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To study the effect of fine particle size and volume concentration on the performance of solid-liquid two-phase centrifugal pump,
the mixture multiphase flow model, RNG k-ε turbulence model, and SIMPLEC algorithm were used to simulate the two-phase
flow of the centrifugal pump..e effects of particle size and volume concentration on internal pressure distribution, solid volume
distribution, and external characteristics were analyzed. .e results show that under the design discharge conditions, with the
increase of particle size and volume concentration, the internal pressure of the flow field will decrease, and the volume fraction of
solid phase in the impeller passage will also decrease as a whole. .e solid particles gradually migrate from the suction surface to
the pressure surface, and the particles in the volute channel are mainly concentrated in the flow channel near the outlet side of the
volute. With the increase of particle size and volume concentration, the negative pressure value at the inlet of centrifugal pump
increases, the total pressure difference at the inlet and outlet decreases, and the head and efficiency decrease accordingly.

1. Introduction

Solid-liquid two-phase centrifugal pump is one of the key
power equipment for the hydraulic transport of solid-phase
materials. It is widely used in various fields of national
economy such as water conservancy engineering, petro-
chemical industry, marine metal mineral mining, and urban
sewage treatment. .e presence of solid particles makes the
transport efficiency and reliability of this kind of centrifugal
pump lower than that of the same structure of clean water
pump. .ere have been a lot of numerical simulation and
experimental research work at home and abroad at present
[1–5], but most of the existing research focuses on the low
concentration of solid-liquid two-phase flow and rarely
involves the problem of dense fine particle solid-liquid two-
phase flow. Up to now, the influence of dense fine particles
on the flow field in centrifugal pump is still unclear, and the

mechanism of dense fine particles solid-liquid two-phase
centrifugal pump has not been revealed. Compared with the
low concentration solid-liquid two-phase flow, the force of
liquid and solid phase in high concentration solid-liquid
two-phase flow is stronger [6–9]. .e liquid-phase flow
drives the movement of solid particles, and the loss of
momentum and turbulent kinetic energy of solid particles in
turn affects the liquid-phase flow. Particles collide with each
other frequently, and the movement of particles is affected
not only by the liquid phase in the pump, but also by the
characteristics of particles. .erefore, it is of great signifi-
cance to study the influence of particle size and volume
concentration on the flow performance of centrifugal pump
[10–13].

Due to the complexity of the solid-liquid two-phase flow
in the centrifugal pump, the experimental research method
is costly and time-consuming, and it is difficult to have a
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direct understanding of its internal flow state [14]. With the
development of computational fluid dynamics, the experts at
home and abroad have carried out in-depth research on
solid-liquid two-phase flow in centrifugal pump based on
the CFD method [15–18]. Liu et al. [19] used CFD tech-
nology to simulate the solid-liquid two-phase flow field in a
chemical process pump, calculated the flow field in the pump
under different particle sizes and concentrations, and
studied the distribution of the solid-liquid two-phase flow of
the double-suction pump. Li et al. [20] took a spiral cen-
trifugal pump as the research object and analyzed the dis-
tribution and change rule of the initial solid-phase volume
fraction along the internal flow field and its influence on the
internal flow field of the spiral centrifugal pump. Zhang et al.
[21] adopt the mixture model andmoving grid technology to
systematically study the influence of the properties of solid
particles on the performance of centrifugal pump, including
particle size, volume fraction, and density, and put forward
the no-overload performance prediction of double channel
pump and a calculation method that will substantial increase
the accuracy in performance prediction. Cheng et al. [22]
researched five different particle diameters and four different
particle densities based on the particle model to study their
influence on solid volume concentration distribution, solid-
phase slip velocity, and external hydraulic characteristic in
the double-blade sewage pumps. Liu et al. [23] calculated the
unsteady flow field of solid volume fraction Cv � 0% and
Cv � 20% in a multistage pump to analyze the influence of
the addition of particles in the pump on its performance
characteristic, and the distribution and movement of par-
ticles in impeller and guide vane are obtained at the same
time. Song et al. [24] studied the internal and external
characteristics of a vortex pump when the solid particle
volume concentration is 5%, 10%, and 15%, and the results
of the expression of pump head and efficiency are compared
with the results of simulations.

At present, some progress has been made in numerical
simulation of centrifugal pump flow performance [25–36].
However, the overall flow performance of the centrifugal
pump, especially the two-phase flow performance under the
condition of high concentration of fine particles, is not
sufficiently studied due to the complexity of solid-liquid
two-phase flow in the pump. On basis of the above research,
the present study investigated a 1PN/4-3kw centrifugal
pump to study the influence on the internal flow distribution
in the pump for various particle size and volume concen-
tration and to compare the results with the single-phase
numerical simulation results of clean water. .e results of
this study are helpful to develop dense fine particle solid-
liquid two-phase flow centrifugal pumps, improve transport
efficiency, and reduce operating costs.

2. Computational Model and Mesh Generation

2.1.Model Parameters. 1PN/4-3 KW single-stage centrifugal
pump was selected as the calculationmodel..e basic design
parameters are as follows: flow Q� 16m3/h, head H� 13m,
and rotation n� 1450r/min. .e main geometrical param-
eters of the impeller are as follows: inlet diameter

d1 � 50mm, outlet diameter d2 � 25mm, blade number
Z� 5, the impeller is a semiopen impeller, the solid particles
are glass beads, and ρ� 2450 kg/m3. Unigraphics NX soft-
ware was used to conduct 3Dmodeling of the pump, and the
3D model and hydraulic model of the centrifugal pump are
shown in Figure 1.

2.2. Compute Domains and Grids. In order to make the
numerical calculation results close to the real situation, an
inlet extension section was added before the inlet of the
suction chamber and an outlet extension section after
the outlet of the volute respectively, so as to fully develop the
water flow. .e computational domain includes inlet ex-
tension section, impeller, volute, and outlet extension sec-
tion. In order to improve the accuracy of simulation results,
the unstructured mesh with good adaptability was used to
grid the whole flow passage and the area with large pressure
and velocity gradient was partially encrypted. A total of 6
grid schemes were set up to test and verify the grid’s in-
dependence under steady flow of clean water at the cen-
trifugal pump design condition, and the number of grids
increased gradually from 1258424 to 4921565. .e predicted
head corresponding to different grid numbers is listed in
Table 1, and the grid independence graph is shown in
Figure 2. As it can be seen that the head is almost unchanged
from the fourth grid, the calculated heads differed by less
than 0.5%. Considering the computing performance of the
computer, the fourth set of grid was chosen for the simu-
lation, final overall mesh number of the model is 3,385,676,
and the node number is 578,448. .e calculation domain
and mesh of the centrifugal pump are shown in Figure 3.

3. Mathematical Models and
Boundary Conditions

3.1. ;e Basic Assumptions. .e solid-liquid two-phase flow
in the model pump is extremely complex. In order to
simplify the calculation and improve the accuracy of the
numerical simulation results, the following assumptions are
adopted:

(1) .e continuous phase (water) is an incompressible
fluid, the particle phase is a continuous term, and the
physical properties of each phase are constant

(2) .e particle phase is a spherical glass bead with
uniform particle size, regardless of the change of
particle shape

(3) Internal flow of the pump is treated as steady flow
with water as principle phase, solid particle as sec-
ondary phase

(4) Axial velocity of inlet is well-distributed, and solid
particles and water are evenly mixed with same
velocity

3.2. Multiphase Flow Model. Considering the interaction
between solid and liquid phases, because the particle size is
small (≤1mm), solid particles can be treated as a continuous
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Figure 1: 3D model and hydraulic model of centrifugal pump: (a) 3D model of centrifugal pump; (b) hydraulic model of centrifugal pump.

Table 1: Predicted head with various grids.

Scheme 1 2 3 4 5 6
Grid number 1,258,424 1,648,573 2,324,618 3,385,676 4,025,178 4,921,565
Head 14.58 14.32 13.83 13.69 13.65 13.70
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Figure 2: Grid independence graph.

Figure 3: Calculation domain and grid of centrifugal pump.
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medium, and the phase coupling is quite strong. .erefore,
the mixture model is adopted, and its continuity equation
and momentum equation are as follows.

Continuity equation:

z

zt
ρm(  + ∇ · ρm v

→
m(  � 0. (1)

Among them, ρm is the mixture density, kg/m3, and v
→

m

is the average mass velocity, m/s.
Momentum equation:

z

zt
ρm v

→
m(  + ∇ · ρm v

→
m v

→
m( 

� −∇p + ∇ · μm ∇ v
→
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n
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αkρk v
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dr ,k
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(2)

Among them, μm is the coefficient of mixing viscosity,
Pa·s; F

→
is the volume force, N; n is the number of phase; αk is

the volume fraction of the kth term, %; ρk is the kth density,
kg/m3; and v

→
dr ,k is the kth term drift velocity, m/s.

Slip velocity v
→

qp is defined as the velocity of the second
phase (p) relative to the main phase (q):

v
→

qp � v
→

p − v
→

q. (3)

.en, the relationship between drift velocity and slip
velocity is

v
→

dr ,p � v
→

qp − 
n

k�1

αkρk

ρm

v
→

qk. (4)

From the continuity equation of the second phase (p),
the volume fraction equation of the second phase can be
obtained as follows:

z

zt
αpρp  + ∇ · αpρpvm  � −∇ · αpρpvdr ,p . (5)

3.3. Boundary Conditions. .e RNG k-ε turbulence model
was used to simplify and close the equations. .e SIMPLEC
algorithm was used for numerical solution, and the con-
vergence accuracy was set as 10−6. .e inlet boundary
condition adopts the velocity inlet, only considers the axial
velocity, and does not consider the fluid or particle moving
in other directions, and it can be obtained according to the
design flow rate and inlet pipe diameter..e outlet boundary
condition chooses the free flow outlet, and the inlet and
outlet turbulence intensity is consistent with the default
value of 5%. .e impeller wall is set to rotate, the other walls
are static, the boundary condition of the wall is no slip
condition, and the standard wall function is adopted near the
wall.

.e particle diameter was adjusted by defining the solid-
phase parameters in the mixed model, and the volume
concentration was achieved by setting the inlet solid-phase
volume fraction in the boundary conditions.

4. Calculation Results and Analysis

In order to explore the influence of particle size and volume
concentration on centrifugal pump performance during
solid-liquid two-phase flow transportation, the following
calculation scheme is formulated:

(1) At the design flow rate and the solid-phase con-
centration of 10%, the two-phase flow field under five
working conditions with particle size of 0.01mm,
0.05mm, 0.1mm, 0.15mm, and 0.2mm was nu-
merically simulated

(2) At the designed flow rate and the particle size of
0.1mm, the two-phase flow field under five working
conditions with particle concentration of 10%, 15%,
20%, 25%, and 30% s was numerically simulated

4.1. External Characteristics of Centrifugal Pump When
Conveying Clean Water. Firstly, numerical simulation was
carried out for the external characteristics of the centrifugal
pump when transporting clean water and the numerical
simulation results were compared with the test results, as
shown in Figure 4. It can be seen that the flow-head curve
trend of the numerical simulation and the test is basically the
same, and the head of the numerical simulation is higher
than that of the test, because the simulation value does not
take the error factors caused in the casting process of the
centrifugal pump into account, such as the surface rough-
ness of the impeller and volute. .e flow-efficiency curve of
the numerical simulation is also consistent with the variation
trend of the test value. When the flow is close to the working
point, there is little difference between them. .e maximum
error between the numerical calculation and pump test
results is less than 8%; therefore, it is reasonable to believe
that the model and method adopted in the numerical
simulation of two-phase flow of the test pump are
reasonable.

4.2. Influence of Particle Size on Internal Flow Performance.
Figure 5 shows the cloud diagram of centrifugal pump
pressure distribution with different particle sizes when
Cv � 10%. It can be seen from the figure that the final
pressure cloud map changes little after different small-size
particles are input into the flow passage of the centrifugal
pump while the volume fraction is fixed. .e pressure at the
inlet of the flow passage is negative, and it can be analyzed
that the particles at the inlet collide with each other, leading
to the decrease of the pressure, and the negative pressure will
lead to the cavitation of the centrifugal pump. As the particle
size increases, the chance of collision also increases, which
aggravates the negative pressure and finally leads to the
continuous decline of the cavitation performance of the
centrifugal pump..e pressure of the impeller passage is not
completely symmetrical and consistent. .e pressure near
the outlet pipe of the volute is larger than that of other parts.
After careful observation, it was found that the pressure at
the position close to the outlet pipe in the condition of
0.01mm particle size was higher than that of 0.2mm.
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.erefore, it was speculated that as the particle size in-
creased, the overall pressure inside the flow field tended to
decrease.

As the particle size increases, the pressure changes little
in the impeller passage, but after the two-phase flow enters
the pressure chamber, the pressure begins to change obvi-
ously, especially the pressure along the volute wall generally
decreases. It can be seen that the pressure changes little at the
impeller inlet but decreases obviously at the volute outlet,
and the pressure changes very sharply on both sides of the
tongue. Because the fluidity of solid particles decreases as the
particle size increases, the energy consumed by conveying
particles increases, resulting in the continuous drop of total
pressure in the pump..e macroscopic manifestation is that
the efficiency of centrifugal pump gradually decreases and
the head decreases gradually.

Figure 6 shows the liquid-phase velocity distribution in
the middle section. .e velocity increases gradually from the
impeller inlet to outlet. At the same radial distance, the
relative velocity at the pressure side of the blade is lower than
that at the suction side in the latter part of blade. With the
change of particle size, the liquid velocity distribution has
little change. .e high-speed region appears near the back
side of the impeller outlet, and there is wake at the outlet of
the impeller channel.

As the particle size increases, the wake area of impeller
gradually increases, the high-speed region near the tongue
increases, and the low-speed region at the outlet of volute
increases..is is because when the particle size increases, the
flow performance of particles decreases, the particle con-
centration near the back of the impeller decreases, the
relative liquid concentration increases, thus cause the range
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Figure 5: Cloud diagram of centrifugal pump pressure with different particle sizes (Cv �10%): (a) 0.01mm, (b) 0.05mm, (c) 0.1mm,
(d) 0.15mm, and (e) 0.2mm.
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Figure 4: Verification of external characteristics of centrifugal pump.
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of high-speed region near the back side of the impeller
increases gradually. As the particle size increases, the
number of particles reflux into the impeller channel from the
tongue decreases, the concentration of the liquid phase
increases, and the range of the high-speed zone gradually
increases, indicating that the size of the particle has a serious
impact on the reflux near the tongue.

Figure 7 shows the cloud diagram of solid-phase volume
distribution of centrifugal pump impeller with different
particle sizes when Cv � 10%. It can be seen from the figure
that the distribution trend of particle volume concentration of
different particle sizes is consistent. Since the inlet boundary
condition is set with the same initial velocity, the solid-phase
volume concentration distribution is relatively uniform near
the impeller inlet. As the flow progresses, the impeller takes
effect and the solid volume concentration distribution
changes. With the increase of particle size, the concentration
of solid particles on the pressure surface of impeller is sig-
nificantly higher than that on the suction surface, and the
volume concentration of solid particles in impeller channel
decreases as a whole. .e reason is that with the increase of
particle size, the centrifugal force of the impeller increases,
and the solid particles deviate from the suction surface of the
impeller and move towards the pressure surface.

As the particle size increases, the particle concentration
at the head of the blade working face increases, and the
particle concentration at the back of the blade decreases
along the direction of the impeller passage. When the
particle size is 0.01mm, the concentration distribution on
the blade is relatively average. From the inlet to the outlet of
the impeller, the particle concentration on the working
surface at the inlet is higher, decreases along the impeller
passage and increases along the back of the blade. As the
particle size increases, the particle concentration at the inlet
of the blade-working face increases, and the particle con-
centration at the back side decreases. When the particle size

is 0.2mm, it can be clearly seen that the particle concen-
tration distribution on the back side of the blade is extremely
uneven. .e larger the particle size is, the greater the inertia
force on the particle is, and the more obvious the migration
from the working face to the back is. .erefore, it is con-
cluded that the particle diameter has a great influence on the
overall concentration distribution of the working face and
the back side of the blade.

4.3. Influence of Volume Concentration on Internal Flow
Performance. Figure 8 shows the pressure distribution cloud
diagram of centrifugal pump with different solid-phase
volume concentrations at d� 0.1mm. It can be found from
the figure that the influence of the change of volume con-
centration on the pressure of the full flow passage in the
centrifugal pump is similar to that of the change of particle
size. When the particle size is fixed, with the increase of solid
volume concentration, the negative pressure at the inlet of
the impeller increases, the possibility of cavitation increases,
the pressure difference between pump inlet and outlet de-
creases, and the head of the centrifugal pump decreases.

As the particle volume fraction increases, the negative
pressure at the impeller inlet gradually increases, and the
negative pressure mainly distributes on the suction surface of
the blade head. .e volute diameter changes the most at the
tongue, so the pressure changes obviously here. When con-
veying the mixed medium, the influence of particle volume
fraction on the inlet and outlet of the pump and near wall area
of the volute is relatively large. With the increase of the
volume fraction of particles, the collisions between particles
and the wall become more frequent, and the average density
of the fluid increases. .erefore, the more energy is needed to
transport the mixed medium, which leads to the increasing
negative pressure at the inlet and outlet of the impeller and the
increasing total pressure in the pump.
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Figure 6: Cloud diagram of centrifugal pump velocity with different particle sizes (Cv �10%): (a) 0.01mm, (b) 0.1mm, and (c) 0.2mm.
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It can be seen from Figure 9 that the liquid-phase ve-
locity along the impeller channel increases gradually, and the
smaller the volute diameter is, the greater the velocity is.
.ere is a high-speed area near the tongue, and a high-speed
area appears near the back side of the impeller outlet.

As the particle volume fraction increases, the liquid
velocity at the impeller outlet increases obviously, and the
high-speed region in the water pressure chamber is mainly
located at the position with small volute diameter. On the
whole, the change of particle volume fraction does not affect
the distribution of liquid velocity, indicating that the particle
volume fraction has little effect on the liquid velocity.

Figure 10 shows the cloud diagram of solid-phase vol-
ume distribution of centrifugal pump impeller with different
volume concentrations at d� 0.1mm. It can be seen from the
figure that during themovement of particles from the inlet to
the outlet, the solid-phase volume concentration on the
suction surface of the blade is significantly higher than that
on the pressure surface. With the increase of initial con-
centration of solid-phase volume, the particles tend to move
towards the pressure surface, Cv � 10%, the particle at a
certain inlet angle into the impeller flow channel, and the

back part of the particle impact blade, with the deepening of
the flow, under the action of inertial force to be near blade
pressure side; with the increase of volume concentration, the
impact on the back of the trend gradually disappears, and
that solid-phase volume concentration has a certain influ-
ence on particle size distribution.

.e particle concentration along the back of the volute
first decreases and then increases, and the range of particle
concentration decreases gradually to the blade tail with
the increase of the volute diameter. In the area near the
wall of the volute, the particle concentration gradually
increases with the increase of the volute diameter, and the
particle concentration is the highest at the maximum
volute diameter; the particle concentration is generally
higher at the head of impeller working face and the tail
wake of blade back. With the increase of particle volume
fraction, the particle concentration in the impeller in-
creases gradually, but the overall distribution remains
unchanged, which indicates that the change of particle
volume fraction only affects the particle concentration in
the pump but does not affect the overall distribution of
particles in the pump.
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Figure 7: Cloud diagram of solid-phase volume distribution of impeller with different particle sizes (Cv �10%): (a) 0.01mm, (b) 0.1mm, and
(c) 0.2mm.
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Figure 8: Cloud diagram of centrifugal pump pressure at different concentrations (d� 0.1mm): (a)Cv � 10%, (b)Cv � 15%, (c)Cv � 20%, (d)
Cv � 25%, and (e) Cv � 30%.
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4.4. Effects of Solid Particles on Pump Characteristics. In this
paper, the internal flow field of the centrifugal pump with
particle diameter of 0.01mm, 0.05mm, 0.1mm, 0.15mm,
and 0.2mm and volume concentration of 10%, 15%, 20%,
25%, and 30% under the design flow condition was simu-
lated. .e influence of particle diameter and volume con-
centration on the head and efficiency of the centrifugal
pump was analyzed through the simulation results. In order
to express the calculation results more intuitively, it is shown
in the chart form as follows.

Figure 11 shows that the head and efficiency of the
centrifugal pump decrease with the increase of particle di-
ameter. When the particle diameter is less than 0.15mm, the
particle diameter has little influence on the head and certain
influence on the efficiency. When the particle diameter is
larger than 0.15mm, the head and efficiency decrease sig-
nificantly. It can be seen that the particle size of the solid
phase suitable for transport by this model pump is smaller
than 0.15mm. .e reason for the decline of hydraulic
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Figure 9: Cloud diagram of centrifugal pump velocity at different concentrations (d� 0.1mm): (a)Cv � 10%, (b)Cv � 20%, and (c)Cv � 30%.
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Figure 10: Cloud diagram of solid-phase volume distribution of impeller of different concentrations (d� 0.1mm): (a) Cv � 10%,
(b) Cv � 20%, and (c) Cv � 30%.
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Figure 11: Influence of particle size on head and efficiency.
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performance may be as follows: with the increase of particle
diameter, the greater the energy needed to maintain the
suspension drifting in the flow, the more serious the hy-
draulic loss will be, leading to the deterioration of external
characteristics.

It can be seen from Figure 12 that, under the same
particle diameter condition, the head and efficiency of the
centrifugal pump significantly decrease with the increase of
the solid-phase volume concentration, and the change trend
is approximately linear. .e reason for the decline of hy-
draulic performance may be that with the increase of the
volume concentration of solid phase, the viscosity of the
solid-liquid mixture increases, the probability of collision
between particles also increases greatly, and the hydraulic
loss worsens, resulting in the decline of external charac-
teristic performance.

5. Conclusions

.e mixture multiphase flow model, the extended RNG k-ε
turbulence model, and SIMPLEC algorithm were used for
numerical simulation of solid-liquid two-phase turbulence
in a centrifugal pump using the fluid dynamics software
Fluent:

(1) With the particle size increases, the negative pressure
at the inlet of the impeller intensifies, and the im-
peller runner pressure is not completely symmetrical
and consistent. .e pressure near the outlet pipe of
the volute is large, and the overall pressure inside the
flow field decreases. .e solid-phase volume con-
centration in the impeller passage decreases as a
whole, and the solid particles tend to migrate away
from the suction of the impeller towards the pressure
surface due to the centrifugal force of the impeller.

(2) With the increase of solid-phase volume concen-
tration, similar to the influence of particle size
change on pressure, the negative pressure at the inlet

of impeller increases, the possibility of cavitation in
the pump increases, and the pressure at the outlet
decreases. .e solid-phase volume concentration on
the suction surface of the blade is higher than that on
the pressure surface. With the increase of the initial
solid-phase volume concentration, the particles also
tend to move towards the pressure surface.

(3) Under the design flow condition, with the increase of
particle size and volume concentration, the negative
pressure value at the inlet of the centrifugal pump
increases, the total pressure difference at the inlet
and outlet decreases, and the head and efficiency
decrease accordingly.
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