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Introduction
In the realm of engineering materials, the selection process is critical, especially when 
considering the strength and erosion resistance of elements in construction. This is par-
ticularly pertinent in the design of protective coatings for crusher feed chutes, where the 
use of innovative, high-density materials is essential to ensure structural integrity and 
longevity.

The grinding circuit plays a crucial role in particle size reduction, a process necessary 
for the effective dissolution of materials in sulfuric acid. This circuit, which involves a 
semi-autogenous mill (SAG MILL) and a wet grinding machine, is well-documented by 
SPW (10) and Suhr et al. [12]. Despite the importance of this stage, the crusher’s feed 
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chute is subject to premature wear, leading to frequent maintenance shutdowns. These 
interruptions are costly and highlight the need for a more durable protective coating.

Maintenance typically entails replacing the existing protective coating, which is 
presently made of halogenated butyl rubber. The recurring nature of these operations 
underscores the importance of enhancing the mean time between failures (MTBF) of 
the chute. Research into coating strength and damage mechanisms, such as the work by 
Noguchi [6] and Xu et al. [15], has provided valuable insights into the development of 
more resilient materials.

This paper aims to enhance this knowledge base by introducing a novel protective 
coating for the crusher’s feed chute. The methodology is driven by computational fluid 
dynamics (CFD) analyses, drawing insights from influential researchers like Franklin 
(4). Franklin advocates for employing the Reynolds averaged Navier–Stokes (RANS) 
approach, highlighting its balanced accuracy and computational efficiency. The study 
employs Ansys Fluent simulations to evaluate the performance of new materials and 
designs, with the goal of enhancing the operational efficiency of mining activities. This 
challenge is underscored by Sánchez and Hartlieb [9], who highlight the escalating oper-
ational and environmental pressures confronting the mining industry.

The methodology of this study begins with the development of an Ansys Fluent geom-
etry simulation to accurately replicate the crushing circuit. Various designs for the pro-
tective coating of the feed chute are explored through simulations, aiming to achieve a 
more uniform feed distribution. Following this, the optimal design is implemented dur-
ing the construction and installation phases to seamlessly integrate the new protective 
coating feed chute onto the crusher. This initiative is anticipated to enhance the oper-
ational efficiency of mining activities linked with the crusher at MMG/Kinsevere. It is 
poised to contribute to the industry’s endeavors in addressing challenges like declining 
ore grades and increasing environmental and social awareness.

Figure 1 illustrates the fragmentation process, including crushing to grinding, and the 
different flows fed into the crusher through the chute. Figures 2 and 3 illustrate degraded 
coating.

Methods
Model geometry

Three distinct flows—ores, raffinate, and pulp—were meticulously chosen for in-depth 
examination to assess their impact on the protective coating of the feed chute. The 
analysis involved scrutinizing the results of numerical simulations conducted in ANSYS 
FLUENT software. ANSYS is a user-friendly software offering a plethora of options for 
conducting 2D and 3D simulations on geometries of varying complexity. It accommo-
dates both fixed and adaptive meshes and supports various physical models, including 
those for two-phase and turbulent flows. The software’s accessibility and versatility were 
key factors in opting for ANSYS to execute the simulations. Simulations in ANSYS are 
performed through the Ansys Workbench interface, a valuable tool for managing sin-
gle or multiple simulations, especially in fluid mechanics. The Ansys Fluent analysis sys-
tem involves five major steps: geometry creation, mesh generation, solver configuration, 
numerical resolution, and the display and visualization of results.
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In both structural and fluid mechanics simulations, the first step is to generate the 
geometry in either 2D or 3D. This can be accomplished using software integrated 
into the calculation code or via computer-aided design (CAD) software. In the latter 
case, the geometry is typically imported in a format compatible with the simulation 
software, with STEP or IGES formats being the most commonly used [1]. For this 
project, the trunking geometry was crafted using SOLIDWORKS 2018 software and 
then exported in IGES format.

Fig. 2  Worn-out coating state

Fig. 3  Protective coating degraded



Page 5 of 16Kalala et al. Journal of Engineering and Applied Science          (2024) 71:119 	

Generation of the mesh and definition of the boundary conditions

Mesh generation is a crucial step wherein a given geometry is discretized into multi-
ple elements [11]. In this phase, the objective was to create a mesh for the geometry, 
delineating key boundaries such as the inlet, outlet, and walls. The meshing process 
was executed using the Ansys Fluent Mesher, which carries out meshing operations 
through a series of steps: importing the geometry for meshing, generating a mesh for 
the solid domain, specifying geometry limits, and generating the mesh for the fluid 
domain. The imported geometry underwent meshing, as illustrated in Figs. 4 and 5, 
following the dimensions specified in Table 1.

The delineation of limits involved specifying the fluid inlet, outlet, and coating 
walls, as depicted in Fig. 6. Subsequently, upon defining these limits, the mesh for the 
fluid domain was generated (refer to Fig. 7), with corresponding properties outlined 
in Table 2.

Fig. 4  Chute geometry

Fig. 5  Geometry mesh

Table 1  Mesh specifications

Title Value

Minimum size 1.6 mm

Maximum size 41 mm

Growth rate 1.2
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Modeling with Ansys Fluent

The Ansys Fluent solver was set up following distinct steps, as illustrated in Fig. 8.
Given that the flow is incompressible and considered steady, the solver types “pressure-

based” and “steady” were selected, respectively. Ansys Fluent provides four models: Volume 
of Fluid or miscible phases (VOF), Mixture, Wet Steam, and Eulerian. The first two mod-
els are designed for homogeneous flows, while the last two are suitable for heterogeneous 

Fig. 6  Limits of the chute

Fig. 7  Mesh of the fluid dominance

Table 2  Generation of the fluid domain mesh

Title Value

Mesh Polyhedral

Growth rate 1.2

Maximum cell size 57 mm
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flows. Considering that the flow in the feed chute is considered heterogeneous, the Eulerian 
model, combined with the Lagrangian approach for resolving the solid phase, was chosen.

The flows within the feed chute exhibit disordered and non-parallel streamlines, indicat-
ing turbulent behavior. Therefore, the flow was configured to account for turbulence. The 
material assignment involves defining the substances present in the flows. In this study, the 
assignment designates raffinate as the primary or liquid phase and copper as the secondary 
or discrete phase. At the entrance of the chute, “velocity inlet” type boundary conditions 
were selected. Ansys Fluent Software provides various methods to define material velocity 
direction, and, for this study, the direction chosen was perpendicular to the surface of the 
chute inlet. The boundary conditions considered at the entrance of the chute are detailed 
in Table 3. These values were gathered from the operating conditions at MMG/Kinsevere.

In this study, the Oka erosion model was used to predict the rate of erosion in the chute 
[7, 8]. This model considers several influencing parameters, some of which are readily avail-
able in the literature. In addition, this model is a predictive expression in terms of the qual-
ity and quantity of the erosion rate applicable irrespective of velocity, impact angle, type of 
material eroded, and size of eroding material.

This model is given by the Eq. (1):

With.
E(θ)[mm3/kg] : is the erosion rate for any impact angle θ.
E(90◦)[mm3/kg] : is the erosion rate when θ is normal to the impact surface.
g(θ) : is a function that considers the dependence of erosion on θ, and the hardness of the 

eroded material expressed in GPa.
The function g(θ) is given by the mathematical Eq. (3):

where n1 and n2 are empirical constants determined via the hardness of the eroded mate-
rial and other impact conditions such as the properties of the eroding material. These 
constants are given in Eqs. (3) and (4).

(1)E(θ) = g(θ)E(90◦)

(2)g(θ) = (sinθ)n1(sinθ)n1n1(1+Hv(1− sinθ))n2

(3)n1 = 0.71(Hv)0.14

Table 3  Boundary conditions at the chute inlet

Primary phase

  Raffinate mass flow 70 [m3/h] or 20.22 [kg/s]

  Mass flow solution circulating load 370.51 [t/h] or 102.9194 [kg/s]

  Total fluid mass flow supplied 123.14 [kg/s]

Discrete phase

  Solid mass flow from the crusher 335 [t/h] or 93.06 [kg/s]

  Solid mass flow circulating load 688.09 [t/h] or 191.14 [kg/s]

  Total solid-fed mass flow 1023 [t/h] or 284.19 [kg/s]
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The E(θ) function is given by the following equation:

where.
v : represents impact velocity.
d : represents particle diameter.
dref : represents the wall boundary conditions that have been specified (refer to Table 4).
These conditions primarily involve determining the wear model (Oka) to be applied and 

defining the necessary parameters for its implementation across various case studies (refer 
to Table 5). Multiple case studies were conducted by varying the wall material, represent-
ing the coating of the chute. Three materials were examined: halogenated butyl rubber, the 
current coating used to safeguard the feed chute of the MMG/Kinsevere mill; 316 stain-
less steel, commonly employed in transporting acidic materials through pipes; and ceram-
ics, known for its superior abrasion hardness, increasingly utilized in the mining industry, 
especially for safeguarding hydrocyclones. Tables 4 and 5 provide insights into some wall 
boundary conditions and parameters of the selected Oka model based on the material type.

Prior to commencing the computation, initializing the values of various variables in the 
problem, such as velocity, pressure, temperature, and turbulence equations, is crucial. In 
this study, hybrid initialization was adopted. This method involves the software initializing 
the solutions by considering all the boundaries of the domain.

Results and discussions
The grid convergence test was performed to analyze the effect of the mesh size on the 
rate of erosion density. The mesh size was adjusted between 0.03 and 0.05 mm. Fig-
ure  12a–c shows the results corresponding to stainless steel, ceramic, and rubber, 
respectively. These convergence plots show the convergence of the simulations.

(4)n2 = 2.4(Hv)−0.94

(5)E90 = 60(Hv)−0.12 d

dref

0.019 v

vref

k2

Table 4  Boundary conditions of the wall

Title Value or choice

Solid phase normal reflection coefficient 1.5

Solid phase tangent reflection coefficient 0.61

Erosion model Oka model

Table 5  Parameters of the Oka model depending on the material

Rubber Stainless steel 316 Ceramic

n1 0.747910911 0.791339258 0.920912723

n2 1.692486914 1.158614854 0.418566719

k2 2.332704999 2.368717703 2.468245996

Hv 1.45 GPa 2.17 GPa 6.41 GPa

E90 0.328026792 mm3/kg 0.283591853 mm3/kg 0.190372948 mm3/kg
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The outcomes of the residual convergence test demonstrated convergence levels up to 
10−5 for continuity and 10−6 for all other variables (velocity along x, velocity along y, 
velocity along z, kinetic energy k, and the specific rate of dissipation Ω), reaching this 
convergence at iteration number 530.

Table 6, depicted in Fig. 9, displays the outcomes concerning the influence of the tur-
bulence model selection on the density of the erosion rate. An examination of Table 6 
and Fig. 10 reveals, for this specific case study, the insignificance of the density of the 
erosion rate in relation to the chosen turbulence model. The analysis indicates that the 
variations between the different models are minimal, up to the closest ten thousandth. 
Consequently, regardless of the model employed, the obtained results would not have 
exhibited significant differences.

The simulation results indicate that the area with the highest density of the erosion 
rate aligns with the observed region on the currently used chute. Figure 11 visually rep-
resents this correlation.

Furthermore, the simulations reveal that the high-density zone of the erosion rate is 
consistent across different materials. Figures 12, 13, and 14 illustrate that the area with 

Table 6  Comparative table of densities of erosion rates according to the turbulence model

Turbulence model Erosion 
rate 
density

k-ξ Standard 0.66357

k-ξ RNG 0.67458

Reynold stress 0.67610

k-ω SST 0.6637

k-ω Standard 0.66367

k-ω GEKO 0.66120

k-ω BSL 0.66118

Fig. 9  Dependence of erosion rate densities on the turbulence model
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the maximum density of the erosion rate remains constant, irrespective of the material 
employed. This stability is attributed to the unchanged impact area.

The main goals of this study were to anticipate erosion-prone areas along the chute, 
both qualitatively and quantitatively, with the aim of recommending a protective coat-
ing material that meets the company’s specifications. Through a comparative analysis 
involving rubber, 316 stainless steel, and ceramic materials, the results, as depicted in 
Fig. 15, indicate that ceramic exhibits the highest resistance to erosion (0.6636753 kg/
m2s), outperforming 316 stainless steel (2.186633 kg/m2s) and halogenated butyl rubber 
(3.326576 kg/m2s).

The findings presented in this paper are corroborated by prior research indicating that 
ceramic coatings improve wear resistance and prolong the lifespan of mining equipment 
[2, 3]. Wolfe et al. [14] highlighted the fact that ceramic coatings provide a durable protec-
tive barrier for underlying substrates, surpassing many alternative film barrier materials 
such as polymers, metals, and glasses in terms of performance and effectiveness. Medve-
dovski [5] adds that ceramic coatings exhibit superior hardness compared to the particles 

Fig. 11  Comparison between the zone subject to strong erosion on the real chute and the simulated

Fig. 12  Erosion profile on rubber
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Fig. 13  Erosion profile on 316 stainless steel

Fig. 14  Erosion profile on ceramic

Fig. 15  Comparison in terms of maximum erosion rate density
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they encounter during processing, making them a preferred choice for wear applications 
in comparison to stainless steel protective skin. Additionally, the cracks that may form in 
ceramic coatings tend to be minimal due to the dominance of fracture toughness and brit-
tleness, factors that contribute significantly to crack propagation and erosion resistance.

Given the findings above, both ceramic and steel show promise in potentially extend-
ing the average time between failures of the chute. Several solutions can be considered, 
including either a complete replacement of the protective coating or a localized replace-
ment that targets the identified erosion-prone area. The choice between ceramic and 316 
stainless steel should consider economic, financial, and technical factors. An alternative 
proposal involves combining halogenated butyl rubber with either ceramic or stainless 
steel. Halogenated butyl rubber, being elastic, offers shock absorption compared to the 
ductile and rigid nature of ceramic and 316 stainless steel. While ceramic and steel excel 
in abrasion resistance compared to rubber, a hybrid coating could merge the elasticity of 
rubber with the hardness of ceramic or 316 stainless steel, creating rubber-ceramic and/
or rubber-stainless steel coatings.

For a rubber-ceramic coating, this could entail using rubber with recesses to house 
ceramic blocks, assembled with a high acid-resistant adhesive. Additionally, clamping 
holes could be strategically placed in erosion-resistant areas for bolting the new coating 
securely to the chute. Careful consideration of these options is crucial, considering the 
specific operational requirements and constraints of the mining environment.

Various methods and techniques are employed to apply different coating materials 
onto metal substrates, including physical vapor deposition, chemical vapor deposition, 
and thermal spraying [3]. The choice of a coating method typically depends on the spe-
cific application requirements and the characteristics of the substrate material. Each 
method yields distinct results in terms of raw material formulation, coating thickness, 
and density. Therefore, meticulous consideration of these factors is essential to achieve 
optimal mechanical strength and corrosion resistance [13].

Conclusions
In conclusion, this study delved into the impact of different materials on the design of a 
protective coating for a crusher’s feed chute. Utilizing computational fluid dynamics with 
Ansys Fluent, the research involved a thorough design and performance analysis of vari-
ous protective coating materials, specifically examining erosion rates and density effects. 
Maximum densities for different materials were scrutinized, leading to the proposal of a 
new protective coating. The study observed the effects on the mean time between fail-
ures (MTBF) for feed chutes with different materials, highlighting the potential benefits 
of combining ceramic and steel or halogenated butyl rubber and ceramic to extend the 
chute’s average time between failures. Through detailed modeling and simulations, the 
authors identified ceramic as a more favorable protective coating material, boasting a 
density rate of 0.6636753 kg/m2s compared to 3.326576 kg/m2s for halogenated butyl 
rubber and 2.186633 kg/m2s for 316 stainless steel. The simulation results were derived 
from solid and liquid phase flow rates of 284.19 kg/s and 123.14 kg/s, respectively. This 
paper provides practical insights into the implications of the results through the lens of 
the authors’ perspectives, demonstrating the significance of material choices in optimiz-
ing the protective coating for crusher feed chutes.
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