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ABSTRACT To grasp the hydraulic performance and abrasion characteristics of a particular model
pump before manufacture, this paper firstly numerically calculates the three-dimensional viscous steady
incompressible flow of a solid-liquid two-phase flow centrifugal pump with specific speed ns = 93 based
on the Mixture model and obtains the influences of the three typical particle attributes (particle diameter,
solid-phase concentration, and solid-phase density) on the hydraulic performance of the calculation model
pump. Subsequently, numerical prediction of the abrasion of major overflow parts due to particle collision
impacts was carried out based on the DPM model. The results show that the solid-phase concentration has
the most significant effect on the hydraulic performance of solid-liquid two-phase flow pumps, and the
diameter of solid-phase particles has the most minor effect. With the increase of particle diameter and solid-
phase concentration, head and efficiency are gradually reduced. In contrast, with the increase of solid-phase
density, head and efficiency show a trend of increasing and decreasing. Themost severe decrease in hydraulic
performance occurs at a Cv of 30%, where the head decreases to 20.19m, and the efficiency decreases
to 66.90%. With the increase of the three typical solid-phase properties, the abrasion in the overflow inner
wall surface of the solid-liquid two-phase flow centrifugal pump shows different degrees of deterioration,
and the maximum degree of wear of about 0.0010kg/m2s.

INDEX TERMS Centrifugal pump, solid-liquid two-phase flow, particle property, performance prediction,
abrasion.

I. INTRODUCTION
Centrifugal pumps play an important role in petrochemistry,
agricultural irrigation, aerospace, biomedicine, and other
fields [1], [2], [3], [4], [5], [6]. Most centrifugal pumps
are designed by the clear water pump, when the transport
medium contains solid particles, due to the complex flow
pattern in the pump and the uncertainty of the shape, size,
and concentration of the solid particles, the performance will
undoubtedly appear to change. At present, CFD technology
has been widely used in pump research [7], [8], [9], [10],
which is of great significance in reducingmanufacturing costs

The associate editor coordinating the review of this manuscript and
approving it for publication was Lei Wang.

and shortening the development cycle. With the help of CFD
technology and experimental tests, scholars have carried out
extensive research on solid-liquid pumps.

For the hydraulic performance and internal flow charac-
teristics under solid-liquid mixing, Wang et al. investigated
the effect of particle concentration and particle size on the
performance of a double-suction centrifugal pump. They
found that the head of the centrifugal pump decreases
with increasing particle concentration and particle size [11].
Rahul et al. studied a centrifugal slurry pump and found
that the performance of the centrifugal pump is inversely
proportional to the increase in particle size and concen-
tration [12]. Wang et al. simulated two-phase flow in a
centrifugal pump using the Mixture model [13]. It was found
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that with the increase in particle size and volume concen-
tration, the pressure inside the flow field decreases, and
the external characteristic curve shows a decreasing trend.
Li et al. conducted numerical simulations and performance
tests for a solid-liquid centrifugal pump at different solid par-
ticle diameters and two-phase mixture concentrations [14].
At low flow rates, the variation of solid-phase parameters has
a minimal effect on the performance. Zhang et al. simulated
the solid-liquid two-phase flow in a low specific speed cen-
trifugal pump [15]. It was found that the increase in particle
size and concentration reduces the pump’s hydraulic perfor-
mance, the effect of particle density on the performance is
relatively small, and the tailing structure around the tongue
is more evident at high concentrations. Liu et al. studied the
two-phase flow of a sewage pump under different operating
conditions and particle sizes. They found that the distribution
of solid particles in the impeller channel is mainly related
to the particle size, with big particles mainly retained in the
vicinity of the impeller hub and intermediate impeller channel
and small particles mainly retained in the vicinity near the
hub and the impeller inlet [16]. Wang et al. investigated solid-
liquid two-phase flow inside a deep-sea mining pump and
revealed that the intensity and size of the vortex inside the
guide vanes increase significantly, and the change in the flow
velocity is more evident when the particle size increases [17].
Zhao et al. numerically investigated the transient characteris-
tics of sand-containing two-phase flow in a centrifugal pump.
They found that higher particle concentrations improve the
hydraulic performance and turbulent kinetic energy of the
centrifugal pump and that changes in particle diameter have a
relatively small effect on the transient flow of the centrifugal
pump [18].
Due to the solid impurity particles in the conveying

medium, there is a general abrasion of the overflow parts
of the pump, which leads to a decline in the pump’s perfor-
mance and the reduction of operating life. For the wear and
tear problem of pumps when conveying mixed solid-liquid
media, Wang et al. investigated the effect of particle shape,
particle concentration, and particle size variation on the wear
of different overflow wall surfaces in a centrifugal pump.
It was found that the larger the particle shape sphericity, the
smaller the wear area of the blades’ pressure surface [19].
Li et al. used the CFD-DEMmethod to simulate the transport
of large particles in a centrifugal pump and found that the
instantaneous wear rate of the impeller, volute, and wear plate
varied periodically with the rotation of the impeller; the wear
rate increased with the increase of the particle mass concen-
tration [20]. Hong and Hu conducted a numerical calculation
of wear and a wear test study on a deep-sea mining pump.
They found that the test wear area matched the numerically
calculated wear area [21]. In addition, under low flow condi-
tions, the distribution of wear on the surface of the primary
impeller is more decentralized than that of the secondary
impeller. When the flow rate increases to the design flow rate,
the wear on the impeller and guide vane surfaces is distributed
in bands, and the wear pattern is more regular. At the same

time, Hong et al. studied the wear of different components
within a deep-sea mining pump under different particle sizes,
particle volume concentrations, particle densities, and differ-
ent flow rates and rotational speeds [22]. It was found that
the larger the particle size, the higher the particle density, and
the higher the flow rate, the greater the average wear rate,
where the higher the particle density, the more concentrated
the severe wear area. Peng et al. investigated solid-liquid two-
phase flow in a heavy-duty slurry pump at different particle
concentrations and flow rates [23]. The results showed that
the pump’s flow resistance, backflow, and local wall wear
increased with the increase in particle concentration. Liu et al.
numerically simulated an oilfield electric submersible pump
using the discrete phase model DPM and found that the wear
rate increased with increasing sand concentration and pump
speed [24]. The particle size has a more significant effect on
the impeller wear, which increases and then decreases with
the increase in particle size. Khalid et al. designed and fabri-
cated a wear test rig to conduct wear experiments on the pump
and found that the wear in the middle region of the impeller
was more severe than the wear in the edge region [25].
Zhao et al. used a numerical model combining computational
fluid dynamics [26], [27], [28] and the discrete element
method (DEM) to simulate the erosion inside the centrifu-
gal pump. They found that the erosion and wear are more
severe in the inlet and outlet of the pressure side of the
impeller blade, the middle of the blades, and the vicinity of
the tongue [29].
In conclusion, a wealth of research has been carried out

by different scholars on the hydraulic performance and abra-
sion prediction of different types of pumps when conveying
solid-liquid mixtures in different application environments.
However, their research results are all based on their dif-
ferent specific objects, and there are apparent differences
between different objects when conveying different solid-
liquid media. The authors of this paper propose to design and
manufacture a centrifugal pump with a low specific speed
of ns = 93, which also faces the problem of decreased
performance and wear of the overflow parts when conveying
solid-liquid two-phase fluid flow before being put into prac-
tical application. With the help of the CFD method, under
different solid-phase particle diameters, solid-phase volume
fractions, and solid-phase densities, this paper predicts the
hydraulic performance based on the Mixture model, and also
explores the mechanism of energy loss in the pump by using
entropy production theory, and then predicts the wall abrasion
based on the DPMmodel and the Finnie wear model, expect-
ing to grasp the effect of the typical particles on the hydraulic
performance and abrasion characteristics of this centrifugal
pump, and providing improvement basis and direction for
enhancing the pump and finalizing manufacture.

II. CALCULATION MODEL AND METHOD
A. PHYSICAL MODEL
The calculated model is a solid-liquid two-phase centrifugal
pump with specific speed ns = 93, which is designed with
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flow rate of 25m3/h, head of 20m and speed of 2900r/min.
The main geometric parameters are shown in Table 1.

TABLE 1. Main geometric parameters.

B. CONTROL EQUATION
According to the Navier-Stokes equations [30], [31] and
considering the interphase coupling between the solid
and liquid phases, the momentum equations for the solid and
liquid phases are established separately. If the solid-phase
volume concentration in the two-phase flow is denoted byCV ,
then the volume of the liquid-phase in any two-phase flow
with volume Vm is (1−CV )Vm. The liquid-phase momentum
equation is

d⇀u
dt

=
⇀

F f −
1
ρf

∇p+ ν∇
2⇀u +

⇀

F fs
ρf (1 − CV )

(1)

The solid-phase momentum equation is

(1 + Cξ

ρJ

ρs
)
d⇀us
dt

− Cξ

ρf

ρs

d⇀u
dt

=
⇀

F s −
1
ρs

∇p+

⇀

F fs
ρsCV

(2)

The continuity equations for the solid and liquid phases are

∂(ρsCV )
∂t

+ ∇ · (ρsCV
⇀us) = 0 (3)

∂
[
ρf (1 − CV )

]
∂t

+ ∇ ·

[
ρf (1 − CV )

⇀uf
]

= 0 (4)

The solid-liquid two-phase flow interphase coupling equation
is

⇀

F sf = −
⇀

F fs (5)

The Mixture multiphase flow model [32] is a continuous-
phase computational model, that can simulate solid-liquid
two-phase flow by calculating the motion equations of the
mixed phase and obtaining information about the velocity
and pressure, etc., of the liquid and solid phases in the flow
field. In this paper, theMixturemultiphase flowmodel is used
to simulate the solid-liquid two-phase flow in the pump to
obtain the internal and external characteristic changes caused
by the change of particle properties. The continuity equation
describing the solid-liquid two-phase flow is

∇ · (ρmvm) = 0 (6)

The momentum equation is

∇ · (ρmvmvm) = −∇p + ∇ · [µm(∇vm + ∇vTm)] + ρmg

+ F + ∇ · (
n∑

k=1

αkρkvdr,kvdr,k) (7)

where ρm is the mixing density, kg/m3; µm is the mixing
viscosity coefficient, Pa· s; F is the volume force, N; v is the
mass-averaged velocity, m/s; n is the number of phases; αk is
the volume fraction of the kth phase; ρk is the density of the
kth phase, kg/m3; vdr,k is the drift velocity of the kth phase,
m/s. The drift velocity vdp is the velocity of the solid phase
relative to the liquid phase

vqp = vp − vq (8)

Therefore, the relationship between drift velocity and slip
velocity is

vdr,k = vqp −

n∑
k=1

αkρk

ρm
vqk (9)

From the continuity equation of the solid phase, the volume
fraction equation of the solid phase is given by

∇ · (αpρpvm) = −∇ · (αpρpvdr,p) (10)

Meanwhile, the Lagrange Discrete Phase Model (DPM)
[33] is used to simulate and calculate the solid-liquid two-
phase flow in the centrifugal pump. The wall wear caused
by solid-liquid flow is predicted by using the Finnie wear
model [34], [35], which explains the wear law under polygo-
nal abrasive grains and low impulse angle. The abrasion rate
is,

ER = kV n
p f (γ ) (11)

where

f (γ ) =


1
3
cos2 γ tan γ >

1
3

sin(2γ ) − 3 sin2 γ tan γ ≤
1
3

(12)

where VP represents the velocity of particles colliding with
the wall, m/s; f (γ ) is the particle impact angle function. The
solid-phase particle impact angle is the angle made by the
direction of particle motion tangential to the wall surface.
The index n is determined by the nature of the material, and
takes the value of 2.3 to 2.5 for commonly used metallic
materials.

C. CALCULATION DOMAIN MESH
Fig. 1 shows the calculation domain and meshes of the solid-
liquid pump. Secondary flow regions such as front and rear
chambers are ignored in the modeling, the effect of secondary
flow regions on pump performance is obtained by empirical
correction. The calculation model is divided using unstruc-
tured meshes, and structured meshes are locally assisted
divisions. Unstructured meshes are used for the impeller and
volute shell sections, while structured meshes are generated
for the inlet section. The quality of the meshes has been
checked, and the meshes are all above 0.2. Fig. 2 shows the
grid-independence test, which finalized the number of grids
to 652,344. Meanwhile, the mesh near the wall was encrypted
to ensure that the flow conditions in the boundary layer can
be accurately captured and the y+ value is guaranteed to be
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FIGURE 1. Calculation model and mesh for solid-liquid pump.

FIGURE 2. Grid independence verification.

FIGURE 3. Contours of the y+ distributions around walls.

within 100 [36], [37], [38], the y+ value cloud of the wall is
shown in Fig. 3.

D. CALCULATION SETTING
The velocity inlet is selected as the boundary condition in
the inlet. Based on the conservation of mass and fluid’s
incompressibility, the axial velocity value at the inlet can
be given according to the regulated flow rate and the size
of the inlet piping, and assuming that the tangential and
radial velocities are zero. The turbulent kinetic energy k and
turbulent dissipation rate ε at the inlet can be determined by
the following equation:{

k =
3
2 (Iu)

2

ε = C3/4
µ

k3/2
l

(13)

where l = 0.07L, and L is the characteristic length (the
value taken in this paper is the diameter at the inlet). I is
the turbulence intensity, I ≈ 0.16Re−1/8, Re =

ū·L
v , ū is

the average velocity at the inlet. Cµ ≈ 0.09 is the empirical
constant in the turbulence model.

In this paper, the free outflow boundary condition is
selected and the flow at the outlet of the calculation domain
is assumed to be fully developed, and the velocity component
uout , the pressure pout , the turbulent kinetic energy kout , and
the turbulent dissipation rate εout take the second type of
boundary conditions, i.e.

∂uj|out

∂
⇀n

= 0,
∂pout
∂

⇀n
= 0,

∂kout
∂

⇀n
= 0,

∂εout

∂
⇀n

= 0(j = 1, 2, 3)

(14)

Numerical calculation simulations are mainly used to set
the conditions of different particle diameters, phase concen-
trations, and densities to study the effect of solid phase on
the solid-liquid pump. The Mixture multiphase flow model
and the RNG k-ε turbulence model are adopted to reveal the
changes in internal and external properties caused by particle
properties. The liquid phase is the incompressible fluid (clear
water), which is set as the primary phase, and the solid phase
is assumed to be the continuous medium (sand), which is set
as the secondary phase. Considering the slip velocity between
phases, the drag calculation adopts the Schiller-Naumann
model, and the restitution coefficient is 0.9. The Lagrange
Discrete Phase Model (DPM) and the Finnie wear model
are used to predict the location and extent of abrasion due
to solid-liquid flow. Set the inlet face of the computational
domain as the particle incidence face, the particle incidence
velocity is the same as the inlet velocity of the liquid phase,
specify the incoming particle material as sand, ignore the
influence of the particle shape on the calculation, and the
default particle shape is a regular sphere. Set the inlet and
outlet faces of the computational domain to be the free entry
and exit faces of the particles, and set the rest of the walls to
be the rebound walls.

E. CALCULATION METHOD
The actual volume flow rate of the pump is obtained by
numerical integration of each mesh cell on the inlet or outlet
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cross-section and is defined as

Q =

∫
A
(⇀v ·

⇀n)dA (15)

where A is the area of the cross-section at the inlet or outlet,
⇀v is the velocity vector of the mesh surface cell on the inlet
or outlet cross-section, and ⇀n is the normal unit vector of the
mesh surface cell at the inlet or outlet.

The total pressure at the inlet and outlet is described using
the mass-weighted average and can be defined as

p̄r =

∫
A (ρp|

⇀v ·
⇀n|)dA∫

A (ρ|
⇀v ·

⇀n|)dA
(16)

where p is the total pressure of the mesh surface cells on
the inlet or outlet cross-section, and ρ is the density of the
conveying fluid.

The head is defined as the energy increment from the
inlet to the pump outlet, i.e., the difference in pressure head
between the pump inlet and outlet plus the difference in
position head (the effect of gravity is taken into account)

H =

{
N∑
i=1

(
P
ρg

)
i

/
N +

N∑
i=1

(
V 2

2g

)
i

/
N

}
outlet

−

{
M∑
i=1

(
P
ρg

)
i

/
M +

M∑
i=1

(
V 2

2g

)
i

/
M

}
inlet

+ 1h

(17)

where P is the pressure value at the center of the mesh cell; V
is the absolute velocity at the center of the mesh cell; ρg is the
heaviness of the conveying fluid;M and N are the number of
mesh cells on the inlet and outlet cross-section of the impeller.
When the gravity is considered, 1h is the vertical distance
from the pump outlet plane to the center axis of the inlet line,
and g is the gravity acceleration.
The torque provided by the impeller is the resisting torque

overcome when the impeller rotates to do work, defined as

M = (
∫
S
(⇀r × (⇀τ ·

⇀n))dS) ·
⇀a (18)

where S is the surface area of all rotating parts, ⇀
τ is the total

stress tensor, and ⇀a is the unit vector parallel to the axis of
rotation.

The hydraulic efficiency is

ηh =
ρgQH
Mω

(19)

where Q is the flow rate, M is the impeller torque, and ω is
the angle velocity.

The volume efficiency is

ηv =
1

1 + 0.68n−2/3
s

(20)

The total efficiency is

η = (
1

ηvηh
+

1Pd
Pe

+ 0.03)−1 (21)

where Pe is the effective output power, Pe = ρgQH ; 1Pd is
the disk friction loss, according to the following formula

a. When ns > 65, 1Pd = 1.1 × 75 × 10−6ρgu32D
2
2

b.When ns < 65,1Pd = 0.133×10−3ρRe0.134ω3(D2/2)3

D2
2, where Re = 106 × ω × (D2/2)2.
The initial values of the solid-phase medium are taken as

density ρ = 1500kg/m3 with a particle diameter of 0.05mm
and a concentration of 10%.

III. HYDRAULIC PERFORMANCE PREDICTION
A. NUMERICAL CALCULATION VALIDATION
The results of experiments and numerical predictions of the
head, power, and efficiency of the centrifugal pump under
clear water are compared to verify the accuracy of the sim-
ulation of centrifugal pump performance. As shown in Fig. 4,
the numerical simulation results are consistent with the dis-
tribution of the experimental values, have the same trend
of variation, and the relative error is within the acceptable
range. As the flow rate increases, the head and power obtained
from the test and numerical prediction increase gradually;
the efficiency also increases and then decreases, reaching the
maximum value near the flow rate of 29m3/h. As can be
seen, the trends of each external characteristic curve under
numerical simulation and test are the same. It is also found
that the head and power curves match well in the flow rate
range from 10m3/h to 32m3/h, with a maximum error in the
head of about 6.48% and a maximum error in power of about
5.51%. At all flow rates, the predicted efficiency is slightly
higher than the experimental efficiency, with a maximum
error in efficiency of about 10.13%. Under the rated flow rate
of 25m3/h, the test head, efficiency, and shaft power are about
21.05m, 67.41%, and 2.10kW, and the numerically predicted
head, efficiency and shaft power are 21.71m, 74.24%, and
1.99kw, with relative errors of 3.14%, 10.13%, and 5.24%,
and the deviations are all within a reasonable range, the
overall match between the two is well. In conclusion, the

FIGURE 4. Comparison of external characterization results between
experiments and numerical simulations.
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calculation method is reliable, and the numerical results are
accurate.

B. HYDRAULIC PERFORMANCE PREDICTION
The effect of solid-phase particle diameter on the pump’s
external characteristics is shown in Fig. 5. As can be seen,
with the increase in the solid-phase particle diameter, the
head of the solid-liquid pump subsequently decreases, and
the conveying head decreases from the beginning of 20.70m
to 20.51m, with a change value of 0.19m in the head, which
is a relatively small degree of change. From the trend of
efficiency change, when conveying solid-liquid two-phase
flow, the conveying efficiency of the solid-liquid pump has
a significant tendency to decrease, from 69.08% at the begin-
ning to 68.79%. Under the same working conditions, the
head and efficiency of solid-liquid pumps are reduced when
conveying solid-liquid fluid relative to clear-water media.
At ds of 0.05mm, the reduction in head and efficiency is the
least, with 1.02m and 5.16%, respectively; at ds of 0.30mm,
the reduction in head and efficiency is the most, with 1.21m
and 5.45%, respectively. In summary, compared to clear water

FIGURE 5. External characteristics at different particle diameters.

media, the head and efficiency of the centrifugal pump in
conveying solid-liquid fluid are significantly lower, but the
effect of particle diameter on the head and efficiency of the
centrifugal pump in conveying solid-liquid fluid is small.

The variation of head and conveying efficiency of the
solid-liquid pump under varying solid-phase volume fraction
conditions is shown in Fig. 6. It is seen that the reduction in
head and efficiency is less for low concentration conditions
and more for high concentration conditions relative to clear
water media. At Cv of 5%, the head is 20.90m, which is
reduced by 0.81m and 3.73%. Moreover, at Cv of 30%, the
head is 20.19m, which is reduced by 1.52m and 7%. It is
also found that with the increase of solid-phase volume frac-
tion, the head of the solid-liquid pump gradually decreases
from the maximum value of 20.90m to the minimum head
of 20.19m, which overall reduces the head by 0.71m; the
conveying efficiency of the solid-liquid pump decreases from
71.49% to 66.90%, with an impact difference of 4.59%. The
head and efficiency of the solid-liquid pump show a decreas-
ing trend, and the effect of solid-phase concentration is more
significant relative to the degree of influence of solid-phase
particle diameter on the head and efficiency.

FIGURE 6. External properties at different solid-phase concentrations.

The head and efficiency variation curves of the solid-liquid
pump under the effect of different solid-phase density con-
ditions are shown in Fig. 7. It shows that the head and
efficiency show a trend of increasing and then decreasing,
and the solid-phase density has a significant effect on the
external characteristics of the solid-liquid pump. When the
solid-phase density increases from 500kg/m3 to 1000kg/m3,
the head increases from 20.683m to 20.710m, and the effi-
ciency increases from 68.960% to 69.118%, showing an
increasing trend. Moreover, when the solid-phase density is
higher than 1000kg/m3, as the solid-phase density increases,
the head starts to decrease gradually and finally to 20.529m,
and the efficiency also decreases gradually to 68.372%. Com-
pared to the first two solid-phase properties, it is concluded
that the degree of influence of solid phase on the head and
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FIGURE 7. External properties at different solid-phase densities.

efficiency of solid-liquid pumps is as follows: solid-phase
volume fraction > solid-phase density > solid-phase particle
diameter.

Meanwhile, to explore the energy loss mechanism inside
the pump, the entropy production theory [39], [40], [41], [42]
is used in this paper to show the region of high hydraulic loss
in the internal flow field. For turbulent flow in centrifugal
pumps, entropy production arises from time-averaged motion
and transient velocity fluctuation. The entropy production
rate Ṡ ′′′ is

Ṡ ′′′

= Ṡ ′′′
D + Ṡ ′′′′

D (22)

Ṡ ′′′
D

=
2µ
T

[(
∂ ū
∂x

)2

+

(
∂ v̄
∂y

)2

+

(
∂w̄
∂z

)2
]

+
µ

T

[(
∂ v̄
∂x

+
∂ ū
∂y

)2

+

(
∂w̄
∂x

+
∂ ū
∂z

)2

+

(
∂ v̄
∂z

+
∂w̄
∂y

)2
]

(23)

Ṡ ′′′
D

=
2µeff

T

[(
∂u′

∂x

)2

+

(
∂v′

∂y

)2

+

(
∂w′

∂z

)2
]

+
µeff

T

[(
∂v′

∂x
+

∂u′

∂y

)2

+

(
∂w′

∂x
+

∂u′

∂z

)2

+

(
∂v′

∂z
+

∂w′

∂y

)2
]

(24)

where: Ṡ ′′′
D is the velocity-averaged entropy production rate;

Ṡ ′′′

D′ is the velocity pulsation entropy production rate; µ is the
kinematic viscosity; ū, v̄, w̄ are time-averaged velocity; u′, v′,
w′ is the pulsation velocity; T is the temperature, set to 293K;
µeff is the valid kinematic viscosity, which is

µeff = µ + µt (25)

where µt is the turbulent kinematic viscosity.
In the SST k-ω turbulence model, the local entropy pro-

duction due to velocity fluctuations Ṡ ′′′′
D [43] is

ṠD′′′ = α
ρωk
T

(26)

where α = 0.09, ω is the turbulent vortex frequency, s−1; k is
the turbulence intensity, m2/s2

Since the entropy production rate has a strong wall effect
and the time-averaged term is obvious, the entropy production
near the wall Spro,W is

Spro,W =

∫
S

τ⃗ · v⃗
T

dS (27)

where τ is the wall shear stress, Pa; S is the area, m2; v is the
velocity near the wall, m/s.

The total entropy production in the computational domain
of the whole system Spro is

Spro =

∫
V
Ṡ ′′′
D dV +

∫
V
Ṡ ′′′

D′dV +

∫
S

τ⃗ · v⃗
T

dS (28)

The entropy production distribution for different solid
phase properties is shown in Fig. 8. Overall, the entropy pro-
duction is mainly distributed in the wall surface of the volute,
the wall surface of the blades, and the junction region between
the impeller and the volute, where the flow energy loss is
greater. In addition, the wall region of the small warp angle of
the volute is a high-entropy production region, and the energy
loss is much larger than that of the wall region of the large
wrap angle of the volute. At a particle diameter of 0.05 mm,
the maximum entropy production value in the wall region of
the small warp angle of the volute from the first section to the
fifth section is about 1500W/(m3

·K). In contrast, the entropy
production value in the other wall regions of the volute is
only about 900 W/(m3

·K). Relative to the wall region of the
blades’ pressure surface, the energy loss is greater in the wall
region of the suction surface. As visible when the particle
diameter is 0.05mm, the whole wall region of the suction
surface is a high entropy production region, and themaximum
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entropy production value is about 1500 W/(m3
·K); While in

the wall region of the pressure surface, there is entropy pro-
duction distribution only in the blade head, and the maximum
entropy production value is only about 900 W/(m3

·K). It is
also found that the entropy production value is higher at the
blade tail, and the region of high entropy production is largest
at the blade tail near the tongue. Compared with the entropy
production distribution under different particle diameters, it is
found that the difference in entropy production distribution
is small, and the particle diameter has less influence on the
entropy production distribution.

Compared with the entropy production distribution at dif-
ferent solid-phase concentrations, it is found that the entropy
production distribution in the pump changes significantly
with the increase of solid-phase concentration. At a solid-
phase concentration of 10%, a high entropy production is

FIGURE 8. Distribution of entropy production with different solid phase
properties (a1-a3: particle diameter; b1-b3: solid-phase concentration;
c1-c3: particle density).

generated only in the wall region of the volute range from
the first to the fifth section, with a maximum entropy pro-
duction value of about 1500 W/(m3

·K). As the solid-phase
concentration increases to 20%, the high entropy produc-
tion is distributed over almost the entire wall region of the
volute, and the area of high entropy production distribution
increases significantly. In addition, the distribution of entropy
production in the region adjacent to the blade is significantly
altered. For the pressure surface region of blades, the entropy
production distribution range and entropy production max-
imum increase with increasing solid-phase concentration.
Under low concentration conditions, the entropy production
is mainly concentrated in the blade head region of the pres-
sure surface, and the maximum entropy production value is
about 900 W/(m3

·K). Moreover, under high concentration
conditions, the entropy production distribution region extends
from the blade head to the blade middle, and the maximum
entropy production value is about 1500 W/(m3

·K). For the
blade suction surface and tail region, the range of high entropy
production distribution also increases with increasing solid-
phase concentration. It is evident that the energy loss in the
region near the blade is greater as the solid-phase concentra-
tion increases.

It is also found that the difference in the distribution of
entropy production is small under different solid-phase densi-
ties. At different solid-phase densities, the entropy production
is mainly distributed in the wall surface of the volute, the wall
surface of the blades, and the junction region of the impeller
and the volute, and the high entropy production region is
also close to the same. It can be found that the change in
solid-phase concentration has less influence on the entropy
production distribution. In summary, the solid-phase volume
fraction has the most significant effect on the entropy pro-
duction distribution, while the solid-phase particle diameter
and solid-phase density have a smaller effect on the entropy
production distribution.

C. ABRASION PREDICTION
When the centrifugal pump conveys solid-liquid mixed
media, the solid particles constantly collide with the internal
wall of the pump overflow parts, and prolonged operation
will lead to severe wear and tear inside the pump, affecting
the normal operation performance and safety and stability
of the centrifugal pump. Based on it, the influence of differ-
ent solid-phase particle diameters, solid-phase densities, and
solid-phase concentrations on the internal wear distribution
characteristics of the centrifugal pump is investigated in this
paper.

The wear clouds of the worm shell with different solid
phase properties are shown in Fig. 9. As seen in the figure,
the abrasion in the small wrap angle region of the volute is
much more severe than that in the large wrap angle region of
the volute, which agrees with the findings of Zhao et al. [44],
[45]. At a particle diameter of 0.05 mm, the most severe wear
region is the volute region from the first section to the second
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FIGURE 9. Abrasion distribution of the volute for different particle
properties (a1-a3: particle diameter; b1-b3: solid-phase concentration;
c1-c3: particle density).

section, with a maximum wear degree of 0.0010 kg/m2s,
and the other wall surfaces have a relatively light degree of
wear. It was also found that the overall abrasion decreases
gradually from the first section to the eighth section and then
to the pump outlet. The volute from the first section to the
second section is a severe abrasion region, with a maximum
abrasion degree of 0.001kg/m2s; the volute from the third
section to the fifth section is a moderate abrasion region,
with a maximum abrasion degree of about 0.0007kg/m2s; the

region from the fifth section to the pump outlet is a slight
abrasion region, with a maximum abrasion degree of about
0.0003kg/m2s. At a particle diameter of 0.15mm, the range of
severe abrasion region increases, expanding from the volute
from the first section to the second section to the volute from
the first section to the third section, with a maximum abrasion
degree of about 0.0010 kg/m2s. At the same time, significant
abrasion also occurs in the bigwarp angle region of the volute,
with a maximum abrasion degree of about 0.0007 kg/m2s.
Moreover, when the particle diameter increases to 0.25 mm,
the abrasion in the volute’s small and large warp angle regions
also increases, and the entire tongue region also shows severe
abrasion. In summary, the increase in particle diameter aggra-
vates the abrasion in the tongue region and the small warp
angle region of the volute, and the abrasion in the remaining
spiral segments of the volute region also becomes significant
with the increase in particle diameter, but is not as severe as
that in the tongue region and the small warp angle region of
the volute.

Fig. 9b1-b3 shows the wear cloud of the volute for different
solid-phase concentrations. Overall, the abrasion in the volute
region is mainly concentrated in the small wrap angle region
of the volute, and the abrasion gradually decreases along the
first section to the eighth section and then to the pump outlet.
At a solid-phase concentration of 6%, the volute from the
first section to the fifth section is mainly moderate abrasion,
only a very small area is serious abrasion, and the serious
abrasion area is sporadically distributed. At a solid-phase
concentration of 8%, the volute from the first section to
the second section shows a large area of serious abrasion,
with a maximum abrasion degree of about 0.0010kg/m2s;
the volute from the second section to the fifth section is
mainly moderate abrasion, with a maximum abrasion degree
of about 0.0007kg/m2s; and the abrasion in the other regions
is very small. While at a solid-phase concentration of 10%,
the abrasion in the volute from the first section to the second
section is serious, with a maximum abrasion degree of about
0.0010 kg/m2s; the abrasion in other regions is also more
serious. Evidently, as the solid-phase concentration increases,
the abrasion in the volute from the first section to the second
section aggravates significantly, and large areas of serious
abrasion appear.

Fig. 9c1-c3 shows the wear cloud of the volute for different
solid-phase densities. At particle densities of 500 kg· m−3

and 1000 kg· m−3, the abrasion is worse in the small warp
angle region of the volute, while the abrasion on the other
wall surfaces is lighter. As the particle density increases to
1500 kg· m−3, the abrasion in the entire volute worsens, and
it is most pronounced in the volute from the first section to
the second section. Evidently, the abrasion in the small wrap
angle region of the volute near the tongue is more serious
as the solid-phase density increases. To sum up, with the
increase of solid-phase particle diameter, solid-phase density,
and solid-phase concentration, the abrasion in the volute gets
more serious, and the abrasion in the volute from the first
section to the second section worsens the most.
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FIGURE 10. Abrasion distribution of blades with different particle
properties (a1-a3: particle diameter; b1-b3: solid-phase concentration;
c1-c3: particle density).

Fig. 10 shows the wear cloud of the blades for different
particle diameters. When the solid-liquid mixture enters the
impeller region from the pump inlet, it is firstly subject to the
shunt effect of each blade to enter each blade runner, solid
particles directly collide with the impact of the blade head,
resulting in serious wear and tear in this region. As shown
in the figure, the abrasion in the blade head is the most
serious for all the different solid phase property conditions.
It is also found that the abrasion caused by particle impact on
the blade head gets more serious as the solid-phase particle
diameter, solid-phase density, and solid-phase concentration
increase. When the particle diameter increases from 0.05 mm
to 0.25 mm, the area of the serious abrasion in the blade
head expands nearly twofold. When the solid-phase concen-
tration increases from 6% to 10%, the maximum abrasion
degree of the blade head increases from 0.0008kg/m2s to
0.0010kg/m2s. When the particle density increases from
500 kg· m−3 to 1500 kg· m−3, the maximum abrasion degree
of the blade head also intensifies from 0.0008 kg/m2s to
0.0010 kg/m2s. It is also found that at a particle diameter of
0.25 mm, serious abrasion occurs at the pressure surface of
the blade tail near the hub, with a maximum abrasion degree
of about 0.0010 kg/m2s. In contrast, the abrasion in this
region is lighter in the case of small particles. Comprehen-
sively, the abrasion of the blade is concentrated in the blade
head, and the abrasion degree of the head is more serious
with the increase of the solid-phase particle diameter, solid-
phase concentration, and solid-phase density. Compared to
the abrasion of the blade head, the abrasion of the other blade
areas is relatively light.

Fig. 11 shows the wear cloud of the shroud at different
solid-phase concentrations. Unlike the abrasion scenario of
the volute and blades, as the particle diameter increases,
the abrasion of the shroud decreases, and the abrasion area
decreases. At a particle diameter of 0.05 mm, there is a
certain degree of abrasion throughout the entire shroud,
especially in the shroud region near the blade head, where
abrasion is most serious, with an abrasion degree of about
0.0005 kg/m2s. In contrast, as the particle diameter increases,
the abrasion area of the shroud decreases, and the abrasion
degree decreases to only about 0.0003 kg/m2s. At a particle
diameter of 0.15 mm, the abrasion of the shroud is mainly
concentrated near the blades’ pressure surface, accounting for
about one-half of the flow channel. At a particle diameter
of 0.25 mm, the abrasion of the shroud is also mainly con-
centrated near the blades’ pressure surface, nearly accounting
for about one-third of the flow channel. It is evident that the
abrasion area decreases with increasing particle diameter for
the shroud.

FIGURE 11. Abrasion distribution of shroud with different particle
properties (a1-a3: particle diameter; b1-b3: solid-phase concentration;
c1-c3: particle density).

Fig. 11b1-b3 shows the wear cloud of the shroud at
different solid-phase concentrations. At a solid-phase con-
centration of 6%, the entire shroud region is subjected to
somewear, but the abrasion distribution is more disorganized.
As the solid-phase concentration increases, the abrasion area
of the shroud increases significantly, and the abrasion is
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distributed over almost the entire shroud. It was also found
that regardless of the solid-phase concentration, the abrasion
of the shroud near the blade head is the most serious, about
0.0005 kg/m2s.
Fig. 11c1-c3 shows the wear cloud of the shroud for differ-

ent solid-phase densities. At a solid-phase density of 500 kg·
m−3, the abrasion is mainly concentrated in the shroud region
near the blade head, with a maximum abrasion degree of
about 0.0005 kg/m2s, and almost no abrasion in other regions.
As the solid-phase density increases, the abrasion area of the
shroud continues to expand. As can be seen at a solid-phase
density of 1500 kg· m−3, the abrasion is distributed over
almost the entire shroud, with the worst abrasion remain-
ing in the shroud region near the blade head. In summary,
as the particle diameter increases, the abrasion area of the
shroud decreases, and the abrasion degree decreases; as the
solid-phase concentration and density increase, the abra-
sion area of the shroud increases, and the abrasion degree
increases.

Fig. 12 shows the wear cloud of the hub at different particle
diameters. At particle diameters of 0.05 mm and 0.15 mm,
there is a certain abrasion in all regions of the hub except
for the center region, but the abrasion is distributed in a
disordered manner. Moreover, when the particle diameter
is 0.25mm, the abrasion distribution shows a certain pattern,
and the abrasion of the hub is mainly concentrated near the
blades’ pressure surface, which accounts for about one-half
of the flow channel. It is also found that the worst abrasion of
the hub is found both near the head and tail of the pressure
surface, with an abrasion degree of about 0.0005 kg/m2s.
As seen, the change in particle diameter mainly affects the
location of the abrasion distribution of the hub and the abra-
sion degree, and has less effect on the size of the abrasion
area.

Fig. 12b1-b3 shows the wear cloud of the hub at different
solid-phase concentrations. It shows that the solid-phase con-
centration increases, the abrasion area of the hub gets larger
and the abrasion at the edges of the hub gets more serious.
At a solid-phase concentration of 6%, the abrasion is mainly
concentrated in the edge region as well as near the blade in
the hub region, and the abrasion near the blade head and in
the edge region is more serious with about 0.0003 kg/m2s.
And at a solid-phase concentration of 10%, except for the
center of the hub, the abrasion in all other regions increases.
Significantly, the change of abrasion in the edge region of
the hub is the most obvious, and the abrasion region of the
edge increases, and the abrasion degree is aggravated, which
is about 0.0005kg/m2s.
Fig. 12c1-c3 shows the wear cloud of the hub at different

solid-phase densities. As can be seen, when the solid-phase
density is 500kg· m−3, the abrasion on the whole hub is
extremely light, and the abrasion is only sporadically dis-
tributed at the edge of the blade and the edge of the hub, with
a maximum abrasion degree of about 0.00015kg/m2s. As the
solid-phase density increases, the abrasion of the hub located
at the edge of the blade and the edge of the hub increases,

FIGURE 12. Abrasion distribution of hub with different particle properties
(a1-a3: particle diameter; b1-b3: solid-phase concentration; c1-c3:
particle density).

and the abrasion area increases. At a solid-phase density of
1500 kg· m−3, almost all regions are worn except for the
center of the hub, with a maximum abrasion degree of about
0.0005 kg/m2s at the edge of the hub and the edge of the
blades.

Fig. 13 shows the particle trajectories for different particle
diameters. As can be seen in the figure, the solid particles
flow uniformly and at a low velocity of about 4.0 m/s at the
inlet. Subsequently, the particles enter the impeller region and
move along the blade surface, and the particle flow velocity
gradually increases from the impeller inlet to the impeller
outlet, with some of the particles reaching a maximum flow
velocity of about 20.0 m/s at the end of the blade. Finally,
the solid-phase particles enter the volute region and flow out
along the volute. It was also found that the particle flow veloc-
ity inside the volute decreases, especially the flow velocity of
particles near the wall of the volute, which is the smallest,
with a minimum flow velocity of about 2.0 m/s.

Compared with the particle flow trajectories at different
particle diameters, it can be found that the flow of big par-
ticles in the impeller region is closer to the blades’ pressure
surface. At a particle diameter of 0.05 mm, the particle tra-
jectory is more uniformly distributed in the impeller channel.
And as the particle diameter increases to 0.25mm, the particle
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FIGURE 13. Particle trajectories with different particle properties (a1-a3:
particle diameter; b1-b3: solid-phase concentration; c1-c3: particle
density).

trajectory is gradually denser and closer to the blades’ pres-
sure surface, accounting for about one-half of the impeller
channel. It is also found that there are fewer low-velocity
particles close to the volute wall in small particle conditions
and more low-velocity particles close to the volute wall in big
particle conditions. That’s because small particles can better
follow the fluid flow, and small particles are more uniformly
distributed within the pump, resulting in more uniform par-
ticle trajectories. In contrast, under big particle conditions,
the fluid following of the particles is poor, the velocity differ-
ence between the solid and liquid phases increases, and the
particles are concentrated on one side of the working surface

inside the impeller, and then gather on the wall of the volute
after leaving the impeller, in agreement with the findings of
Huang et al. [46].

Fig. 13b1-b3 shows the particle trajectories for different
solid-phase concentrations. Due to the particle diameter of
different solid-phase concentrations being 0.05mm, the par-
ticle diameter is small, so the particles following the fluid
performance are better, the particles are more uniformly dis-
tributed in the pump, so the difference in particle trajectory
under different concentrations is small. It indicates that the
particle trajectories are uniformly distributed under different
solid-phase concentrations, and the particle trajectories in the
impeller region are not densely close to the blades’ pressure
surface. However, because of the different particle concen-
trations, the number of particles in the pump is different,
resulting in the particle trajectories at low concentrations
being sparser than those at high concentrations. Fig. 13c1-c3
shows the particle trajectories for different solid-phase densi-
ties, and the differences in particle trajectories are quite small.
In summary, the particle diameter’s size greatly influences
the distribution of particles in the pump and the particle
trajectory, and the particle concentration and particle density
have a smaller influence on the particle trajectory.

IV. DISCUSSION
This paper mainly conducts numerical research on a centrifu-
gal pump with specific speed ns = 93 by using numerical
calculation methods to grasp its hydraulic characteristics
and abrasion when conveying solid-liquid mixing, which
provides a reference for the subsequent optimization and
finalization of the pump. However, although the numerical
research method has been applied maturely, the accuracy of
the calculation results in this paper still needs to be further
verified in future work. In addition, this paper only explores
the centrifugal pump characteristics when the conveying
medium is a mixture of water and particles, and the effects
of other different conveying media (such as a mixture of oil
and particles) on the hydraulic characteristics and wall wear
also need to be explored in future work.

V. CONCLUSION
(1) The pump’s hydraulic performance decreases as the
solid-phase particle diameter and concentration increase.
As the solid-phase density increases, the head and efficiency
of the solid-liquid pump tend to increase first and then
decrease.

(2) Solid-phase properties affect hydraulic performance to
the extent that solid-phase volume fraction > solid-phase
density > solid-phase particle diameter.

(3) The abrasion in the volute region ismainly concentrated
in the small warp angle region, and the abrasion of the blades
is mainly concentrated in the blade head. Except for the
shroud, the abrasion of each over-flow component worsens
with the increase of solid-phase particle diameter, solid-phase
concentration, and solid-phase density. The abrasion at the
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shroud decreases as the diameter of the solid phase particles
increases.

(4) The hydraulic loss is mainly concentrated in the walls,
and the junction region of the impeller and the volute. As the
solid-phase volume fraction increases, the hydraulic loss near
the blades increases.
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