.4.3.1 Particle flow behaviour

Particle flow behaviour consists of the angular and transitional velocity of particles at the
bottom layer, where the particles are directly affected by the convex pattern. Figure 6.17 shows
the angular velocity of particles. For the plain sample, the angular velocity stays within a
relatively small range from 75 £ 16 deg/s to 95 + 34 deg/s. The convex pattern sample displays
a decreasing trend as revolutions increase, from 198 + 56 deg/s to 100 + 26 deg/s. The angular
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velocity indicates that the plain sample has a minor effect on particle rolling behaviour, while
the convex pattern sample facilitates rolling and therefore reduces sliding. As the convex
pattern continues to deform, particles roll less readily due to sample deformation. Although
angular velocity decreases for the convex pattern sample, it is still higher than for the plain
sample.
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Figure 6.17 Angular velocity of particles (Error bar indicates standard deviation)

Figure 6.18 indicates the particle velocity at the bottom layer. Particle velocity shows an
opposite trend to angular velocity. The particles in the plain sample exhibit velocities exceeding
500 mm/s, while the convex pattern sample sees much lower velocities of less than 250 mm/s.
As particle velocity is related to sliding distance, this means that particles slide less far in the
convex pattern sample than in the plain sample, resulting in less wear. The particle flow
behaviour is consistent with the previous studies. For a detailed explanation, please refer to
[198].
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Figure 6.18 Particle velocity (Error bar indicates standard deviation)

To explicitly demonstrate particle flow behaviour, the relative particle angular and
transitional velocity distributions at the 5™ revolution are constructed as shown in Figure 6.19
and Figure 6.20. It should be noted that the relative velocity is based on the average value for
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the plain sample. For the angular velocity, Figure 6.19 shows that the particles have a greater
tendency to roll on the convex pattern sample (Figure 6.19 (b)) than on the plain sample (Figure
6.19 (a)). This indicates that the convex pattern sample facilitates the rolling of particles.
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Figure 6.19 Relative angular velocity distribution of particles in the (a) plain sample, (b) convex
pattern sample (The circles represent the positions and diameters of particles. The colors indicate
the relative angular velocities of particles.)

Figure 6.20 illustrates relative particle transitional velocity. The arrows in the circles
represent the directions of particle velocity. For the plain sample shown in Figure 6.20 (a), the
particles flow in a consistent pattern over the whole sample. The particles at the outside have
higher velocities because of the rotating effect of the circle wear tester. For the convex pattern
sample shown in Figure 6.20 (b), the particles have a lower transitional velocity compared to
that of the plain sample, leading to a shorter sliding distance. After contact with the convex
pattern, the moving direction of the particles alters and weakens the direct contact with the
convex pattern. In addition, the convex pattern has a guiding effect on particles and forces them
to move among the convex elements.
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Figure 6.20 Relative transitional velocity distribution of particles in the (a) plain sample, (b) convex
pattern sample (The circles represent the positions and diameters of particles. The colors indicate
the relative velocities of particles. The arrows in the circles indicate the direction of the particle
velocities.)
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6.4.3.2 Normal force

Figure 6.21 compares the normal force in the convex pattern and plain samples. The normal
force has a similar tendency to the angular velocity shown in Figure 6.19. For the plain sample,
the normal force has a relatively narrow range from 15+ 3 N to 18 = 2 N with minor fluctuation,
which means that the deformation of the plain sample has a minor effect on the contact between
particles and the sample. For the convex pattern sample, the normal force displays a decreasing
trend from 28 £ 7 N to 18 £ 4 N. This indicates that the deformation of the convex pattern
weakens the normal contact with particles and that deformation alters the contact between the
sample and the particles.
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Figure 6.21 Normal force as a function of revolution (Error bar indicates standard deviation)

Figure 6.22 indicates the normal force distribution based on the division of the sample
shown in Figure 6.1. The plain sample exhibits an increasing trend due to particle
accumulation, as explained in the previous study [158]. For the convex pattern sample, the
normal force is higher than that of the plain sample over the five columns. Since the first
column of the convex pattern initializes the bulk flow behaviour, it takes up the majority of the
total force (more than 65 %) of the column. Therefore, the first column of the convex pattern
sample presents the highest wear volume and the most severe surface deformation.
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Figure 6.22 Normal force distribution (Error bar indicates standard deviation)
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6.5 Conclusions

This chapter addresses the question:

To what extent does the deformed convex pattern sample continue to reduce sliding wear
caused by bulk material?

This chapter investigates the deformation of a convex pattern sample caused by sliding wear
with respect to different particle size distributions. The aim is to provide clarity on how
effectively the deformed sample reduces sliding wear compared to a plain sample.

The wear experiments indicate that the convex pattern sample reduces wear by 43 %
compared to a plain sample and that there is a linear relation between wear volume loss and
test time for both the plain and convex pattern samples. The sample deformation shows that
the sides of the convex pattern sample are subjected to more severe wear.

The numerical model is validated by comparing the wear volume of a plain sample, which
showed wear reduction rates of 68.9 % and 43.0 % for the simulation and experiments,
respectively. As the 56-hour experiment can be reliably represented by 2 revolutions, a scaling
factor is calculated as 4.0x10* by comparing the effective distance travelled in the experiment
and simulation.

The numerical model indicates a linear and quadratic relation between wear volume and
the number of revolutions for the plain and convex pattern sample, correspondingly. This
implies that the trend of wear reduction weakens as a result of the deformation. Particle size
also has a significant effect on the effectiveness of wear reduction of the convex pattern sample,
with smaller particles corresponding to less wear.

The deformation distribution of the convex pattern depends on the contact behaviour of the
particle flow, and the deformation accelerates as the rolling of particles weakens. The convex
elements at the sides of the sample experience more severe deformation, similar to what was
observed in the experiment.

The contact behaviour of particles at the bottom layer shows that the convex pattern
decelerates the transitional velocity of particles and facilitates rolling, leading to a shorter
sliding distance than a plain sample.

Future work will focus on two aspects. First, the mesh distortion issue should be solved to
fully wear out the convex pattern, so the entire deformation behaviour of the convex pattern
can be evaluated. Second, the wear experiments should continue to generate sufficient wear to
compare the wear behaviour of the sample with the numerical model. To accelerate the
deformation of the convex pattern sample, a deeper particle bed will be used.
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7 Conclusions and recommendations

7.1 Conclusions

This thesis aims to model and predict the deformation of a convex pattern surface proposed to
reduce sliding wear for bulk material flows, and how its performance remains under influence
of wear accumulation on the longer term. A numerical model based on a deformable geometry
technique is validated and successfully simulates the deformation of the convex pattern surface
due to abrasive wear. The numerical results indicate that the deformed convex pattern surface
leads to lower sliding wear than a plain sample, although its effectiveness weakens as wear
accumulates. The convex pattern surface reduces wear as it alters the flow behaviour of bulk
material by facilitating the rolling of individual particles and changing bulk flow directions.
The research questions formulated in Chapter 1 are addressed below.

1. What are the main wear mechanisms in bulk handling and what is a suitable
numerical method for wear modelling in this context?

Wear occurs as a result of interaction between particles and geometry during the bulk handling
process. Two main wear mechanisms are abrasive wear and impact wear. Each of the wear
mechanisms contains multiple wear modes, depending on the three system characteristics,
namely particle properties, surface properties, and operational conditions.

The wear modes for the abrasive wear consist of micro-cutting, micro-ploughing, and
wedge formation, while the impact wear deforms a surface by micro-cutting and lip formation
associated with the impact angle of particles.

Multiple numerical methods including two coupled methods are evaluated on the suitability
to model the surface deformation caused by bulk material. The selection of the numerical model
refers to bulk material and surface deformation. By comparing the methods, the DEM with
deformable geometry technique has the advantages to integrate free flowing bulk material and
surface deformation effectively and accurately.

117
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2. What is the effect of the parameters of the convex configuration on wear reduction
performance of the convex pattern surface?

Two flow regimes, which highly depend on particle bed thickness, are formed, namely, the
continuous and discontinuous flow regime. The mechanism of the sliding wear reduction for
the two flow regimes differs. For the continuous flow regime, the convex pattern surface can
significantly facilitate the rolling of particles to reduce the sliding between particles and the
sample. The discontinuous flow regime can reduce the relative sliding velocity and therefore
decline the sliding distance. The continuous flow regime is preferred, as this flow regime
induces less particle accumulation and more apparent rolling effect of particles.

Three main factors (major radius, sample velocity, and particle bed thickness) and one
interaction (minor radius and horizontal distance) 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 (15 times of
dso). The height and the minor radius of the convex have no significant influence on the sliding
wear, which is consistent with the previous study [7].

The combination of configuration and operational conditions of run 5 and run 2 indicates
the minimum wear rates for the continuous and discontinuous 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 material with dso of
2.65 mm, and it is suitable for bulk material with similar bulk properties.

3. To what extent can the convex pattern sample reduce wear for different particle size
distributions?

The particle size has no effect on the sliding wear of the plain surface as the bulk flow behaviour
is hardly affected by the surface, while it has a linear relation with the sliding wear for the
convex pattern surface. The majority of the sliding wear of the convex pattern surface occurs
on the convex part, and the base of the sample is protected by transferring the sliding wear to
the convex pattern.

The convex pattern surface enables to reduce the sliding wear compared with the plain
surface when the scaling factor is lower than 4 under the modelling conditions. aer Which is
defined as the ratio of the particle radius to the equivalent radius of the convex determines the
effect of the convex pattern surface. When oer is lower than 1, the convex pattern can reduce
the sliding wear by altering the flow behaviour of particles. When agr is higher than 1, particles
can traverse across the convex pattern, leading to the resistance of the particles.

The investigated convex pattern surfaces can, in some cases, significantly accelerate the
rolling of particles compared to the plain surface. It should be noted that only the flow
behaviour cannot fully reflect the effect of the convex pattern on the sliding wear.

4. In what way can the surface deformation caused by sliding of a single particle be
modelled?

For the sliding of a particle with the radius of 3 mm, the mesh size of the disc is set as 0.1 mm.
The wear contour indicates that the mesh size from 0.1 mm to 1 mm converges to total wear
volume, but has a significant effect on the wear profile of the geometry. The coarser mesh
generates wider and shallower contours, while a fine mesh can obtain comparable wear contour
with test results. This is because the contact between particle and disc involves more elements
for the surface with fine meshes, so the deformation of the disc evolves more elements and
generates a more precise contour.
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For the geometrical deformation technique, the wear path reaches a relatively steady state
after eight revolutions. It is verified that the wear depths and wear widths of the wear contours
follow normal distributions after a run-in phase because of the self-smoothing effect of the
interconnected common nodes of the mesh elements.

The wear coefficient is calibrated by comparing the wear volume between simulation and
test results, and the wear volume has a quadratic relation with the number of revolutions. The
wear volume of the test accurately predicts the simulation results with the minimum number of
revolutions when the wear coefficient is lower than 2x10**Pat. For different wear coefficients,
the wear volumes correspond to different quadratic relations. The lower the wear coefficient,
the weaker the tendency of the quadratic relation.

To obtain comparable wear results, the minimum number of revolutions is determined as
eight, and the corresponding maximum scaling factor, which is defined as the ratio of the
number of test revolutions to that of the modelling revolution, is 162.8. By scaling up the wear
coefficient and properly selecting the mesh size, the long-term laboratory pin-on-disc test can
be modelled by a short-term numerical model. This scaling effect can significantly save
computational time with promising calculation precision.

5. To what extent does the deformed convex pattern sample continue to reduce sliding
wear caused by bulk material?

The wear experiments indicate that the convex pattern sample can reduce wear by 43 %
compared to a plain sample and that there is a linear correlation between wear volume loss and
test time for both the plain and convex pattern samples over a short period of time. The sample
deformation shows that the sides of the convex pattern sample are subjected to more severe
wear.

The numerical model is validated by comparing the wear volumes of a plain sample
obtained in simulation and experiment. The result indicates wear reduction rates of 68.9 % and
43.0 % for the simulation and experiments, respectively. As the 56-hour circular wear
experiment can be reliably simulated by 2 revolutions after the material flow reaches a stable
state, a scaling factor is calculated as 4.0x10* by comparing the effective distance travelled in
the experiment and simulation.

The numerical model indicates that there is a linear relation between the number of
revolutions and the wear volume of a plain sample and a quadratic relation for the convex
pattern sample. This implies that the trend of wear reduction weakens as a result of the
deformation. Particle size also has a significant effect on the effectiveness of wear reduction of
the convex pattern sample. The wear caused by the contact with the particles corresponding to
lower scaling factor is less than that corresponding to the higher scaling factor.

The convex pattern accounts for 56 % of the total wear volume of the convex pattern
sample. The deformation distribution of the convex pattern depends on the flow behaviour of
particles, and the deformation accelerates as the rolling of particles weakens. The convex
elements at the sides of the sample experience more severe deformation, similar to what was
observed in the experiment.

The contact behaviour of particles at the bottom layer shows that the convex pattern
decelerates the transitional velocity of particles and facilitates rolling, leading to a shorter
sliding distance and therefore less wear than a plain sample.
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7.2 Recommendations

The ability of a convex pattern surface is to reduce wear compared to a plain sample during
bulk handling. To boost the application of the convex pattern surfaces to industries dealing
with a large amount of material and facing severe wear, a further study from three aspects,
including numerical model, laboratory test, and applications, is recommended.

1. Numerical model

Different wear models should be compared and selected cautiously. Archard wear model is
widely applied to the research of wear in the mining industry. However, it only takes the sliding
of particles into account. The rolling of particles with sharp edges has a significant effect on
the deformation of a surface. Therefore, depending on particle properties, future work should
integrate the rolling of particle into a wear model.

The effect of particle shape on the sliding wear of the convex pattern surface should be
considered. The mechanism of sliding wear reduction is attributed to the rolling and guiding
effect on particles, so the simplified spherical particles take the advantage of being guided and
rolled. To suit the application of the bulk handling process, particle shape is a critical factor to
be investigated.

Rolling model Type A can be replaced by rolling model Type C. Model A has the drawback
of dissipating all kinetic energy and the residual Kkinetic energy depends on the time step
adopted in simulations. Rolling model C can provide stable torques and appears to work well
in both static and dynamic scenarios, so the more accurate bulk flow behaviour will be
simulated.

2. Laboratory test

A long-term laboratory test should be performed. As indicated in the numerical result, the
effectiveness of the convex pattern surface weakens as the surface deformation affects the flow
behaviour of particles. Therefore, to have an insight into the effect of the convex pattern sample
on the sliding wear reduction, the laboratory test should continue to be conducted until the
convex pattern is completely worn out.

The reconstruction of the convex pattern after 184-hours testing based on the 3D scanning
is insufficient as the deformation is limited compared to the precision of the scanner, leading
to a relatively high measuring error. The deformation of the convex pattern sample after a long
time test should be reconstructed based on the 3D scanning to compare with the numerical
result.

The laboratory test is limited to the specific free-flowing river gravel with dso of 2.65 mm.
As the numerical result indicates that the particle size has significant effect on the wear
performance of the convex pattern surface, it is essential to investigate to what extent the
particle size affects wear reduction and surface deformation at laboratory scale.

Particle hardness directly affects the wear mode and therefore the long-term wear
performance of the convex pattern sample, so it is worth to evaluate the surface deformation of
the sample under the conditions of different particle hardness.

To reflect more realistic practice and reduce the testing time, the operational conditions can
be changed such as increasing the particle bed height to resemble higher normal loads, using
new particles with high angularity to get more representative results, and increasing the testing
speed to raise the sliding distance of material.
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3. Industrial applications

A transfer chute equipped with a convex pattern should be manufactured and tested to confirm
that the convex pattern sample reduces sliding wear compared to a plain sample on industrial
applications. To consist with the laboratory test, it is recommended to commence testing free-
flowing material with particle size smaller than the equivalent radius of the convex.

Another principal wear mechanism, namely impact wear, which is out of the scope of this
thesis, plays a significant role in the wear of bulk handling equipment, so it is worth
investigating whether the convex pattern surface might exhibit wear reduction properties.

Although the convex pattern enables to reduce wear, the flow resistance caused by the
interface should be evaluated. Considering a handling surface equipped with the convex
configuration leads to extra manufacturing cost, the applicability of the design should be
deliberated when the raised cost is higher compared to that caused by the maintenance and
downtime of a plain surface.
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Nomenclatur

Symbol Unit Description

a mm Major radius of convex

b mm Minor radius of convex

c mm Horizontal distance between two convexes
C, - Coefficient of variation

d mm Vertical distance between two convexes
D, N-s/m Normal coefficient of damping

D, N-s/m Tangential coefficient of damping
F N Normal force

F N Tangential force

g m/s? Gravitational acceleration

G GPa Shear modulus

h mm Height of convex

H, Pa™ Particle hardness

H, Pa™ Surface hardness

I mm Width of the particle bed

I, m Sliding distance

m kg/s Mass flow rate

M, N-m Torque

n, - Normal vector of a mesh element
P, - Central point of a mesh element

135



136 Wear Behaviour of A Convex Pattern Surface for Bulk Handling Equipment

- Poisson ratio
mm®/mm Wear rate

P, - Coordinates of first note of a triangular element

P, - Coordinates of second note of a triangular element

8 - Coordinates of third note of a triangular element

R mm Particle radius

S, N/m Normal stiffness of spring

S, N/m Tangential stiffness of spring

t mm Particle bed thickness

At s Time step

T, s Discharge time

V, m/s Particle velocity

v, m/s Tangential velocity

Vg m/s Particle efficient impact veloctity

W, mm® Wear volume

a, Pa™ Wear coefficient

gy o Shear angle of shear box test

Opp o Shear angle of drawdown test

o i Ratio of the equivalent radius of particle to that of
ER convex

Opp - Ratio of projected area of particle to that of convex

O - Ratio of surface area of particle to that of convex

a, - Ratio of volume of particle to that of convex

0 - Relative wear rate

/4 - Relative wear rate

p kg/m® Bulk density

o - Standard deviation

H - Mean

O - Relative angular velocity

@ rad/s Angular velocity
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Samenvatting

Bulk handling speelt een belangrijke rol in tal van industrieén, zoals de mijnbouw, landbouw,
chemische en farmaceutische industrie. Voor de mijnbouw leidt de economische ontwikkeling
tot een toenemende vraag naar staal en daarmee de grondstoffen die voor de staalproductie
worden gebruikt, zoals kolen en ijzererts. Omgaan met bulk materiaal leidt tot ernstige slijtage
van bulk handling apparatuur vanwege de ontelbare contacten tussen materialen en apparatuur
oppervilakken. De slijtage veroorzaakt oppervlaktevervorming en verslechtering van de
handling apparatuur, wat zorgt voor een verhoogd risico op vermindering van de levensduur
van de machine.

Geinspireerd door een bionische ontwerpmethode, pastte een eerdere studie een convex
patroon toe op een transfertrechter om slijtage veroorzaakt door bulk materiaal te verminderen.
De convexe patroonconfiguratie wordt voorgesteld door biologische morfologieén te zoeken
en de overeenkomstige mechanismes voor slijtagevermindering van elke morfologie te
categoriseren. Een numerieke studie gebaseerd op het Archard-slijtagemodel met behulp van
de discrete-elementenmethode (DEM) geeft aan dat het convexe patroonopperviak de
abrasieve slijtage met 63% kan verminderen in vergelijking met een glad oppervlak.

In navolging van de vorige studie, heeft dit proefschrift tot doel de principes van de convexe
configuratie op slijtagevermindering voor bulk handling apparatuur bloot te leggen en de
oppervlaktevervorming als gevolg van het contact met bulk materiaal te voorspellen. VVoor de
oppervlaktevervorming, door meerdere numerieke methoden te evalueren, heeft DEM met
vervormbare geometrietechniek het voordeel om bulk materiaal en oppervlaktevervorming
effectief en nauwkeurig te integreren.

Dit proefschrift bestaat uit twee delen. Het eerste deel gaat in op de slijtagemechanismen
van het convexe patroonoppervlak met niet-vervormbare geometrie om slijtage te verminderen.
Het tweede deel modelleert de oppervlaktevervorming veroorzaakt door contact van één enkel
deeltje en meerdere contacten van bulk materiaal afzonderlijk.

De convexe configuratie is geoptimaliseerd op basis van een ontwerp-van-
experimentenbenadering. Door een ‘definitive screening design (DSD)’ toe te passen, worden
zes factoren, waaronder twee operationele condities op drie niveaus, geévalueerd. Door de
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combinatie van ontwerpfactoren wordt onderscheid gemaakt tussen twee type stromingen,
namelijk continu en discontinu stromingsregime. Hoewel het discontinue stroomregime in staat
is om slijtage te verminderen, wordt dit gebied niet meegenomen omdat het ernstige
deeltjesaccumulatie veroorzaakt. Voor het continue stroomregime geeft een regressiemodel
aan dat drie individuele factoren en één interactie een significant effect hebben op de
slijtagesnelheid. Het ontwerp met de laagste slijtagesnelheid wordt beschouwd als een
referentie voor de volgende studie. Het numerieke resultaat houdt in dat het convexe
patroonmonster slijtage vermindert in vergelijking met een gewoon monster, omdat het het
bulkstroomgedrag verandert. Zo wordt het rollen van deeltjes gestimuleerd en glijden van
deeltjes vertraagd.

Aangezien bulkverwerkingsapparatuur meerdere materialen met verschillende verdelingen
van deeltjesgrootte behandelt, is het essentieel om het effect van deeltjesgrootte op glijdende
slijtage van het convexe patroonmonster te begrijpen. Een grove korreltechniek, die wordt
gebruikt om de rekentijd te verminderen door fysieke deeltjes te vervangen door
representatieve pakketten, is geimplementeerd om de effectiviteit van het referentiemonster op
vermindering van glijdende slijtage te evalueren. Het resultaat toont aan dat wanneer de
deeltjesstraal kleiner is dan de equivalente straal van de het convexe oppervlak, het convexe
patroonmonster slijtage vermindert door het stromingsgedrag van deeltjes te veranderen.
Anders gaan de deeltjes door het convexe patroon, waardoor de weerstand van de deeltjes
verandert en daardoor de slijtage toeneemt.

Aangezien de mechanismen van het convexe patroonmonster op slijtagevermindering
worden onthuld, is het cruciaal om de effectiviteit te onderzoeken van het monster dat
onderhevig is aan oppervlaktevervorming als gevolg van slijtage. DEM gecombineerd met een
vervormbare geometrietechniek wordt geimplementeerd om de oppervlaktevervorming als
gevolg van slijtage te modelleren. Als benchmark wordt een enkele contacttest, namelijk een
pin-on-disc-test, uitgevoerd om de haalbaarheid van het numerieke model te evalueren. Drie
slijtage-eigenschappen van een vermaasde schijf, waaronder slijtagediepte, slijtagebreedte en
slijtagevolume, worden vergeleken met de testresultaten. De gevoeligheid van de maaswijdte
geeft aan dat de maaswijdte het slijtagevolume doet convergeren, maar het heeft een significant
effect op de vorm van de slijtagecontour. Na het ervaren van een inloopfase, tonen de
numerieke resultaten aan dat door de slijtagecoéfficiént van het Archard-slijtagemodel goed op
te schalen en de elementgrootte te selecteren, de langdurige of grootschalige laboratorium test
worden gemodelleerd door een korte- of numerieke simulatie op korte afstand. Het schaaleffect
maakt het mogelijk om de rekentijd aanzienlijk te verminderen met een veelbelovende
rekennauwkeurigheid.

Verder wordt de oppervlaktevervorming van een convex patroonmonster als gevolg van het
contact met bulkmateriaal gemodelleerd. De slijtage-experimenten zijn uitgevoerd op een
cirkelvormige slijtagetester en de resultaten tonen aan dat het convexe patroonmonster de
slijtage met 43% vermindert in vergelijking met een gewoon monster na het experiment van
56 uur. Om de vervorming van het convexe patroonmonster te onderzoeken, wordt de
slijtagecontour gereconstrueerd op basis van de puntenwolk verkregen uit 3D-scanning. Het
numerieke model wordt gevalideerd door het slijtagevolume van een gewoon monster te
vergelijken tussen het simulatie- en het slijtage-experiment. De simulatieresultaten geven aan
dat het vervormde convexe patroonopperviak de glijdende slijtage blijft verminderen in
vergelijking met een gewoon monster en dat de reductieprestaties afnemen naarmate de slijtage
evolueert. Aan de andere kant speelt de deeltjesgrootte een belangrijke rol in de effectiviteit
van slijtagevermindering op het convexe patroonmonster. De slijtage veroorzaakt door contact
met de deeltjes overeenkomend met een lagere schaalfactor is minder dan die overeenkomt met
een hogere. Dit ligt in lijn met de studie met niet-vervormbare geometrie.



Samenvatting 143

Samenvattend, het convexe patroonoppervlak vermindert slijtage omdat het vloeigedrag
van bulkmateriaal verandert door het rollen te stimulerenen het glijden van individuele deeltjes
te verminderen. Zoals aangegeven in een gevalideerd numeriek model, ondermijnt de
oppervlaktevervorming de effectiviteit van het convexe patroon omdat het de mogelijkheid om
het bulkstroomgedrag te veranderen vermindert. Vergeleken met een gewoon monster, blijft
het convexe patroonmonster de slijtage verminderen met de oppervlaktevervorming.

Verder onderzoek moet gericht zijn op langdurige en grootschalige laboratorium
experimenten. Ook moet de haalbaarheid worden geévalueerd in hoeverre het convexe
patroonopperviak kan worden toegepast op industriéle machines, welke te maken hebben met
ernstige slijtage.
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