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Abstract: In deep-sea mining hydraulic lifting systems, centrifugal pumps are very important as
power units. In the process of transportation, the fluid prewhirl phenomenon in the impeller inlet will
lead to changes in the state of motion of the particles and fluid and cause the wear of the inlet pipe,
which can lead to centrifugal pump failure in serious cases. In this paper, a numerical simulation of
the centrifugal pump is carried out based on the CFD-DEM coupling method to analyze the influence
of the prewhirl on the wear of the inlet pipe. The results show that the velocity streamline near
the impeller inlet position changes significantly. The flow field velocity increases along the radial
direction of the inlet pipe, and it has a maximum value at r/R = 0.98. The prewhirl flow pulls the
particles to change their original motion direction, and the area where the particles are subjected to
high fluid force is concentrated between 0.5 d/D and 1 d/D, about 0.015 to 0.018 N, resulting in the
uneven distribution of particles. The high-wear area appears in the bottom-left area (specifically, L4,
L9, and L13), and this is also the location of the largest cumulative force; the high-wear area shows a
triangle. The collision energy loss of particles increases due to the influence of the prewhirl, which
leads to an increase in wear.

Keywords: centrifugal pump; inlet pipe; CFD-DEM; prewhirl; wear

1. Introduction

In deep-sea mining projects, minerals from the seafloor, such as polymetallic man-
ganese nodules, need to be lifted to mining platforms or vessels on the surface. In the
hydraulic lifting system, centrifugal pumps are used to transport the mixture containing
solid mineral particles to the surface through the lifting pipeline [1,2], and the performance
and reliability of centrifugal pumps, which are the core power devices, are very important
for safety [3].

Pump prewhirl is a phenomenon in which a fluid acquires a certain rotational motion
before it enters the impeller of the pump. Yin et al. [4] found that the prewhirl phenomenon
exists in the inlet pipe of a centrifugal pump, and CFD numerical simulations were carried
out for this purpose at different flow rates. Chalghoum et al. [5] found that the prewhirl
has a greater effect on the amplitude of pressure fluctuation when studying the effect of
transient pressure fluctuation on the centrifugal pump’s performance, and the stronger the
prewhirl is, the greater the amplitude of the transient pressure is. Zhou et al. [6] studied
the prewhirl and found that the appropriate positive prewhirl can improve the efficiency
of the centrifugal pump. Huang et al. [7] researched the unsteady turbulent pressure
fluctuations in a water jet propulsion system and found that the airflow in the conduit
shows periodic prewhirl motion. Lu et al. [8] studied the noise caused by the unsteady flow
through the numerical simulation of the pump. They found the prewhirl region caused
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by the impeller rotation exhibits a spiraling circular motion. Yang et al. [9] researched the
effect of positive prewhirl on the hydraulic performance of the pump under non-rated
flow. The results showed that, under overloaded flow conditions, the prewhirl leads to
an increase in the intensity of the flow, resulting in significant energy losses. However,
most of the above studies were conducted on the basis of single-phase flow. In the study
of solid–liquid two-phase flow fields, it is generally assumed that the inlet is a uniform
incoming flow, and the effect of the presence of the prewhirl in the inlet flow field on
the motion of particles is less considered. When a pump transports particle two-phase
media, its performance and internal flow field will be different from those in clear water
conditions. The particles will interact with the fluid during transportation in the pump, and
the flow field characteristics will be changed. The particles will collide with the over-flow
components, causing wear and tear on them, leading to performance degradation as well as
the failure of the centrifugal pump [10–12]. The presence of the prewhirl phenomenon can
lead to clogging and wear in the inlet pipe of centrifugal pumps with a two-phase flow of
particles [13–16]. Thus, the study of two-phase flow and wear in the inlet pipe is necessary.

In terms of particle two-phase flow research methods, many scholars have used the
CFD-DEM method to carry out their own studies. Li et al. [17] researched the flow in
a bend with bumps in order to investigate the wear caused by particles on bends with
different wall surfaces. The results show that the effect on the wear rate is most pronounced
when the position of the bumps is close to the position of the first collision of the particles.
Li et al. [18] investigated the wear of a two-phase flow with a normal distribution of
the particle sizes in 90◦ bends using the CFD-DEM method and found that the particles
form a protective layer. Tang et al. [19] used four types of polyhedral particles and one
type of spherical particle to investigate the wear in pumps. They found that the wear
suffered by the pump increases gradually with an increase in the degree of sphericity.
Shi et al. [20] analyzed the flow field and particle trajectory of a pump with an optimized
inlet structure. After an experimental comparison, it was found that the simulation model
had good accuracy. Su et al. [21] studied the motion of large particles in a two-stage pump,
and the results showed the method can accurately predict the pump performance curve
obtained from experiments and, at the same time, analyze the particles at the impeller and
the worm casing information, such as position distribution and velocity. Tan et al. [22]
investigated the characteristics of non-spherical particles in a centrifugal pump. The results
show that the cylindrical particles will move towards the pressure surface to form a pileup.
Wang et al. [23] investigated the spatial distribution and kinematic properties of particles
with different diameters in pumps. Li et al. [24] performed numerical simulations to study
the changes in the motion of particles in a pump under different vibration conditions. They
found the particle passage inside the centrifugal pump would be higher as the vibration
frequency increased.

The above studies show that the CFD-DEM coupling method is reliable for a solid–
liquid two-phase flow in centrifugal pump simulation. However, there is insufficient
research on the prewhirl effect on particle motion characteristics in the inlet pipe. The effect
of the prewhirl flow field on the particle motion will directly affect the wear position and
wear degree of the flow passage wall. Therefore, based on the CFD-DEM coupling method,
this paper investigates the influence of the impeller inlet prewhirl of the two-phase flow in
the inlet pipe and the wear of the wall, and the results of our research can provide certain
theoretical support for the design optimization of the solid–liquid mixing centrifugal pump.

2. Research Method
2.1. Numerical Method

In this paper, the CFD-DEM coupling method was used. The principle of the CFD-
DEM coupling method lies in the fact that the liquid phase is computed in FLUENT
18.2 software and the solid phase is computed in EDEM 2018 software, and the data
are exchanged at each time step. The FLUENT software will first perform a flow field
calculation, and after the current time step has converged, the FLUENT software will pass
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the velocity and pressure information to the EDEM software through the coupling interface,
and the EDEM software will perform another time step. After convergence, it will pass the
particle force information to the FLUENT software through the coupling interface, and the
FLUENT software will perform another time step.

The basic governing equations for solving the liquid phase are as follows:

∇ · (ρu) = 0 (1)

∂u
∂t

+ u · ∇u = − 1
ρ f

∇p + ν∇2u + fg + f f p (2)

where t is the time, ρ is the density of the fluid, u is the velocity of the fluid, p is the pressure
of the fluid, and f f p is the momentum exchange between the particles and the fluid.

The turbulence model used in this paper is the RNG k-ε model [25]. The model
supplements the differential equations for turbulent kinetic energy and its dissipation rate
to close the set of turbulent time-averaged control equations. Compared to the standard
k-e model, the RNG k-ε model is a deformation of the standard model by correcting the
turbulent viscosity, taking into account the rotation in the mean flow, and adding an extra
term to the generation term in the equations to reflect the main flow time-averaged strain
rate. Therefore, the RNG k-ε model can better handle flows with high strain rates and a
large degree of streamline curvature. The equations of the RNG k-ε model are as follows:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj

[(
µ +

µt

σε

)
∂k
∂xj

]
+ Gk − ρε + Sk (3)

∂(ρε)

∂t
+

∂(ρεui)

∂xi
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ G∗

1ε
ε

k
Gk − G2ερ

ε2

k
+ Sε (4)

µt = ρCµ
k2

ε
(5)

C∗
1ε = C1ε −

η
(

1 − η
η0

)
1 + βη3 (6)

η =
(
2Eij·Eij

) 1
2

k
ε

(7)

Eij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(8)

where Cµ = 0.0845, C1ε = 1.42, C2ε = 1.68, η0 = 4.377, β = 0.012.
The equations of control for the motion of particles in a flow field are described by

Newton’s second law. For the motion of particles in a flow field, the governing equations
usually need to take into account the different forces acting on the particles. According to
the characteristics of two-phase media in solid–liquid mixing pumping and piping systems,
the main forces include gravity, the force of the fluid on the particles, and the force of the
particles or the wall on the particles. The equations are expressed as follows:

mp
dVp

dt
= Fg + Ff + ∑ Fc (9)

Ip
dωp

dt
= Mct + M f p (10)

Ff = Fd + Fl + Fp + Fam + FB (11)

where Vp is the velocity of the particle, ∑ Fc is the sum of all contact forces on the particle
with other particles or walls, Fg is the force of gravity, Ff is the force of fluid, Ip is the
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particle rotational inertia, Mct is the sum of the contact momentum of the particle with
other particles in the flow field, ωp is the angular velocity, M f p is the momentum of
resistance on the particle, Fd is the fluid resistance, Fl is the fluid lift force, FB is the Basset
force, Fam is the added mass force, and Fp is the pressure gradient force.

The contact forces between particles include normal and tangential forces; the Hertz–
Mindlin contact model [26] is used. This is based on elastomer theory and is suitable for
describing the contact force between hard particles, in which the particles are regarded as
ideal elastic spheres, and the model treats the interactions between the particles as a spring
and damping system, which is used to describe the elastic and damping forces between the
particles. The model can be used to simulate particle–wall contact when one of the particles
has an infinite particle size. The contact force equation is given below:

Fc = Fn + Ft (12)

Fn = −knδn − ηnvn (13)

Ft = −ktδt − ηtvt (14)

where Fn is the normal force; Ft is the tangential force; kn and kt denote the normal and
tangential stiffness of the spring, respectively; δn and δt are the normal and tangential
relative displacements between the particles or between the particles and the wall; ηn and
ηt denote the normal and tangential damping coefficients, respectively; and vn and vt are
the normal and tangential relative velocities between the particles or between the particles
and the wall, respectively.

The Archard [27] wear model is used to calculate the wear:

Q = K
WL
Hv

(15)

where Q is the wear volume, K is the dimensionless wear constant (take K = 1 × 10−11), L
is the sliding distance, W is the applied load, and Hv is the hardness of the wall material.

The wall thickness loss h can be derived from the wear model:

h =
K

Hv A
WL (16)

where A is the contact area.

2.2. Model and Mesh

The design parameters of the studied pump are as follows: a rated flow rate of
1200 m3/h, a rated head of 95 m, a rated shaft power of 710 kW, and a rated efficiency of
79%. The speed of the pump is 990 rpm, the number of impellers is 5, the inlet diameter of
the impeller is 350 mm, the maximum diameter of the impeller is 760 mm, and the outlet
diameter of the volute is 260 mm. The geometric model is shown in Figure 1.
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The centrifugal pump is hydraulically modeled in the fluid domain. The main parts
are the inlet pipe, the impeller, the volute, and the outlet pipe. The hydraulic model of
the fluid domain is shown in Figure 2. The domain dimensions of the model are shown in
Table 1. The hydrodynamic model is meshed with 6 sets of mesh, ranging from 2,352,531 to
7,652,523. Table 2 shows the mesh type of the model. The numerical simulation is carried
out with the same boundary conditions, i.e., a flow rate of 1200 m3/h, a rotational speed of
990 rpm, and water as the fluid medium. Among them, the inlet is set as a velocity inlet in
FLUENT software (the velocity value is 3.465 m/s) and the outlet is set as an outflow in
steady calculation. Figure 3 shows the results, and the head shows a trend of rising and
then falling and then tends to level off. A grid number of 6,454,931 is finally selected, and
the quality of this set of grids as well as the smallest angle meet the requirements of the
calculation. Figure 4 shows the mesh model.
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Figure 2. Hydrodynamic model of the fluid domain.

Table 1. Domain dimensions.

Geometric Parameters Value

Inlet pipe diameter (mm) 350
Length of inlet pipe (mm) 800

Outlet pipe diameter (mm) 260
Length of outlet pipe (mm) 700

Impeller inlet diameter (mm) 350
Impeller outer diameter (mm) 760
Volute outer diameter (mm) 260

Table 2. Mesh type.

Parts Mesh Type

Inlet pipe Hexahedral structured mesh
Outlet pipe Hexahedral structured mesh

Impeller Tetrahedral unstructured mesh
Volute Tetrahedral unstructured mesh
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2.3. Experimental Method

Figure 5 shows the experimental system. Figure 6 shows the comparison of numerical
simulation and experimental data for the centrifugal pump under the conditions of a speed
of 990 rpm and water as the fluid medium. The flow rates are 220, 509, 715, 970, 1205, and
1347 m3/h. The numerical simulation adopts the transient calculation mode, and Table 3
shows the specific setup of simulation parameters. It shows that the trend of the two curves
of the simulated data and the experimental data is basically the same, with a maximum
error of less than 6%. The error between the experiment and the numerical simulation
mainly lies in the fact that the numerical calculation ignores the effect of friction during
mechanical rotation in the actual use process, and the experimental data are often lower
than the numerical simulation data. Comparison results from simulation and experiment
show that the calculation method used for centrifugal pumps is appropriate.

Table 3. Parameter settings.

Parameter Value

Grids 6,454,931
Time step (s) 0.0003367

Turbulence model RNG k-ε
Inlet velocity (m/s) 0.635, 1.444, 2.02, 2.8, 3.465, 3.9
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2.4. Boundary Condition Setting

A numerical simulation of the solid–liquid two-phase flow of the centrifugal pump
was carried out to analyze the influence of the prewhirl on the two-phase flow and wear in
the inlet pipe. In this study, the fluid medium was water, the particle material was glass,
and the wall material was steel. The simulation parameters of EDEM and FLUENT are
shown in Tables 4 and 5.

Table 4. Parameter settings in EDEM.

Parameter Value

Density of particles (kg/m3) 2000
Particle diameter (mm) 5

Poisson’s ratio of particles 0.3
Shear modulus of particles (Pa) 4.7 × 108

Density of walls (kg/m3) 7800
Poisson’s ratio of walls 0.25

Shear modulus of walls (GPa) 1.96
Mass flow rate of particles (kg/s) 13.3

Time step (s) 3.367 × 10−6

Rotational speed of impeller (rpm) 990
Velocity of particles (m/s) 3.465
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Table 5. Parameter settings in FLUENT.

Parameter Value

Density of fluid (kg/m3) 998.2
Viscosity of fluid (kg/(m·s)) 0.001003

Rotational speed of impeller (rpm) 990
Turbulence model RNG k-ε

Convergence criteria (all residuals) 0.001
Boundary condition of inlet Velocity inlet

Boundary condition of outlet Outflow
Wall (impeller) Moving wall
Wall (volute) Stationary wall

Wall (inlet pipe) Stationary wall
Wall (outlet pipe) Stationary wall

Time step (s) 3.367 × 10−4

Velocity of fluid (m/s) 3.465

3. Results and Discussion
3.1. Analysis of Inlet Pipe Prewhirl Characteristics

Impeller rotation has a direct effect on the flow at the impeller inlet. Figure 7 shows the
velocity streamline of the inlet pipe, with Figure 7a showing the overall velocity streamline
of the inlet pipe and Figure 7b,c showing the streamline of two mutually perpendicular
cross-sections. From the figure, it can be noticed that the flow is very complex in the
position close to the impeller inlet, with a clear spiral streamline. In the streamline of the
two cross-sections, it can also be found that there are many vortices near the impeller inlet.
Therefore, the impeller inlet exhibits the phenomenon of prewhirl.
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perpendicular cross-section.

Figure 8 shows the velocity distribution of the flow at each position of the cross-section
of the centrifugal pump inlet pipe, which is divided into a total of 11 cross-sections, and
the distance between the 2 neighboring cross-sections is 1 d/D. In the position away from
the impeller inlet, the fluid velocity distribution is uniform. The closer to the impeller inlet,
the larger the fluid velocity, and in the outermost circle of the cross-section, it will form an
obvious high-speed zone. The reason is that the impeller rotation leads to the fluid in the
impeller inlet being produced by the prewhirl, and close to the wall of the flow, it will be
more intense.
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To further quantify the fluid velocity magnitude in the cross-section, a radial slice
was made at the cross-section of the centrifugal pump inlet pipe, as shown in Figure 9,
to analyze the average fluid velocity magnitude at each cross-section along the radial
direction. The distribution of radial velocity magnitude along the cross-section of the
centrifugal pump inlet pipe is shown in Figure 10. As can be seen from the figure, the
velocity magnitude across the inlet pipe remains essentially constant until r/R = 0.8, after
which it rises sharply. The largest increase in velocity magnitude occurs between r/R = 0.9
and 1. The dashed box shows the more detailed velocity magnitude distribution in this
range. It can be seen that there is a maximum at r/R = 0.98 and a slight decrease in fluid
velocity further out on the circumference due to the decelerating effect of the wall on the
fluid close to the wall.
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3.2. Effect of Prewhirl on Particle Motion

The flow at the impeller inlet directly affects the movement of the particles, which leads
to wear. At a particle mass concentration of 13.3 kg/s, Figure 11a shows the distribution of the
particles in the whole pump and the graph of the average velocity variation of 50 randomly
selected particles among the initially generated particles in the whole centrifugal pump, and
Figure 11b shows the particles in the inlet pipe at different times, where the particles generated at
0.2 s are just close to the impeller inlet. From Figure 11a, the particles have a significant velocity
enhancement before 0.2 s, but the enhancement is smaller than entering the impeller after 0.2 s.
This indicates that the particles are affected by the fluid and accelerated before 0.2 s, i.e., before
entering the impeller. The acceleration of the fluid on the particles here is caused by the prewhirl
of the impeller inlet, which appears to be a rotational reverse flow, pulling the particles to produce
a velocity different from the direction of the initial velocity of the particles, resulting in an increase
in the velocity of the particles. The particles entering from the impeller inlet are accelerated to
a very high value by the high-speed rotating impeller, and then the particles are thrown out of
the impeller and collide with the volute, resulting in a sharp decrease in velocity. Figure 11b
shows the initially generated particles from the inlet pipe just approaching the impeller inlet being
influenced by the flow to change their state of motion. With the change in time, the particles in the
middle part of the inlet pipe are obviously piled up due to the rotational reverse flow. There exists
a circle of particles with lower velocities, and the particles on the right side are accelerated to a
higher state. At the same time, near the inlet of the impeller, there will be a clear “fewer-particle
zone” at the top and bottom sides of the pipe. The distribution of the particles will become uneven.
Figure 12 shows the distribution of particles in the impeller inlet cross-section at different moments.
Figure 12 confirms that the distribution of particles at the impeller inlet is not uniform and that
a “fewer-particle zone” in the shape of a circle is formed in the circular cross-section close to the
outer circumference, creating an uneven flow of particles.
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Figure 13 shows the fluid force on the particles at the inlet pipe as well as the average
magnitude of the fluid force on the particles in each region. From the figure, it can be
seen that the particles at the position farther away from the impeller inlet are almost not
subjected to the fluid force because the velocity of the particles here is consistent with the
flow. While the direction of motion of the subsequent particles is changed, the fluid force
on the particles becomes larger, which proves that it is the change in the flow that leads
to the change in the state of motion of the particles. The particles with a higher velocity
of the inlet pipe in Figure 11b also correspond exactly to the particles with a higher fluid
force in Figure 13. It can also be noticed from Figure 13 that the particles about to enter the
impeller inlet are subjected to a great fluid force because the fluid velocity here has been
accelerated to a higher value by the impeller, which creates a large velocity difference with
the particles, thus creating a stronger traction effect.
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3.3. Effect of Prewhirl on Inlet Pipe Wear

Figure 14 shows the wear of the centrifugal pump inlet pipe at 0.6 s at a particle mass
flow rate of 13.3 kg/s, with view A being an elevation view and view B being a top view.
From the figure, it can be seen that the wear distribution is not uniform. The half of the
pipe away from the impeller inlet is hardly subjected to wear by the particles, and the wear
is almost concentrated on the half of the pipe close to the impeller. The region of high wear
is also unique, showing a triangle. The boundary of the high-wear region moves from
the interface between the inlet pipe and the impeller inlet along the inner wall of the pipe
towards the middle of the inlet pipe. This corresponds to the change in the motion of the
particles in Figure 11b, where a change in the flow leads to a change in the motion of the
particles, which ultimately results in varying degrees of wear on the inlet pipe.
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Figure 14. (a) Wear of centrifugal pump inlet pipe; (b) The elevation view and the top view.

In order to obtain a clearer picture of the degree of wear in each region of the inlet
pipe, the half portion near the impeller inlet (i.e., 0.5 d/D to 1 d/D) is now divided into
40 regions, as shown in Figure 15. The pipe is divided into symmetrical sections on the
left and right sides, which are cropped and unfolded along the position of the dotted line.
The 40 regions were analyzed for average wear, and the results are shown in Figure 16,
where the dashed box shows the 2D unfolding. From the figure, it can be seen that the
high-wear regions are mainly distributed in the three regions of L4, L9, and L13, indicating
that the stacked particles have more impacts in these regions. Meanwhile, from the two-
dimensional unfolding diagram, it can be clearly seen that there is a clear intersection
line between the high-wear region and the low-wear region, which is consistent with the
results shown in Figure 14. The high-wear areas show a nearly triangular shape, while the
low-wear areas show a banded distribution.
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Figure 16. Amount of wear in different regions.

Figure 17 shows the cumulative force of particles on the wall surface for the 40 regions,
and the cumulative force includes tangential and normal cumulative forces. From the
figure, it can be seen that the regions with high cumulative forces are almost the same as
the regions with high wear in Figure 16, which are also mainly distributed in the three
regions of L4, L9, and L13. This indicates that the cumulative force has a great influence on
the wall wear. It can also be found that the change trend of tangential cumulative force and
normal cumulative force is consistent, but the tangential cumulative force is much larger
than the normal cumulative force in almost every region. This indicates that the main cause
of wall wear is the tangential cumulative force.
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Figure 18 shows the number of particle–wall collisions, maximum energy loss and
average energy loss in a collision, and average wear over time for the entire inlet pipe. The
number of particle–wall collisions has been increasing overall, indicating that the particle
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accumulation in the inlet pipe has not been alleviated, and there are still many particles that
have been in contact with the inlet pipe wall. The maximum energy loss of a single collision
starts to rise around 0.2 s due to the acceleration of the prewhirl flow and fluctuates after
0.3 s, but it always floats up and down within a range. The maximum energy loss of a
single collision has a peak at about 0.05 s, which takes place because most of the collisions
occurring at this time are the first collisions of particles with the wall. With the change in
time, many collisions will be multiple collisions of particles with the wall, and the loss of
collision energy will be smaller. The maximum energy loss for a single collision of particles
starts to increase around 0.2 s, while the same fluctuates within a range after 0.3 s. Although
the collision of particles with the wall has been increasing before 0.2 s, the average wear
of the inlet pipe is almost 0 because the average energy loss of the collision is small. The
average wear of the wall has been increasing until after 0.2 s because not only the number
of collisions is increasing at this time but also the average energy loss of the collision. The
wear amount will keep increasing with time.
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4. Conclusions

The prewhirl at the impeller inlet causes changes in the fluid and particles, which
affects the wear of the inlet pipe. Therefore, in this paper, based on the CFD-DEM method,
a solid–liquid two-phase numerical simulation of a centrifugal pump with a flow rate of
1200 m3/h is carried out to study the particle motion and wear of the inlet pipe. The main
research content and conclusions are summarized as follows:

1. Impeller rotation causes a change in the flow field at the inlet of the impeller, producing
a pronounced helical velocity streamline. The velocity of the fluid will increase in the
radial direction along the inlet pipe cross-section and will rise sharply after r/R = 0.8,
reaching a maximum value at r/R = 0.98.
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2. Prewhirl causes the particle motion at the impeller inlet to be affected, and the particles
are pulled by the flow and subjected to increased fluid forces and increased velocity.
Near the impeller inlet, the average fluid force on the particles is between 0.015 and
0.018 N. At the same time, the effect of rotational reverse flow can lead to an uneven
distribution of particles and the existence of accumulation in the middle part of the
inlet pipe.

3. Prewhirl leads to a change in the state of motion of the particles and thus affects the
wear distribution in the inlet pipe. The high-wear regions of the inlet pipe are L4,
L9, and L13 and show a triangular shape, while the low-wear regions show a band
structure. The cumulative force of particles on the wall surface has a high impact on
wear, while the tangential cumulative force is a more influential factor. Prewhirl leads
to an increase in both the maximum and average energy loss per collision, which
affects the wear of the inlet pipe.

In this paper, mainly the effect of prewhirl on the particle motion and wear of the inlet
pipe is investigated. Subsequently, taking into account the coupling system of the piping
and the centrifugal pumps, the effect of prewhirl on the particles, flow field, and external
characteristics inside the system will be analyzed. This aspect can be explored further in
the future.
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Nomenclature
f f p momentum exchange
k turbulent kinetic energy
ε dissipation rate
Gk turbulent kinetic energy due to the mean velocity gradient
µ kinetic viscosity coefficient
µt turbulent viscosity coefficient
σk Prandtl numbers corresponding to k
σε Prandtl numbers corresponding to ε

mp mass
Vp velocity of the particle
∑ Fc sum of all contact forces
Fg force of gravity
Ff force of fluid
Ip particle rotational inertia
Mct sum of the contact momentum of the particle with other particles
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ωp angular velocity
M f p moment of resistance
Fd fluid resistance
Fl lift force
FB Basset force
Fam added mass force
Fp pressure gradient force
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