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Abstract: A slurry pump is a device used to transport slurry, which is a mixture of solids and liquids.
The slurry pump is subjected to physical erosion, generally resulting from erosion by friction between
the solid and liquid particles. This study aimed to analyze the effects of process parameters on
the erosion wear of a throat bush, which is the main component of a slurry pump. The erosion
rate density (E) was analyzed based on the process parameters, that is, the slurry particle diameter,
rotation speed of the impeller, and gap between the impeller and the throat bush. The discrete phase
model (DPM) of the slurry pump was simulated using the process parameters. These parameters
were optimized to minimize the erosion rate density. The optimization method using design of
experiments (DOE) to derive a specific location with the greatest influence of the design variables
through the one-way layout method and optimize the response value at that location is a method
that efficiently analyzes a large number of cases. The optimization results confirmed that the erosion
rate density was reduced in the optimization model compared with the earlier model.

Keywords: slurry pump; erosion; discrete phase model; design of experiments

1. Introduction

A slurry pump is a device used to transport slurry, which is a mixture of solids
and liquids. It has been used in various industrial fields, such as coal mining, chemical
manufacturing, and electricity generation. A slurry pump is subjected to physical erosion,
generally resulting from erosion by friction between the solid and liquid particles, referred
to as slurry erosion [1,2]. The erosion damage of the slurry pump is a chronic problem
caused by the characteristics of the slurry, geometry of the main components of the pump,
and working conditions.

The key components of a slurry pump subjected to erosion damage are the impeller,
casing, and throat bush. The impeller is subjected to wear owing to its rotation. However,
it exhibits relatively uniform erosion characteristics. However, irregular erosion patterns
occur in the case of the casing and throat bush owing to the flow path of the slurry.
Recently, the surface erosion of the pump and pump cases caused by slurry particles was
experimentally investigated. Zhong et al. [3], measured the erosion damage caused by
particle collisions and expressed the wear coefficient based on the Bitter model. Fritsche
et al. [4], analyzed the amount of erosion based on Bommes’ theory using the angle and
diameter of the casing and the impeller blade exit angle as parameters. Pagalthivarthi
et al. [5], predicted the flow field of a high-density slurry in a centrifugal pump casing
under various work and geometric conditions and identified the physical causes of erosion.
They demonstrated that the solid concentration of the slurry and the shear stress generated
in the casing gradually increased from the upstream tongue region to the downstream
navel region. These measurements can be used to calculate the amount of erosion that
occurs in the casing wall. Jashanpreet Singh and Simranjit Singh, [6], presented a neural
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network prediction of slurry erosion of heavy-duty pump impeller casing materials. In
their work, a standard multilayer artificial neural network was designed. That research
aimed to study the slurry erosion of pump materials for the flow of sand slurry using
experimental and predictive methods. A pot tester was employed to conduct the slurry
erosion experimentation for the variation of rotational speed, concentration, time, and
impact angles. Rahul Tarodiya and Bhupendra K. Gandhi, [7], established the effect of
variation in particle size distribution on the centrifugal slurry pump (CSP) performance
and particle kinetics. Computational fluid dynamics (CFD) modeling of a CSP with multi-
size particulate slurry was performed using the granular Eulerian-Eulerian model. The
numerical model was validated with the experimental data of the pump performance for
multi-size particulate fly ash slurry. Guangjie Peng et al., 2020 [8], analyzed solid-liquid
two-phase flow and wear in a large-scale centrifugal slurry pump. After that, in 2021 [9],
they proposed the optimal hydraulic design to minimize erosive wear in a centrifugal
slurry pump impeller. They used an Eulerian—Eulerian mixture model to simulate the
solid-liquid two-phase flow of quartz sand and water in a slurry pump. The impeller was
optimized statistically.

With the development of advanced computing techniques, the computational CFD-
based approach is being increasingly applied for analyzing the flows in components
handling slurry. The CFD method has the advantages of high efficiency and good economy,
and its accuracy has been very reliable. The benefit of the CFD-based approach is that it
gives comprehensive information about the local variations of flow parameters where the
measurements are either difficult or impractical to conduct. In the case of a low particle
concentration, choosing the CFD-DPM method can improve the calculation efficiency while
ensuring calculation accuracy [10,11]. Rui Li et al. [12], showed the design optimization of
a hemispherical protrusion for mitigating elbow erosion via CFD-DPM. Mazadak Parsia
etal. [13], used the DPM model to accurately predict the erosion distribution of the elbow in
a gas-liquid-solid flow. Solnordal et al. [14], used the DPM model, combined with two-way
coupling and wall roughness models, to obtain the erosion rate distribution in the elbow.
The calculated data was very consistent with the experimental data. DPM is a Lagrangian
parcel-based approach that models particle collisions and uncorrelated translations using
the kinetic theory of granular flows. This approach has numerous advantages over the
established Eulerian two-fluid model. These include better resolution of particle clusters
and bubbles, more natural incorporation of particle size distributions, and better handling
of crossing particle jets clusters [15]. Erosion analysis using DPM was verified regarding its
effectiveness and validity by many previous studies.

In many previous studies, simulations and experiments were performed according
to the conditions of the slurry pump. They proposed a shape design that can minimize
erosion. Several studies were conducted on the erosion of the impeller and casing. There
are not many studies using statistical analysis methods to analyze the amount of erosion
according to various combinations of factors.

In this study, the process parameters were optimized to reduce the erosion rate density
(E) of the throat bush while maintaining the operating conditions of the slurry pump. The
erosion rate density (E) of the throat bush was first analyzed using a DPM that considered
the operating conditions of the slurry pump and particle characteristics. Based on the first
simulation, the effects of the gap between the impeller and the throat bush, rotation speed
(rpm) of the impeller, and slurry particle diameter on the erosion rate density (E) were
analyzed using a one-way layout. From the analysis results, we derived the erosion maps.
The locations that exhibited the highest erosion rate density (E) were selected. A second
analysis was performed to derive conditions for minimizing the erosion rate density at that
location. A combination of process parameters was established using the response surface
methodology (RSM) in the design of experiments methods. Accordingly, the parameters
and dimensions were optimized to minimize the erosion rate density.
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2. Mathematical Models
2.1. Erosion Mechanism

Erosion occurs because of the interaction between the solid particles and the pump
surface caused by the fluid flow, based on sliding and impact mechanisms [16,17]. Erosion
can also be used to represent the wear caused by flowing gases, liquid droplets, or particles.
The solid particles in the slurry pump were calcium carbonate granules mixed with water
and precipitated or made into a heterogeneous lime slurry. The generated slurry was
transported by a centrifugal pump, which eroded the impeller and bush inside the pump.
Figure 1 illustrates a schematic of erosion modeling for slurry flow.
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Figure 1. Schematic for erosion modeling.

2.2. Erosion Model

Erosion occurs owing to various factors, such as particle impact and the characteristics
of the fluid and walls. Several models exist for erosion analysis [18-20]. However, the
Finnie erosion model is the most widely used. Finnie suggested an exponential correlation
between the erosion rate and the kinetic energy of colliding particles. This model uses both
Lagrangian particle tracking and Eulerian-Eulerian multiphase approaches. Additionally,
it can be used in the ANSYS Fluent software. Equation (1), presented below, was applied to
the Finnie model, where E denotes the erosion rate.

E =kU} f(6) 1

Here, k denotes a constant that varies depending on the fluid properties, such as
temperature, density, and viscosity. Up denotes the impact velocity, and n denotes the
velocity index that varies depending on the material of the eroded surface. f(0) represents a
function of the impact angle, which is presented in Equations (2) and (3).

@

W =

£(6) = %COSZ(()), if tan(6) >

£(8) = sin(20) — 3sin®(0), if tan(f) < % 3)

f = 18.4° denotes the critical value used to differentiate between sliding wear and
impact wear. Sliding wear is dominant in the § < 18.4° section, whereas impact wear is
dominant in the 6 > 18.4° section [21].

2.3. Turbulence Models

The shear stress transport (SST) model was applied as a turbulence model to predict
flow separation [22,23]. It effectively predicts flow separation as a combination of the
turbulence frequency-based k-omega model and the volumetric flow k-epsilon model.
Equation (4) was used in the SST model for the multiphase flow.

pmalkm
max(ajw™, S"F,)

)
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Here, p denotes the density, k denotes the turbulent kinetic energy, w denotes the
turbulence frequency, and F, denotes the blending function. ur denotes the turbulent
viscosity and S denotes the shear stress. The superscript m denotes the mixture and a;
denotes the coefficient that determines the proportion of fluid or solid [24,25].

3. CFD Analysis
3.1. DPM Analysis Modeling

A slurry pump consists of a casing, an impeller, and a throat bush, as shown in Figure 2.
The throat bush of a slurry pump from Warman, Australia, was selected as the target model
in this study, and an analysis model was designed accordingly. Figure 2a depicts the throat
bush used in the slurry pump that was subjected to erosion wear by slurry particles. The
simulation model comprised a casing, impeller, and throat bush (Figure 2b).

Outlet

Throat bush

(b)

Figure 2. Throat bush and slurry pump: (a) erosion by slurry particles; (b) boundary conditions for

multiphase flow analysis model of the slurry pump with an impeller, throat bush, and casing.

Mesh independence is an important part of a simulation study to guarantee that the
numerical solution independent of the size of the mesh [26]. For this reason, three meshes,
i.e., fine mesh, normal mesh, and coarse mesh, were generated. The total elements for fine
mesh, medium mesh, and coarse mesh are 418,173, 291,421, and 260,052 respectively, with
all three meshes shown in Figure 3. In this study, simulations were performed using a fine
mesh. Table 1 shows the number of grids with different grid types in the slurry pump.

(@) (b) (c)
Figure 3. Three types of mesh slurry pump: (a) fine mesh; (b) normal mesh; (c) coarse mesh.

Table 1. The number of cells with different grid types in the slurry pump.

Grid Size Number of Cells Skewness
Coarse 260,052 0.27198
Normal 291,421 0.26986

Fine 418,173 0.2657
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Among the analysis conditions, the three boundary conditions for the fluid region
are the mass flow rate condition at the inlet, no-slip condition at the wall, and pressure
condition at the outlet. The number and velocity of the particles are determined using
the value obtained by dividing the mass flow rate assigned to the representative particle
by the actual mass of the particle [27]. Table 2 presents the boundary conditions for the
simulations. The boundary condition was set based on the operating conditions applied in
a Korean thermal power plant.

Table 2. Boundary conditions.

Category Conditions
Slurry condition H,0 + CaCO3 + CaSOy4
Impeller speed 600 rpm
Turbulence model SST
Temperature 50 °C
Particle diameter <325 mesh (44 pm)
Slurry flow 6800 m3/h
Throat bush material White cast iron
pH of slurry 5-6

The main parameters that affect the erosion rate density include the particle diameter,
gap between the main components, and impeller speed. The analysis range of the pump
based on these parameters was set as the overload and underload states under actual
operating conditions. Table 3 lists the ranges of parameters applied to the DPM. Figure 4
depicts the gap between the impeller and the throat bush (w).

Table 3. Design parameters.

Parameters Value
Particle diameter, d (um) 37,44,53
Distance, w (mm) 1,1.2,14
Impeller speed, v (rpm) 550, 600, 650

Figure 4. Gap between the impeller and the throat bush.

3.2. Analysis of the Simulation Results

Figure 4 demonstrates the results of the simulation of the slurry particle velocity track-
ing and erosion damage in the slurry pump. The maximum velocity of the slurry particles
was observed to be near the impeller and throat bush. Consequently, the slurry particles
uniformly flowed into the pump casing, swirled around the impeller, and uniformly exited
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the pump casing, as illustrated in Figure 5a. The maximum erosion damage occurred in the
throat bush, as depicted in Figure 5b.

(a) (b)

Figure 5. Simulation results: (a) slurry particles tracking and velocity streamlines; (b) erosion

rate density.

A wear map for the entire throat bush was presented at angular intervals of 45° in the
counterclockwise direction to identify erosion damage for each section of the throat bush,
as shown in Figure 6.

90°
135° 45°

180° 0°

225° 315°
270°

Figure 6. Wear map for different locations on an angular basis.

3.2.1. Analysis of the Erosion Rate Density (E) Based on the Gap between the Impeller and
the Throat Bush (w)

Figure 7 depicts the erosion rate density based on the gap between the impeller and
the throat bush. In this instance, the slurry particle diameter and impeller rotation speed
were fixed at 44 m and 600 rpm, respectively. However, the gap between the impeller and
the throat bush (w) was varied from 1 to 1.2 to 1.4 mm.
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Figure 7. Erosion rate density based on the distance between the parts.

As the distance between the two components increased, the erosion rate density
decreased. The erosion rate density decreased more when the gap between the impeller
and the throat bush increased from 1.2 to 1.4 mm compared with when the gap increased
from 1 to 1.2 mm. If the gap between the impeller and the throat bush is increased, the
sliding of the internal fluid and the surface is reduced and the wear due to impact is
reduced [16]. Additionally, the simulation results showed that the highest erosion rate
density occurred near &« = 45° and & = 315°, which were close to the outlet. The two parts
close to the exit had a lot of erosion because the internal flow changed radically, despite the
increase in the spacing between the impeller and the throat bush.

3.2.2. Analysis of the Erosion Rate Density (E) Based on the Impeller Speed (v)

Figure 8 presents the erosion rate density based on the impeller rotation speed. The
particle diameter and gap between the impeller and the throat bush were fixed at 44 pm
and 1 mm, respectively. However, the impeller rotation speed was varied from 550 to
600 rpm and then to 650 rpm. As the impeller rotation speed increased, the erosion rate
density increased. It increased more when the impeller rotation speed increased from 550
to 600 rpm compared with when the speed increased from 600 to 650 rpm. In general, if
the rotational speed of the impeller increases, the speed of the internal flow also increases,
and the impact wear also increases. Similar to the previous result, the highest erosion rate
density was observed near « = 45° and a = 315°, which were close to the outlet.

500

) 450 d=44 ym, w=1 mm
rlE 400 i =+ =v=550 rpm
= 7o\

£350 ——v=600 rpm
& 300

< —= -y=650 rpm
~ 250

(]
S 200
S 150
Z 100
3 50 L S
0

0 45 90 135 180 225 270 315 360

at

Erosio

Figure 8. Erosion rate density based on the distance between the parts.
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3.2.3. Analysis of the Erosion Rate Density (E) Based on the Slurry Particle Diameter (d)

Figure 9 shows the erosion rate density based on the slurry particle diameter in
microns. Here, the impeller rotation speed and the gap between the impeller and the throat
bush were fixed at 600 rpm and 1 mm, respectively. However, the particle diameter was
varied from 37 to 44 pm and then to 53 um. As the particle diameter increased, the erosion
rate density increased. However, the erosion rate density in the vicinity of « = 45° was
higher when the particle diameter was 44 um than when the diameter was 53 um. This
trend is because larger particles cause less impact wear but are more susceptible to sliding
wear [16]. Similar to the previous results, the highest erosion rate density occurred near
a = 45° and « = 315°, which were close to the outlet.

500
@ 450 v=600 mm, w=1 mm

£ 400 - 437 m

0350 . ,
- d=44 pm '
2 300 S

=250 Cetd L

)

< 200

g 150

g 100 g

@ 50

)
(-

0 45 90 135 180 225 270 315 360

Figure 9. Erosion rate density against different values of slurry particle.

4. Erosion Optimization
4.1. DPM Analysis with Response Surface Methodology (RSM)

Optimization analysis was conducted to reduce the erosion wear at the locations at
which the previous analysis confirmed a high erosion rate density. As can be seen from the
analysis results of the wear map, the largest amount of erosion occurred at 45° and 315°.

To analyze the optimal conditions for minimizing the wear at these two locations, we
performed DPM analysis under the conditions shown in Table 4 using the Box-Behnken
design of the response surface methodology (RSM) [28-30]. We set the analysis condition
table with three factors and three levels, designed a total of 15 conditions, and designed the
condition that repeats the center point three times. Statistical analysis was conducted using
the statistical software program Minitab 17 based on the obtained data.

4.2. Results and Analysis

We derived two regression equations. Equations (5) and (6) were for predicting the
amount of erosion at the two points with the most wear on the wear map, namely, 45°
and 315°, respectively. Analysis of variance (ANOVA) confirmed that all parameters
significantly influenced the erosion rate density. A higher value of the regression coefficient
R? indicates that the model equation is well fitted to the data. The values of the regression
coefficients were as follows: Equation (5)—R? = 0.9963 and adjusted R? = 0.9926, and
Equation (6)—R? = 0.599 and adjusted R? = 0.9375, where these equations show the best
fits of the model with experimental data along with the p-values of the linear, quadratic,
and interaction coefficients.
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Table 4. Results of experimental and predicted values.
R Dls(;[:;-lce Dla(rg)eter Impeller Rotation Eros(llo(;; i;fnlz),z;lsuy Slurry Flow
Speed (v) (rpm) (m3/h)
(mm) (um) o = 45° o = 315°
1 1 45 650 382 363 8120
2 1.4 45 650 235 207 6841
3 14 37 600 161 130 6250
4 1.2 45 600 303 280 7100
5 1 37 600 295 267 7554
6 1.2 37 650 298 276 7776
7 1.2 53 550 242 313 6400
8 1 53 600 347 480 7450
9 1 45 550 277 241 6815
10 1.2 45 600 303 280 7100
11 1.4 53 600 187 207 6123
12 1.2 37 550 190 159 6521
13 1.4 45 550 155 120 6080
14 1.2 53 650 330 412 7625
15 1.2 45 600 303 280 7100
The regression equations for the erosion rate density were
erosion rate density(45°) = —3877 + 1898w + 38.0d + 6.8v — 743.8w?* — 0.39d> — 0.004v> — 0.75wv (5)

erosion rate density(315°) = —2695 + 2675w + 36.1d + 1.0v — 874w? — 22.34wd ~ (6)

where w, distance (mm); d, diameter (um); and v, impeller rotation speed (rpm).

Figure 10a,b shows the response surface plots for the erosion rate density of the
throat bush in the slurry pump. The curvature effect was confirmed to occur according to
these parameters.

The response optimizer, which is a reaction optimization tool, was used to derive the
optimal values for the gap between the impeller and the throat bush, impeller speed, and
slurry particle diameter that affect the erosion rate density of the throat bush. Figure 11
shows the optimal condition results based on the parameters. The target function was set
to minimize the erosion rate density in the & = 45° and 315° sections. The optimal process
parameters and dimensions were derived by setting the constraint function to a flow rate
of 7000 m?/h. The optimal conditions derived using the RSM were applied to the slurry
pump for modeling, and a DPM simulation was performed. The results derived from the
basic model and the DOE were compared with the optimized results. Table 5 presents a
comparison of the results. The optimization results confirmed that the erosion rate density
in the &« = 45° and 315° sections of the throat bush was lower than that observed in the
earlier model.
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Figure 10. The response surface plots for the erosion rate density: (a) erosion rate density at 45°
locations of the wear map; (b) erosion rate density at 315°.
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Distance Diameter Speed
High 1.40 53.0 650.0
Cur 1.3415 37.6465 636.8687
Low 1.0 37.0 550.0

Composite
Desirability
D:0.7730

Slurry F

Targ.:7000.0
Y =7123.73 T -
d=0.8895

Erosion (315°)
Minimum

Y =199.63
d=0.7788

Erosion (45°)
Minimum

Y =229.98
d=0.6667

Figure 11. Optimization conditions.

Table 5. Optimization results.

Parameters Initial DOE Optimal Conditions
Distance (mm) 1 1.34 1.34
Diameter (um) 44 37.65 38

Speed (rpm) 600 636.87 637

45° erosion rate density
(106 kg /m?.s) 359.51 229.98 233.11
315° erosion rate density 341.034 199.63 207.31

(106 kg/m2 -s)

5. Conclusions

This study aimed to investigate the erosion rate density of the throat bush via parame-
ter optimization using DPM simulations and DOE to reduce the erosion wear of the throat
bush owing to the operation of a slurry pump. We applied a statistical method using the
design of experiments method to derive the conditions for minimizing the amount of ero-
sion of the pump. We analyzed the erosion rate density (E) of a throat bush with a one-way
layout for three different parameters to create a wear map, and as a result, derived the
location where erosion occurred the most. To derive the conditions for reducing the erosion
rate density at the derived location, we performed optimization using the response surface
methodology (RSM). We derived variable conditions that could minimize the erosion rate
density of the throat bush. This result is expected to help minimize the erosion of the throat
bush in the slurry pump. The optimization method using DOE to derive a specific location
with the greatest influence of design variables through the one-way layout method and
optimize the response value at that location is a method that can efficiently analyze a large
number of cases. We plan to analyze the amount of erosion by making a pump by reflecting
the derived design and operating conditions and performing experiments, and we will
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verify the validity of the analysis in further studies. This is expected to be applicable in
the field.

(1) The casing, impeller, and throat bush of the slurry pump were modeled.

(2) DPM simulation was performed using a one-way layout to compare the impact of
the gap between the impeller and the throat bush, speed of the impeller, and slurry
particle diameter on the erosion rate density. The occurrence of the highest erosion
rate density was confirmed at the & = 45° and 315° sections of the throat bush through
the wear map.

(3) The parameters, that is, the gap between the impeller and the throat bush, impeller
speed, and slurry particle diameter, were optimized using RSM to reduce the erosion
rate density in the & = 45° and 315° sections of the throat bush. The optimization
results confirmed that the erosion rate density was reduced in the optimization model
compared with the earlier model.
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