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1. The Pumped Storage System and Its Constituent Elements

Pumped storage hydro is a mature energy storage method. It uses the characteristics
of the gravitational potential energy of water for easy energy storage, with a large energy
storage scale, fast adjustment speed, flexible operation and high efficiency [1]. The pumped
storage power station, as the equipment for the peak shaving, frequency modulation
and phase modulation of the power grid, has been applied in recent decades and can
effectively compensate for the instability of the power grid. As shown in Figure 1, in order
to store energy in the form of the mechanical energy of water, an upper reservoir and a lower
reservoir are necessary. Penstock is used to connect the two reservoirs. The key components
of a pumped storage power station are the hydro turbine and pump, which usually adopt
the form of bladed hydraulic machinery. The mechanical energy of the water and the
mechanical energy of the runner can be converted to each other. The mechanical energy
of the runner depends on the mutual interaction between the generator, or motor, and the
electrical energy. In recent years, because of a series of significant advantages, the runners
and motors of pumped storage units have come to be designed as reversible [2,3]. At the
peak level of power consumption during the day, water flows from the lower reservoir into
the reservoir. The mechanical energy of the water is converted into the mechanical energy
of the runner and then into electrical energy in order to generate electricity. When the power
consumption is low at night, the motor drives the runner to rotate, pumping water from
the lower reservoir into the upper reservoir for its storage. Pumped storage technology is
simple in principle, powerful in function and significant in terms of engineering [4].
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2. Reversibility of Bladed Hydraulic Machinery

Bladed hydraulic machinery is the foundation of energy conversion in pumped storage
technology. According to the theorem of the moment of momentum, the change in the
moment of momentum of an axis in unit time is equal to the sum of all the external forces
acting on the control body on the same axis. When the external torque is 0, the moment of
momentum of the control body remains unchanged. The bladed hydraulic machinery is
regarded as the control body (see Figure 2), and the change in the moment of momentum
∆L of the fluid can be written as:

∆L = ρQ(r1Cu1 − r2Cu2) (1)

where ρ is the density, Q is the volumetric flow rate, r is the radius position of the blade,
Cu is the circumferential component of the absolute velocity C, and subscripts 1 and 2
represent the runner inlet and outlet. In an ideal state, the energy lost by the water flow is
equal to that obtained by the runner:

ρQgH = Mω (2)

where ω is the rotational angular speed of the runner, and H is the energy difference
between the runner inlet and outlet. According to the theorem of the moment of momentum,
the change in the moment M and moment of momentum ∆L is equal:

ρQ(r1Cu1 − r2Cu2) = ρQgH/ω (3)
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Figure 2. Change in the velocity and moment of momentum at the inlet and outlet of the runner
control body.

If U represents the linear speed of the runner, we obtain:

U = rω (4)

(U1Cu1 − U2Cu2)/g = H (5)

As for the relationship between U and Cu and the relationships between the other
velocity components, the velocity triangle shown in Figure 3 is commonly used in bladed
hydraulic machinery [5]. The relative speed W is controlled by the blade shape, and the
axial speed Cm is affected by the flow rate. At a certain flow rate, the reasonable design
of the blades can cause the runner to convert the ideal energy H. For a hydro turbine
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runner whose motor drives it to rotate reversely (the rotational speed is unchanged), the
U magnitude is the same, and the direction is the opposite. The blade shape provides the
fluid with the same relative velocity W in the opposite direction. The resultant absolute
velocity C is the same in terms of the magnitude and opposite in terms of the direction.
Components such as Cu and Cm also have the same magnitude and reverse direction.
According to Equation (5), the fluid obtains energy H and flows to the upstream reservoir,
and the turbomachinery is switched to the pump mode. According to Equations (1) and (2),
the momentum moment increases after the fluid flows in and out of the runner. Under
ideal conditions, the energy lost by the runner is equal to the energy obtained by the water
flow. There are losses under non-ideal conditions, and the runner efficiency in the turbine
mode ηt and pump mode ηp can be calculated by the following equations:

ηt = Mω/ρQgH (6)

ηp = ρQgH/Mω (7)
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The reversibility of the bladed hydraulic machinery provides a good solution for the
problem of pumped storage technology. One design can be applied to two working modes.
The reverse rotation of the runner completes the conversion of the working modes and
responds to the demands of the power grid. From an economic perspective, the pumped
storage is generally designed with a head of up to 800 m, and the runner is the Francis
type [6]. For the tidal energy, the rising and ebbing tides can be dammed in the bay to
realize the forward and reverse pumping and forward and reverse power generation. The
low-head H, full-condition pumped storage hydro units become feasible, similar to the
tubular turbine or axial flow pump [7]. It can also achieve a two-way efficient operation.

3. Cooperation between Pumped Storage and Renewable Energy

China strives to reach peak carbon dioxide emissions by 2030 and achieve the goal of
carbon neutrality by 2060. Reducing the use of fossil energy and increasing the proportion
of renewable energy are important goals. At present, with the rapid growth of wind
power generation and solar power generation, there is a serious problem of instability.
Many renewable energy sources, including wind energy, solar energy, tidal energy, wave
energy and ocean current energy, require the cooperation with respect to large-scale energy
storage technology [8]. In order to ensure the security and stability of the power system,
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many countries have built a large number of pumped storage power plants to regulate
energy flexibly, efficiently and cleanly. In many developed countries, the proportion of
pumped storage power plants in the power system exceeds 10%. At present, the global
installed capacity of pumped storage exceeds 160 million kW, accounting for more than
94% of the total energy storage capacity. More than 100 pumped storage projects are under
construction, which aim to realize the cooperation with renewable energy demands. High-
head, large-capacity, and variable-speed pumped storage units are the focus of subsequent
development and construction. The study of the flow problems of vane-type hydraulic
machinery pumps and turbines is of great significance for the stable operation of pumped
storage units. In particular, in the development of pumped storage technology, this is very
important for efforts to clarify the Q-H stability characteristics, start-up S-characteristics,
inception cavitation, pressure pulsation and other issues.
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Abstract: In order to explore the change in internal and external characteristics and the pressure
fluctuation of the large bulb tubular pump unit during deceleration, a transient and steady three-
dimensional (3D) numerical simulation is executed, based on the standard k-ε turbulence model
and the change in boundary conditions such as flow rate. Finally, the pressure fluctuation data are
analyzed by the wavelet method. There is a good agreement between the experimental data and
numerical simulation results. During the deceleration process of the unit, the head decreases linearly
while the efficiency remains stable. Meanwhile, the shock phenomenon and hysteresis effect appear
before and after the unit head deceleration. Although there are vortex and backflow in the outlet
conduit during deceleration, the pressure distribution on the suction surface of the impeller blades
changes uniformly and significantly. The pressure fluctuation changes on the inlet surface of the
impeller are more obvious during the deceleration: the closer to the hub, the greater the pressure,
and this change decreases with decreasing radius. The fluctuation energy is mainly concentrated
in the high-frequency region of 100–120 Hz and decreases uniformly with the deceleration of the
rotational speed. This paper provides a reference for the energy utilization and safe operation of the
water pump unit in adjusting speeds with variable frequency.

Keywords: bulb tubular pump; numerical simulation; adjusting speed; transition process;
pressure fluctuation

1. Introduction

A pump that can convert mechanical energy into liquid kinetic energy and convey
fluid directionally has been widely used in many fields [1]. Among the different types of
pumps, the tubular pump is widely used in low-head pumping stations due to its several
advantages, such as high efficiency, good hydraulic performance, and compact structure [2].
Compared with the axial-flow pump and the mixed-flow pump, the use of the tubular
pump unit can reduce the amount of excavation of the factory and the concrete needed,
and then greatly reduce the overall cost of the pumping station [3,4].

Although the hydraulic performance of the tubular pump is stable under the designed
operating condition, the operation point of the pump will inevitably alter due to the change
in the internal and external factors. In order to ensure the efficient and reliable operation
of the pump to reduce energy consumption and mechanical losses, adjusting the speed
with Variable-Frequency Drives (VFDs) is one of the effective and feasible methods. As
part of the Eastern Route of South-to-North Water Diversion Project, many large-scale
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tubular pumping stations have made use of adjusting the speed with VFDs to regulate the
operation point to achieve the best efficiency point [5].

The one-dimensional (1D) flow model is an effective method that balances compu-
tational accuracy and speed, which is used to analyze flow characteristics and pressure
distribution normally. Gu et al. [6,7] established a new self-closed 1D pressure model by
introducing Poncet’s K formula. Based on the above theory, the pressure of the casing wall
can be predicted well. They also proved that the rotating speed is related to thrust acting on
the shrouds, which has little effect on volumetric efficiency. Taking into consideration the
blade slip factor, the self-closed 1D pressure model was later improved and the calculated
results presented a greater agreement with the experimental data. Song et al. [8] investi-
gated the free surface vortex by establishing a theoretical model of the pressure fluctuation
induced by the linear vortex according to the Biot–Savart Law. There was a great agreement
between the results of theoretical analysis and model experiments.

Although the method of 1D models can be used to increase the calculation speed as a
good compromise of solution accuracy and computation feasibility, experimentation and
computational fluid dynamics (CFD) are the most important ways for researchers to inves-
tigate hydraulic problems. With the development and wide use of CFD, scholars normally
validate the two against each other to increase the credibility of the study and capture
the complex flow features in hydraulic machines [9]. Shi et al. [10] designed an axial-flow
pump runner by using the method of the surface element based on plane cascade theory.
The hydraulic performances of the impeller, calculated by the CFD and model test, showed
great agreement with each other. Shi et al. [11] optimized the comprehensive performance
of the axial-flow pump with the objective of light weight and high efficiency. The reliability
was verified by CFD and model tests, which proved that the accuracy of the approximate
model used was high. Yang et al. [12] studied the impact on the hydraulic performance
caused by different tip clearance sizes of a sewage pump. Meanwhile, the investigation of
the complex vortices structure and propagation benefited from the 3D numerical simulation
and test verification. The pressure fluctuation is an important characteristic that reflects
the operating state of the water pump. The method of CFD is used to study the pressure
fluctuation, which is an important way for the study of the stable operation of the pump.
Liu et al. [13] investigated the flow and external characteristics of the pump mode turbine
in the hump region, based on the SST turbulence model, and proved that the rotating
speed determines the characteristics of pressure fluctuation at the wave trough of the hump
region. Andreas et al. [14] implemented comparative research on the highly transient flow
field in single and double-vane pumps. Based on the mutual verification of experiments
and numerical simulations, the characteristics of flow rate and pressure fluctuation on
single and double-vane pumps were summarized. Song et al. [15,16] studied the formation
mechanism and the dynamic characteristics of the free surface vortex in the pump sump
and the effect on the performance of the pump by numerical simulation.

In recent years, many domestic and foreign scholars have carried out a large number
of studies on the variable-speed transient process of fluid machinery, but they mainly
focused on the unit start-up and shutdown process. Tsukamoto et al. [17] developed
theories to predict the transient characteristics of the centrifugal pump during deceleration
and proved that the difference between dynamic and quasi-steady characteristics mainly
come from impulsive pressure and lag around the vanes. Liu et al. [18] numerically
simulated the rapid stopping process of the pump. They found that at the beginning of
deceleration, the pressure fluctuation of the pump decreased but the pressure at the inlet
increased. Meanwhile, the deviation in the quasi-steady and transient calculation results
was attributed to the difference in the internal vortex of the impeller. Chalghoum et al. [19]
investigated the dynamic characteristics of the centrifugal pump start-up process under
different valve openings and the influence of impeller parameters on pressure changes.
Zhang et al. [20,21] numerically investigated the system performance and affinity issue of
the tubular pump under variable rotating speed operations. He proved that the similarity
law cannot predict the relationship between head and discharge rates during the speed
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change process completely accurately, but within a certain speed range, the predicted error
is acceptable.

However, some characteristics of the large-scale bulb tubular pump unit under the
variable-speed operation, such as the pressure fluctuation and distribution, have not been
analyzed. There is still room for studies. Therefore, this paper aims to investigate those
characteristics of the tubular pump unit, under the operation of rotating speed deceleration
(from 1223 rpm to 978.5 rpm), by the methods of CFD and model test. Section 2 describes
the computational model and numerical method. Section 3 compares the data of the model
test and CFD. The accuracy and reliability of numerical results are verified. The variable
speed characteristics calculated by numerical simulation are presented and analyzed in
Section 4, and Section 5 summarizes some important conclusions.

2. CFD Method
2.1. Computation Module

The prototype pump in the South-to-North Water Diversion Project with the S-shaped
blades is 3350ZGQ37.5-2.45 and the corresponding rated power is 2200 kW. Taking into
consideration the exited model test data, this paper established the horizontal bulb tubular
pump model components, including inlet conduit, impeller, guide vanes, and outlet conduit,
by UG12.0. The main parameters of the bulb tubular pump model are listed in Table 1. The
computational fluid region was the entire unit from the inlet section of the inlet conduit to
the outlet of the outlet conduit, and the 3D model of the horizontal bulb tubular pump is
shown in Figure 1.

Table 1. Characteristic parameters of pump model flow system.

Parameters Value

Diameter of impeller/mm 315
Number of impeller blades/- 3

Number of guide vanes/- 5
Number of front support vanes/- 6

Blade angle/◦ 0
Design head/m 2.45

Design discharge/m3/min 19.9
Initial rotating speed/r/min 1223
Target rotating speed/r/min 978.5 (20% deceleration)
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2.2. Hexahedral and Tetrahedral Mesh

Each part of the computational fluid domain was spat first and then assembled in
ANSYS CFX after meshing. In order to take into consideration the later calculation efficiency
and accuracy, the hexahedral mesh shown in Figure 2 was generated by using ANSYS
ICEM CFD for the impeller portion of the computational model. By controlling the nodes
on each topology line, the grid encryption degree of the impeller part is ensured, which is

7
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shown in the darker part of Figure 3. The other tetrahedral mesh of the calculation domain
was generated by ANSYS MESH. In this paper, the grid independence test was carried out
on the grid number of the inlet conduit of the large-scale bulb tubular pumping station
during the stable operation under the design conditions. The mesh of the inlet conduit
was generated with the same method to ensure that the number of grids changed without
reducing quality. Through the steady calculation, it was found that when the number of
grids in the calculation domain reached about 4.3 million (Figure 3), the change in hydraulic
loss was controlled within ±5%, which met the requirement of the grid independence test.
As shown in Figure 4, the total number of grid cells in the fluid region was 12,261,547, of
which the number of grid cells in the impeller part was 1,760,000.
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2.3. Computational Setup

Both a steady and transient 3D simulation of this large-scale bulk tubular pump was
conducted by ANSYS CFX based on Reynolds-averaged Navier-Stokes equations (RANS).
The results of the steady simulation were calculated first and taken as the initial value of the
unsteady simulation. It is important to select an appropriate turbulence model to simulate
the complex flow field inside the pump unit. Taking into consideration the compromise
of solution accuracy and computation feasibility, the standard k-ε model can capture the
internal transient flow characteristics of the pump under speed change operation well [22].
Therefore, this one was selected as the turbulence model to close the governing equations,
and the SIMPLEC algorithm was used to solve the discrete algebraic equations.

The “Frozen Rotor” interface was used to connect the rotating domain and the station-
ary domain in the steady numerical simulation, and the “Transient Frozen Rotor” mode
was used to transmit data through the interface based on interpolation in the transient
numerical simulation. All solid walls were specified with smooth and nonslip, and the
calculation medium was normal-temperature water. The boundary condition at the pump
outlet was set as total pressure, and the mass flow rate was specified at the pump inlet.

What the paper focused on was the variable-speed characteristics, and it should be
carefully considered when the rotating speed of impeller was set. It can be assumed that
the efficiency of the pump unit does not change when the pump operates in a certain
rotating speed range [19]. Based on the above assumption of constant efficiency, the pump
performance parameters at variable speeds are shown as follows:





Q1
Q2

= n1
n2

H1
H2

=
(

n1
n2

)2

P1
P2

=
(

n1
n2

)3
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where Qi, Pi, Hi, and ni are the flow rate, shaft power, efficiency, and speed of the pump
under the working condition of i, respectively. It is obvious that the flow rate at the pump
inlet will reduce in accompaniment with the rotating speed deceleration. According to the
above equations, under the assumption of constant efficiency, the discharge rate of the unit
could be achieved by

Q = Qd ×
n
nd

(2)

where Qd and nd are the discharge rate and rotating speed of pump under the design
condition, respectively, n is the pump rotating speed under running, and Q is the discharge
rate corresponding to n.

Based on the above theories, the algorithm of variable speed was implemented at the
rotating domain, through the CFD secondary development (CFX Expression Language): the
impeller rotating speed change was set as uniform deceleration from 1223 rpm to 978.5 rpm
and the costed time was 1.5 s. The relationship between the rotating speed and the mass
flow rate set at the inlet is shown in Figure 5. According to the curve characteristics of
Figure 6 in Reference [23], in the first half of the deceleration, the rotating speed and flow
rate showed the same trend, conforming to Equation (1), so the setting of the inlet boundary
conditions was feasible. In the transient simulation, the total time was set to 3.5424 s, and
each time step was set to 0.00246 s, which corresponds to an impeller rotation of 18 deg. The
maximum iteration number in each time step was set to 20, and the residual convergence
accuracy was set to 10−4.

2.4. Methods of Pressure Fluctuation Analysis

As the pressure fluctuation during the speed change is an unsteady signal, the Fast
Fourier Transform (FFT) with a fixed-size analysis window cannot fully reflect the time and
frequency characteristics. Therefore, the wavelet method was used to analyze the unsteady
pressure fluctuation signal in the process of speed change of the model pump in this paper.

9
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Compared with the method of FFT, wavelet analysis has a good ability to characterize
signals in both time and frequency domains, and has a better adaptability to signals [24].

Water 2022, 14, x FOR PEER REVIEW 6 of 19 
 

 

where Qd and nd are the discharge rate and rotating speed of pump under the design con-
dition, respectively, n is the pump rotating speed under running, and Q is the discharge 
rate corresponding to n. 

Based on the above theories, the algorithm of variable speed was implemented at the 
rotating domain, through the CFD secondary development (CFX Expression Language): 
the impeller rotating speed change was set as uniform deceleration from 1223 rpm to 978.5 
rpm and the costed time was 1.5 s. The relationship between the rotating speed and the 
mass flow rate set at the inlet is shown in Figure 5. According to the curve characteristics 
of Figure 6 in Reference [23], in the first half of the deceleration, the rotating speed and 
flow rate showed the same trend, conforming to Equation (1), so the setting of the inlet 
boundary conditions was feasible. In the transient simulation, the total time was set to 
3.5424 s, and each time step was set to 0.00246 s, which corresponds to an impeller rotation 
of 18 deg. The maximum iteration number in each time step was set to 20, and the residual 
convergence accuracy was set to 10−4. 

 
Figure 5. Impeller speed and flow inlet change. 

 
Figure 6. Experimental setup. 

Figure 5. Impeller speed and flow inlet change.

Water 2022, 14, x FOR PEER REVIEW 6 of 19 
 

 

where Qd and nd are the discharge rate and rotating speed of pump under the design con-
dition, respectively, n is the pump rotating speed under running, and Q is the discharge 
rate corresponding to n. 

Based on the above theories, the algorithm of variable speed was implemented at the 
rotating domain, through the CFD secondary development (CFX Expression Language): 
the impeller rotating speed change was set as uniform deceleration from 1223 rpm to 978.5 
rpm and the costed time was 1.5 s. The relationship between the rotating speed and the 
mass flow rate set at the inlet is shown in Figure 5. According to the curve characteristics 
of Figure 6 in Reference [23], in the first half of the deceleration, the rotating speed and 
flow rate showed the same trend, conforming to Equation (1), so the setting of the inlet 
boundary conditions was feasible. In the transient simulation, the total time was set to 
3.5424 s, and each time step was set to 0.00246 s, which corresponds to an impeller rotation 
of 18 deg. The maximum iteration number in each time step was set to 20, and the residual 
convergence accuracy was set to 10−4. 

 
Figure 5. Impeller speed and flow inlet change. 

 
Figure 6. Experimental setup. Figure 6. Experimental setup.

3. Comparison of CFD with Experimental Results
3.1. Experimental Device

In order to verify the accuracy of the numerical simulation, the transient external
characteristics of the pumping station model are measured by building the bulb tubular
pump experimental device system, as shown in Figure 6. In the test, the rotating speed
of the model pump is measured by an electromagnetic tachometer. The measurement
error of the instrument is less than 0.1%. The discharge of the model device is measured
by an electrical flowmeter, and the error is controlled below ±0.15%, the same as the
error of the torque measuring device. Hereinafter, the relevant data are processed by a
Computer-Aided Measurement System (CAM). According to the complexity of adjusting
the speed of the model pump and collecting relevant calculation data during operation,
the accuracy of numerical simulation, by comparing the correlation between the steady
numerical simulation of the model pump and the external characteristic curve of the
experimental simulation under the rotating speed of 1223 r/min, can be verified. The
subsequent analysis is carried out through the numerical simulation data.
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3.2. Comparison of External Characteristic Curves

Some of the external characteristic curves of the pump are obtained through the model
test, and they are compared with the results of the numerical simulation to verify the
accuracy and reliability of the subsequent numerical simulation of the pump during the
deceleration process. As shown in Figure 7a, the head and efficiency under different flow
rates calculated by steady numerical simulation with no cavitation are highly consistent
with those achieved by the model test, and the error is small. Considering that the sub-
sequent calculations for deceleration are transient simulations, Figure 7b compares the
efficiencies obtained from steady and transient numerical simulation. It can be seen that
the two efficiency curves maintain a high degree of consistency. Overall, the investigation
of the characteristics of the tubular pump during the deceleration process is reliable using
the method of transient numerical simulation.
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4. Results and Discussion
4.1. Transient External Characteristics of CFD

The transient external characteristic curve of the numerical simulation of the model
pump unit during deceleration is shown in Figure 8. The three curves changing with
time are pump rotating speed, unit head (the difference between inlet and outlet section
pressures), and unit efficiency (the full flow field). It can be seen from the figure that the
change in head curve maintains the same trend with the rotating speed. When the model
pump runs at 0–1 s, the rotating speed in the rotation domain remains stable. At this period,
the head of the model pump is stable at about 2.8 m, and the efficiency is stable at 76%.
However, at the beginning of the speed change (1 s), the head curve has an obvious impact
phenomenon, and its value is about 2% of the head when the rotating speed is constant at
1223 r/min. This is mainly because, under the transient numerical simulation, the fluid is
affected by the inertial force. It can be considered that the pump performance curve does
not change at this time; however, the inlet flow begins to decrease, so there is a certain
impact head phenomenon; in the 1–2.5 s operation of the model pump, the head of the
model pump decreases linearly with the decrease in rotating speed, while the efficiency of
the model pump remains stable after increasing to 79% in 0.25 s, an improvement of about
3 percentage points. Starting from the 2.5 s of the model pump operation, the rotating
speed of the rotation domain is stable at 987.5 r/min. At this stage, the head and efficiency
calculated by CFD are affected by the fluid inertia, resulting in an obvious hysteresis effect,
and stabilizes at about 1.77 m and 75% when the time reaches 2.75 s.
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4.2. Analysis of Internal Flow Characteristics
4.2.1. Internal Flow Characteristics in Horizontal Plane

In order to analyze the transient flow field of the tubular pump model in the process
of speed change, as shown in Figure 9, the streamline distribution and pressure contours
in the horizontal plane of the computational domain at the times of 0.5 s, 1. 5 s, 2.0 s, and
3.0 s are plotted. At 0.5 s, when the rotating speed is stable at 1223 r/min (Figure 9a),
the streamlines in the horizontal plane of the entire computational domain are relatively
smooth. The pressure distribution of the inlet conduit and the outlet conduit section is
relatively uniform, only a comparatively low pressure area appears in the front part of
the bulb body, and its value is about 950 kPa. After the water flow is pressurized by the
impeller, the pressure distribution of the outlet conduit is obviously larger than that of the
inlet conduit. In the process of the rotating speed deceleration (Figure 9b,c), the streamline
in the horizontal plane of the water outlet conduit begins to become disordered, and there
are turbulence and backflow vortex phenomena at the rear end of the bulb body. The
pressure in the inlet conduit begins to increase with time, but the pressure distribution
is still uniform, and the comparatively low pressure area in the outlet conduit spreads to
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about 0.2 m behind the bulb body. After the deceleration is completed (Figure 9d), the
streamline in the horizontal plane of the outlet conduit tends to be stable again, but there is
still a small amount of vortex and backflow at the rear end of the bulb body, which causes
the efficiency reduction shown in Figure 8. The pressure distribution of the outlet conduit
is more uniform than that during the rotating speed deceleration, and the comparatively
small pressure distribution area is also concentrated only in the front part of the bulb body.
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4.2.2. Pressure Distribution of Impeller

Figure 10 shows the transient pressure distribution contours of the impeller blades at
different times. At the time of 0.5 s when the speed is stable at 1223 r/min (Figure 10a), it can
be clearly observed that comparatively high pressure is generated on the water inlet edge
of the impeller blade pressure side due to the impact of the flow, and the comparatively low
pressure is distributed from the hub to the outlet edge of the impeller blades. The pressure
side of the entire blade basically shows a trend of slow decline in pressure from the water
inlet edge to the outlet edge, but the pressure area distribution is irregular. At the same
time, the suction side of the blades shows an obvious pressure stratification: on the water
inlet edge of the suction surface, a local negative pressure is generated due to the off-flow.
Meanwhile, the pressure distribution on the suction side changes uniformly. The pressure
areas of 25 kPa, 35 kPa, and 45 kPa are evenly distributed in the middle of the blade, and
the area is about 25% of the entire suction surface. The flow forms a comparatively high
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pressure area on the water outlet edge of the blade again. In the transition process of the
speed change (Figure 10b,c), the pressure value and distribution on the pressure surface of
the impeller blade do not change obviously; only the comparatively low pressure area on
the water outlet edge and the comparatively high pressure area on the water inlet edge are
reduced. On the suction side of the blade, although the pressure value still shows a trend
of increasing along the flow direction and the stratification phenomenon is obvious, the
pressure of about 50 kPa and the comparatively high pressure area increase significantly.
Those pressure areas are about 40% to 60% of the entire suction surface. At 3.0 s after the
completion of the speed change (Figure 10d), the area of the comparatively high pressure
on the water inlet edge and the comparatively low pressure on the water outlet edge of
the suction side are reduced to a minimum. In addition, the pressure of about 50 kPa on
the suction surface spreads to about 70% of the entire blade, and the comparatively high
pressure area also increases to a maximum.
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In order to show the characteristics of pressure variation along the flow direction on
the blade more clearly, three span lines are made along the direction of the hub to the rim,
as shown in Figure 11. The pressure distributions at different times on different span lines
are drawn in Figure 12. The X-axis represents the comparative locations on the blade, and
the Y-axis represents the pressure values corresponding to the comparative locations. It
can be obviously observed that the pressure on the blade surfaces present the trend of
uniform increase during the process of deceleration. On the two span lines near the middle
of the blades and the rim (span 0.5 and span 0.9), the pressure change mainly occurs on the
suction side and the inlet edge of the pressure side of the blade, while the pressure near the
hub (span 0.5) shows an obvious numerical change on the entire blade surface except the
inlet edge of the pressure side.
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4.3. Pressure Fluctuation
4.3.1. Time Domain Analysis

In order to monitor the pressure fluctuation in the flow field, two monitoring surfaces
are set at the front of impeller and the rear of guide vane. In order to capture the influence
of radius, three monitoring points are set at the different radii (near the hub, medium
radium, and near the rim) of the same monitoring surfaces as those shown in Figure 13.
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Figure 14 illustrates the pressure fluctuation time-domain diagram of different moni-
toring points shown in Figure 13. It can be seen from the figure that the pressure of each
monitoring point is quite different from each other: the pressure of the monitoring point at
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the rim on the impeller inlet section (P1) is smallest, and it increases from 47 kPa to 68 kPa
with the deceleration of rotating speed. The closer to the hub, the larger the pressure, but
this change decreases as the radius decreases. The pressure of the P3 monitoring point near
the hub increases from 157 kPa to 176 kPa with the deceleration of rotating speed. The
outlet section of the guide vane also follows the above laws, but the variation is smaller.
The data of the two pressure fluctuation monitoring points near the hub are very close,
rising from 194 kPa to 197.5 kPa. From the waveform point of view, the pressure fluctuation
of the impeller inlet section and guide vane outlet section presents a regular sine or cosine
wave, and there are five wave peaks and five wave troughs in a cycle, which is related to
the number of blades and guide vanes in the calculation model.
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From the overall trend, in the decreasing process, the pressure fluctuation changes of
the monitoring points on the two sections are consistent: with the speed decreasing, the
pressure fluctuation value increases linearly, the period becomes larger, and the pressure
fluctuation amplitude decreases. However, the pressure change range at the outlet section
of the guide vane is only about 18% of that of the corresponding monitoring point at the
inlet section of the impeller. When the rotating speed starts to change (1 s), a certain degree
of pressure impact appears on two sections [25], while the outlet section of the guide vane
also has a certain degree of pressure impact when the change in rotating speed ends (2.5 s).
However, compared with the pressure fluctuation when the rotating speed is constant, the
value of the impact is comparatively small and can be ignored.
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4.3.2. Wavelet Frequency Domain Analysis

As the numerical simulation adopts the linear deceleration method and the number of
the impeller blades is 3, the expressions of shaft frequency fz and blade frequency f are

{
fz =

n
60

f = 3 fz
(3)

where n is the speed of the pump operation stage, r/min. It can be seen from formula (3)
that under the design flow condition, the shaft frequency of the bulb tubular model pump
is about 20.38 Hz when the rotating speed is 1223 r/min, and the blade frequency is about
61.14 Hz. When the rotating speed is 987.5 r/min, the shaft frequency is about 16.46 Hz
and the blade frequency is about 49.38 Hz. The wavelet time–frequency domain conver-
sion is realized by the “cwt” function of MATLAB, and the time–frequency distribution
characteristic map of the pressure fluctuation of different sections is drawn as shown in
Figure 15, where the abscissa represents the number of time steps, the ordinate represents
the fluctuation frequency, and the color represents the fluctuation amplitude. It can be
clearly seen from the figure that the main frequency of pressure fluctuation at the inlet
section of the impeller decreases linearly from about 122 Hz to about 100 Hz during the
deceleration. It can be found that the calculated values of fluctuation frequency are twice
the theoretical values of blade frequency calculated by Equation (3), which is due to the
influence of the impeller front support vanes [26]. Meanwhile, the fluctuation amplitude
before and after the deceleration is also reduced linearly by about 50%, which is basically
in line with the analysis above; the pressure fluctuation energy at the outlet section of the
guide vane is mainly concentrated in the low-frequency region of 20 Hz and 10 Hz, and the
frequency and amplitude change of the fluctuation before and after the deceleration are not
obvious, which is mainly affected by the dynamic and static interference of the impeller and
guide vanes. It can be seen from the above analysis that the frequency and amplitude of
pressure fluctuation are proportional to the rotating speed, and the frequency characteristics
of pressure fluctuation on different sections have obvious differences: the fluctuation in
the impeller inlet section is mainly concentrated in the high-frequency region, which is
sensitive to the change in rotating speed. The pressure fluctuation of the guide vane outlet
section is mainly concentrated in the low-frequency region, and it is not sensitive to the
change in rotating speed.
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5. Conclusions

In this paper, the characteristics of the internal and external flow field and the pressure
fluctuation of the bulb tubular pump unit during the deceleration are extracted by numerical
simulations. The time–frequency domain analysis method based on wavelets is used to
investigate the pressure fluctuation obtained. The results provide a certain reference for
the energy utilization and safe operation of the water pump unit in adjusting speeds with
variable frequency.

(1) The predicted head and efficiency of the pump unit based on the numerical simulation
are basically consistent with the experimental results, indicating the reliability of the
CFD method. The predicted head curve of the bulb tubular pump based on the
unsteady flow field calculation maintains a linear downward trend in the process
of deceleration, and there is an impact head phenomenon when the speed begins to
change, which is about 2% of the value under the speed of 1223 r/min. The predicted
efficiency curve maintains a relatively stable high efficiency in the process of speed
reduction, and the efficiency is increased by about 3% compared with the stable
condition before the speed change. The two prediction curves have a hysteresis effect
of about 0.25 s at the end of the speed change.

(2) In the process of frequency conversion and deceleration of the tubular pump, the pres-
sure distribution on the suction surface of the impeller blade has obvious differences,
while this change on the pressure surface is less prominent. At the same time, in the
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transition process of deceleration, the pressure distribution on the impeller blades is a
regular transition, and there is no sudden change or other characteristics.

(3) From the time-domain analysis of pressure fluctuation, it can be seen that the pressure
on the impeller inlet section is sensitive to the change in radius, and the smaller the
radius, the smaller the pressure change. Meanwhile, the pressure on the guide vane
outlet section is less responsive to the change in radius. With the decrease in rotating
speed, the pressure values on the impeller inlet and guide vane outlet sections show
a linear upward trend, but the change range of the guide vane outlet section is only
about 18% of that on the impeller inlet section. The pressure fluctuation of the two
sections has a pressure impact phenomenon at the beginning of the speed change, but
the value is small.

(4) From the frequency domain analysis of pressure fluctuation, it can be seen that the
impeller inlet section can better reflect the basic characteristics and changing trend
of the fluctuation signal than the guide vane outlet section: the pressure fluctuation
energy on the impeller inlet section is mainly concentrated in the high-frequency
region. Before and after the deceleration, the main frequencies of the fluctuation are
122 Hz and 100 Hz, which are twice the theoretical rotation frequency of 1223 r/min
and 987.5 r/min, respectively, showing an obvious linear decreasing trend in the
frequency domain characteristic map. Meanwhile, the amplitude of the pressure
fluctuation also increases with the pressure fluctuation energy. The energy on the
outlet section of the guide vane is mainly concentrated at about 20 Hz and 10 Hz,
the difference between the frequencies is not obvious, due to the dynamic and static
interference of the impeller and guide vane, and the change in the speed has less of
an effect on the fluctuation amplitude.
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Abstract: In order to study the energy and cavitation performance of a high-ratio axial flow pump,
the SST k-ω turbulence model and ZGB cavitation model were used to numerically calculate the
energy and cavitation performance of a high-ratio axial flow pump, and a model test analysis was
carried out. The study concluded that the errors in the numerical calculation of head, efficiency,
and critical cavitation margin are within 0.2 m, about 3% and 5%, respectively, and the numerical
calculation results are reliable. For the flow conditions of Q = 411 L/s, 380 L/s, 348 L/s, and 234 L/s,
the numerically calculated critical cavitation margins are 7.1 m, 5.7 m, 4.6 m, and 9.5 m, respectively,
and the experimental critical cavitation margins are 7.5 m, 4.9 m, 4.6 m, and 9.5 m, respectively, with
errors of −0.4 m, 0.8 m, 0.0 m, and 0.0 m, in that order; numerical calculations and test results trend
the same, with small errors. Under the same inlet pressure, as the flow rate decreases, the vacuole first
appears at the head of the blade pressure surface under the large flow rate condition (Q = 411 L/s),
and the vacuole appears at the head of the blade suction surface under the small flow rate condition
(Q = 234 L/s). As the inlet pressure decreases (pin = 11 × 104–4 × 104 Pa), the vacuole gradually
increases under the same flow rate and the cavitation degree increases. The research results of this
paper can provide a reference for the study of the energy and cavitation mechanism of the same type
of axial flow pump.

Keywords: axial flow pumps; energy; cavitation; numerical calculation; test

1. Introduction

When water pumps are used for high-speed rotating parts in the overflow, in the
operation of unreasonable conditions, the overflow part of the local area pressure reduces
the vaporization pressure. The liquid then begins to vaporize, generating a large number of
bubbles. These bubbles, filled with gas or steam, quickly expand and move with the liquid
flow to a higher pressure. The presence of bubbles around the higher liquid pressure causes
the bubbles to shrink sharply and quickly condense and collapse, while the bubbles around
the liquid mass, due to inertia, fill the bubble at high speed, creating a mutual impact, noise,
and vibration, seriously affecting the performance of the pump. Therefore, it is necessary
to carry out research on the distribution of cavitation and the pump performance under
different degrees of cavitation.

Several scholars have conducted research on cavitation in pumps, and some of them
have studied the numerical computational model of cavitation, resulting in the Rayleigh–
Plesset equation [1,2], the Kubota equation [3], and the Singhal equation [4] which are
better applied in the numerical computation of cavitation. Some scholars have modified
the numerical calculation models of cavitation by modifying the turbulent viscosity [5],
developing a two-phase three-component cavitation numerical calculation model [6], ap-
plying density correction to the turbulence model [7], and modifying the Zwart cavitation
model [8], all of which have improved the accuracy of the numerical calculation to some
extent. Additionally, some scholars have analyzed the applicability and accuracy of several
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cavitation models and have concluded that the accuracy of the prediction using the SST
(k-ω) turbulence model with the ZGB cavitation model is higher [9–12]. The research of
related scholars can provide a reference for the numerical calculation of the cavitation
characteristics in this paper.

Related scholars have studied the flow field under pump cavitation using the cavita-
tion model developed by the above-mentioned scholars [13] and have concluded that the
cavitation region has a great influence on the velocity field, leading to the degradation of
pump performance [14] and revealing that the leakage vortex at the tip of the blade top
induces cavitation [15]. Furthermore, some scholars have studied the cavitation characteris-
tics of pumps based on time and frequency domain vibration analysis techniques [16] and
acoustic analysis techniques [17] and have investigated the vibration characteristics and
pressure pulsation characteristics in pumps under cavitation [18–21]. Yet more scholars
have carried out structural optimization and analysis in order to improve the cavitation
performance of the pump [22,23]. The studies of related scholars provide references for the
experimental tests in this paper.

High efficiency and poor cavitation characteristics are two relatively contradictory
quantities. The high-ratio axial flow pump studied in this paper has excellent energy
characteristics and cavitation characteristics, and this paper expects to reveal its energy
and cavitation characteristics and cavitation flow field distribution. In this paper, firstly,
the k-ω SST turbulence model and ZGB cavitation model are used to numerically calculate
the cavitation performance of a high specific speed axial flow pump, which is verified by
model tests and error analysis. After verifying the accuracy of the numerical calculation, the
distribution law of the cavitation under cavitation, which is not easily obtained in the test,
is further revealed. The research results can provide a reference for an in-depth exploration
of the design and cavitation characteristics of high-specific speed axial flow pumps.

2. Numerical Calculation Models, Grids, and Methods
2.1. Numerical Calculation Model

The axial flow pump design parameters, as shown in Table 1, include the axial pump
impeller diameter D = 300 mm, hub ratio d/D = 0.35, four impeller blades, seven guide
vane blades, and a blade placement angle of 0◦.

Table 1. Axial flow pump design parameters.

Parameters Numerical Value Unit

Impeller speed/n 1450 rpm
Design flow/Qd 350 L/s
Design head/Hd 5.5 m
Specific speed/ns 872 r/min

The 3D model of the inlet pipe, impeller, guide vane, and outlet pipe is established by
Solidworks, and the overall structure is shown in Figure 1.
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2.2. Mesh Division

The fluid channels were extracted from the 3D model and ICEM was used to structure
the meshing of the inlet and outlet pipes. The topology of the inlet and outlet pipes was
established separately in the division, and the point-line surface correlation was made one
by one. In order to increase the fit of the face of the circular pipe model, we created an
“O” type mesh structure, then set the mesh size, considering the thickness of the boundary
layer, encrypted the boundary layer locally (the change rate of the mesh from the boundary
to the inside is 1.05), and, finally, performed the mesh partitioning, imported the design
data files of the impeller and guide vane into TurboGrid for the modeling of the impeller
and guide vane, and then used TurboGrid to structure the mesh partitioning of the impeller
and guide vane. The overall mesh is shown in Figure 2.
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Figure 2. Overall structured grid.

Each component of the computational domain is divided by structured mesh and the
mesh quality is above 0.35. The mesh division method and the main parameters are shown
in Table 2 (y+ is a dimensionless quantity of distance from the wall, which is proportional
to the height of the first grid layer of the wall. In numerical calculations using SST k-ω
and RNG k-ε turbulence models, the rotational and shear flow y+ is taken to be 30–100).
After the mesh irrelevance analysis, the total mesh number is finally selected as 2114505 for
numerical calculation.

Table 2. Grid parameters of main components of axial flow pump.

Parts Grid Division Method Average y+ Value

Impeller “J” topology ≈50
Guide vane “O” topology ≈50

Impeller leaf top clearance “H” topology and 8-layer grid
arrangement <10

2.3. Control Equations and Boundary Conditions

In this paper, the SST k-ω turbulence model [24] is used for the numerical energy
performance calculation of axial flow pumps, and the SST k-ω turbulence model and
ZGB (Zwart–Gerber–Belamri) model are used for the numerical calculation of their cavita-
tion performance.

Turbulence control equation (N-S equation):

∂(ρui)

∂t
+

∂(ρuiuj)

∂xj
= − ∂P

∂xi
+ [µ(

∂ui
∂xj

+
∂uj

∂xi
)] + Fi (1)

where t is time (s); ρ is fluid density (kg/m3); xi and xj are spatial coordinates; ui and
uj are the velocity components of the fluid parallel to the corresponding axes xi and xj,
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respectively; Fi is the volume force component in the i-direction; µ is the fluid dynamic
viscosity coefficient; and p is the pressure (Pa).

The transport equation of the SST k-ω turbulence model can be expressed as:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj
[(µ +

µt

σk
)

∂k
∂xj

] + Gk −Yk + Sk (2)

∂(ρω)

∂t
+

∂(ρωui)

∂xi
=

∂

∂xj
[(µ +

µt

σω
)

∂ω

∂xj
] + Gω −Yω + Sω + Dω (3)

where Gk, Gω is the generating term of the equation; Yk, Yω is the generating term of
the diffusive action; Sk, Sω is the user-defined source term; Dω is the term generated by
the orthogonal divergence; k is the turbulent kinetic energy; ω is the turbulent special
dissipation; and µt is turbulent dynamic viscosity coefficient.

Where the interphase mass transfer equation of the ZGB model [25] is

∂

∂t
( fvρ) +∇ ·

(
fvρ
→
Vv

)
= ∇ · (Γ∇ fv) + Re − Rc (4)

Re = Fvap
3αnuc(1− αv)ρv

<B

√
2(Pv − P)

3ρl

(
1− fv − fg

)
(i f p ≤ pv) (5)

Rc = Fcond
3αvρv

<B

√
2(Pv − P)

3ρl
fv (i f p ≥ pv) (6)

where fv is the vapor mass fraction, Γ is the diffusion coefficient, Re is the evaporation
conversion of the gas-liquid phase, Rc is the condensation conversion of the gas-liquid
phase, RB is the bubble radius, αnuc is the volume fraction of the nucleation site, Fvap is
the evaporation coefficient, Fcond is the condensation coefficient, ρv is the vapor density,
αv is the volume fraction of the vapor phase, Pv is the pressure inside the bubble, p is the

pressure around the bubble in the liquid, ρl is the liquid density,
→
Vv is the mode of the

relative velocity of liquid and vapor, and fg is the gas mass fraction.
In the numerical calculation software, the mesh model of each component is imported

into CFX-Pre, and the mesh model of each segment is assembled to form the geometric
model for the numerical calculation of the axial flow pump; the calculation settings are
shown in Table 3.

Table 3. Calculation settings of the main components of the axial flow pump.

Boundary Conditions Setting Method

Impeller speed 1450 r/min
Inlet Total pressure

Outlet Flow
Static wall Application of no-slip conditions

Near Wall Area Standard Wall Functions
Dynamic and static interface The “Stage” interface

Interfaces GGI grid stitching technology

The inlet condition is set to a total pressure of 11 × 104 Pa and the outlet condition is
set to a flow rate of Q = 210–434 L/s when performing the energy characteristic calculation,
and the inlet condition is set to a total pressure of 11 × 104 Pa, 10 × 104 Pa, 8 × 104 Pa,
7 × 104 Pa, 6 × 104 Pa, 5 × 104 Pa, and 4 × 104 Pa and the outlet condition is set to a flow
rate of 411 L/s, 380 L/s, 348 L/s, and 234 L/s, respectively, when performing the cavitation
calculation. The diffusion term and pressure gradient are represented by finite element
functions, the convective term is represented by a high-resolution format (High-Resolution
Scheme), and the velocities u, v, and w, in the pressure p, x, y, and z directions of the
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monitored flow field are calculated; the convergence conditions of turbulent kinetic energy
k and dissipation rate ε are set to 10−6, and, in principle, the smaller the residuals, the better.

2.4. Numerical Calculation Results Analysis Formula

The calculation formulas [26–28] for the prediction of the device head, Hnet, and
efficiency, η, of the overflow components based on the flow velocity and pressure fields
obtained from numerical calculations are:

Hnet = (

∫
S2

p2ut2dS
ρQg + H2 +

∫
S2

u2
2ut2dS

2Qg )−

(

∫
S1

p1ut1dS
ρQg + H1 +

∫
S1

u1
2ut1dS

2Qg )

(7)

η =
ρgQHnet

Tω
× 100% (8)

where Hnet is the head (m), S1, S2 is the area of the inlet and outlet section of the axial flow
pump (m2), P1, P2 is the static pressure at each point of the inlet and outlet section of the
axial flow pump (Pa), ut1, ut2 is the normal component of the flow velocity at each point of
the inlet and outlet section of the axial flow pump (m/s), ρ is the density (kg/m3), Q is the
flow rate (m3/s), g is the acceleration of gravity (m/s2), H1, H2 is the elevation of the inlet
and outlet section of the axial flow pump (m), u1, u2 is the flow velocity at each point of the
inlet and outlet channel section of the axial flow pump (m/s), η is the efficiency (%), Tp is
the torque (N·m), and ω is the rotational angular velocity of the impeller (rad/s).

3. Test Device and Test Method
3.1. Test Device

The test bench is a vertical closed circulation system as shown in Figure 3.
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Figure 3. High-precision plan of the hydraulic mechanical test bench. 1. Inlet tank, 2. Test pump,
3. Pressure outlet tank, 4. Bifurcation tank, 5–6. Flow rate in-situ calibration device, 7. Working
condition regulating gate valve, 8. Pressure regulating rectifier, 9. Electromagnetic flow meter,
10. Operating control gate valve, and 11. Auxiliary pump unit.

The test head is measured by a differential pressure transmitter (accuracy ±0.015%),
the flow rate is measured by an electromagnetic flowmeter (accuracy ±0.18%), the speed
and torque are measured by a speed and torque sensor (accuracy ±0.24%), and the cavita-
tion margin is measured by an absolute pressure transmitter (accuracy ±0.015%), with a
comprehensive uncertainty of ±0.39% on the test bench.

3.2. Test Methods

The pump head, H, is equal to the total energy head difference between the two
pressure measuring sections of the pump inlet and outlet [29].

H =

(
p2

ρg
− p1

ρg
+ z2 − z1

)
+

(
u2

2
2g
− u2

1
2g

)
(9)
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The shaft power N is calculated by the following Equation [30]:

N =
π

30
n(M−M′) (10)

where H is the pump head (m), P1, P2 is the static pressure at the inlet and outlet of the
flow field (Pa), z1, z2 is the height of the inlet and outlet of the flow field (m), u1, u2 is the
flow velocity of the inlet and outlet of the flow field (m/s), ρ is the density of the water
in real-time of the test (kg/m3), g is the local acceleration of gravity (m/s2), N is the shaft
power (w), M is the input torque of the pump (N·m), M′ is the mechanical loss torque of
the pump (N·m), and n is the test speed of the pump (r/min).

During the test, the effective cavitation margin (NPSHav) corresponding to a 1% drop
in efficiency is defined as the critical cavitation margin (NPSHre) when the flow rate is kept
constant. The effective cavitation margin value for the pump at different inlet pressures,
NPSHav, is calculated by the following Equation [31]

NPSHav =
pav

ρg
+ h +

v2

2g
− pv

ρg
(11)

where NPSHav is the pump effective cavitation margin (m), pav is the pump into the water
tank pressure measurement point of the absolute pressure, measured by the absolute
pressure transmitter (Pa), ρ is the test of real-time water density (kg/m3), g is the local
acceleration of gravity (m/s2), v is the pump into the tank pressure measurement section
average flow rate (m/s), Pv is the test water temperature of the water saturation vapor
pressure (Pa), and h is the absolute pressure transmitter above the pump vane rotation
centerline (pump shaft) height value (m).

The pump efficiency referred to in this paper is the value after deducting the mechani-
cal loss of torque and is calculated by the following formula [32]:

η =
ρgQH

N
× 100% (12)

where η is the pump model efficiency (%), H is the pump head (m), Q is the pump flow
(m3/s), ρ is the test real-time water density (kg/m3), g is the local gravitational acceleration
(m/s2), and N is the shaft power (w).

4. Numerical Calculations and Analysis of Experimental Results
4.1. Numerical Calculations and Experimental Energy Analysis

The numerical calculations and test results for the flow-head and flow-efficiency of
high-specific speed axial flow pumps are collated and compared in Figure 4.
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Figure 4 shows that the head is Hd = 5.56 m and the efficiency is η = 84.6% when the
flow rate is Qd = 350.39 L/s. The head at the design point meets the design requirements
and the efficiency is within the high-efficiency zone, which shows the reasonableness of the
design. The highest operating head is Hm = 8.80 m, 1.58 times the design head, indicating
that the high specific speed axial flow pump designed in this paper can be operated in a
wider range. When the head is greater than 8.80 m, the axial flow pump enters the saddle
area (Q = 174.68–218.74 L/s), and the operation becomes unstable, accompanied by an
increase in bad flow patterns, vibration, and a sharp increase in noise; operation in this area
should be avoided.

Because the test and numerical calculations are not at the same operating point, the
interpolation points of the head and efficiency curves (within the range of Q = 210–434 L/s)
were found using Origin software. The difference between the tested and numerically
calculated heads at the same operating conditions after interpolation was obtained in
Figure 5, and the difference between the tested and numerically calculated efficiencies at
the same operating conditions was obtained in Figure 6.
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As shown in Figure 5, the error between the numerical calculation and test results
for the flow rate-head is small, with the maximum error at the high head being 0.4 m and
the basic error range around 0.2 m. The prediction is more accurate in the high-efficiency
zone conditions (Q = 293.93–434.53 L/s) and slightly off in the low flow rate conditions
(Q = 174.68–293.93 L/s). As shown in Figure 6, the maximum error between the numerical
calculations and test results for flow rate efficiency is no more than 5%, with a basic error
range of 3% or less. Overall, the numerical calculations have good accuracy in predicting
the energy performance of the axial flow pump.
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4.2. Numerical Calculations and Experimental Cavitation Properties

The results of numerical calculations and experimental tests of the 0◦ cavitation
characteristics of the high specific speed axial flow pump are collated and compared in
Figure 7, where the horizontal coordinate is the inlet pressure and the vertical coordinate is
the efficiency curve, with a 1% drop in efficiency for the critical cavitation condition during
numerical calculations and tests.
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The numerical calculations of the 0◦ cavitation characteristics were collated with the
critical cavitation margins taken out for the different operating conditions of the test to
compare in Figure 8.
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According to Figures 7 and 8 and Table 4, the critical cavitation margin is 7.5 m and
4.9 m, respectively, under high flow conditions Q = 411 L/s and 380 L/s in the test. When
Q = 348 L/s near the design condition, the critical cavitation margin is 4.6 m and reaches
the minimum. Under low flow condition Q = 234 L/s, the critical cavitation margin is 9.5 m.
The critical cavitation margin is 7.1 m, 5.7 m, 4.6 m, and 9.5 m for Q = 411 L/s, 380 L/s,
348 L/s, and 234 L/s, respectively, in the numerical calculation. NPSHre is required to
be less than 5.5 m for the design condition (Q = 348 L/s), and the NPSHre is 4.6 m for
both the numerical calculation and test results, which meets the design requirement of
cavitation. Both the numerical calculation and test show that with the increase in flow
rate, the critical cavitation margin first decreases, and the critical cavitation margin is the
smallest near the high-efficiency zone. With the increase in flow rate, the critical cavitation
margin continues to increase. The numerical calculation is close to the test critical cavitation
margin, with small error, and shows essentially the same trend and high reliability of the
numerical calculation.

Table 4. The numerical calculation and test critical cavitation error analysis table.

Q NPSHre of Numerical
Calculation NPSHre of Test Design

Requirements
Calculation and

Test Error

(L/s) (m) (m) (m) (m)

411 7.1 7.5 / −0.4
380 5.7 4.9 / 0.8
348 4.6 4.6 <5.5 0
234 9.5 9.5 / 0

5. Analysis of Cavitation Numerical Calculation Results

Air bubble (caused by the release of non-condensable gases dissolved in the liquid
due to a drop in pressure) cloud diagrams at different flow rates with the inlet pressure
pin = 11 × 104 Pa are organized as shown in Figure 9.
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The comparative analysis of the cavitation at different flow rates with the same inlet
pressure (pin = 11 × 104 Pa) shows that the cavitation occurs at the inlet of the pressure
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surface under the design condition and high flow rate (Q = 348–411 L/s), presenting a
strip-like distribution, while the cavitation occurs at the suction surface under the low flow
rate (Q = 234 L/s), near the inlet blade tip, presenting a sheet-like distribution. As the flow
rate decreases, the cavitation area of the pressure surface gradually decreases, and the area
of the cavitation at the hub toward the wheel rim also gradually decreases; no air bubble
appears at the pressure surface at the flow rate of Q = 234 L/s, at the suction surface, no air
bubble appears at the high flow rate and design conditions (Q = 348–411 L/s), and the area
of the air bubble is larger at the small flow rate conditions (Q = 234 L/s) and exceeds the
most intense occurrence of cavitation when at the pressure surface. At the top of the leaf,
there are vacuoles in all operating conditions; the vacuole area is small in the high flow
condition and design condition (Q = 348–411 L/s), and the cavitation at the top of the leaf
is more intense in the small flow condition (Q = 234 L/s), having a larger vacuole area and
showing a cloud-like distribution.

The cavitation cloud diagrams at an inlet pressure of pin = 10 × 104 Pa and different
flow rates are organized as shown in Figure 10.
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The inlet pressure pin = 10× 104 Pa, compared with the inlet pressure pin = 11 × 104 Pa,
shows the same law of change with the working conditions. In the same working con-
dition with the reduction in inlet pressure (inlet pressure from pin = 11 × 104 Pa to
pin = 10 × 104 Pa), the area of the cavitation bubble increased and appeared in the same po-
sition. Because the inlet pressure pin = 10 × 104 Pa and the inlet pressure pin = 11 × 104 Pa
show only small changes in the inlet pressure, and are born in the cavitation stage, the
development of the degree of cavitation compared to the pressure change is not significant.

The cloud diagrams of cavitation at different flow rates with an inlet pressure
pin = 8 × 104 Pa are organized as shown in Figure 11.
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The inlet pressure pin = 8× 104 Pa, compared with the inlet pressures pin = 10 × 104 Pa
and pin = 11 × 104 Pa, shows the law of change with the working condition is similar. In the
same working condition, inlet pressure decreases (from pin = 10× 104 Pa to pin = 8 × 104 Pa),
the area of the air bubble further increases in comparison, and it can be seen that the area
of the air bubble on the pressure surface increases significantly under the large flow rate
and design working condition (Q = 348–411 L/s). Additionally, the cavitation area of
the pressure surface increased noticeably, the cavitation area at the pressure surface still
did not appear under the small flow condition (Q = 234 L/s), and the cavitation area
at the suction surface still did not appear under the high flow and design conditions
(Q = 348–411 L/s). The cavitation area at the blade tip increased obviously under the small
flow condition (Q = 234 L/s), the cavitation area at the blade tip increased under each
condition (Q = 234–411 L/s), and the cavitation area at the blade tip increased significantly
under all operating conditions (Q = 234–411 L/s).

The cloud diagrams of cavitation at different flow rates with an inlet pressure of
pin = 7 × 104 Pa are organized as shown in Figure 12.

The inlet pressure pin = 7 × 104 Pa, compared with the inlet pressure pin = 8 × 104 Pa,
pin = 10 × 104 Pa, and pin = 11 × 104 Pa, shows the change law with the working condition
is similar. In the same working condition with the decrease in inlet pressure (inlet pressure
decreased from pin = 8× 104 Pa to pin = 7× 104 Pa), the area of the vacuole further increased
in comparison, and the pressure surface change law was similar to the previous one. The
vacuole appeared at the hub at the suction surface at the high flow condition (Q = 411 L/s)
and the design condition (Q = 348 L/s), and the vacuole appeared at the suction surface,
distributed in the middle of the blade head region. The cavitation at the blade tip at each
working condition (Q = 234–411 L/s) is more obvious and starts to break away from the
blade surface and develop into the fluid.

The air bubble cloud diagrams at different flow rates with an inlet pressure of
pin = 6 × 104 Pa are organized as shown in Figure 13.
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Figure 13. Air bubble distribution volume cloud diagrams at pin = 6 × 104 Pa.

At an inlet pressure of pin = 6 × 104 Pa, with the change of working conditions, the
pressure surface of the air bubble area gradually reduced; the suction surface of the air
bubble area was first reduced in the design working conditions (Q = 348 L/s) under the
smallest air bubble area and then increased, but both the pressure surface or suction surface
of each working conditions contained an air bubble.

In the same working condition as the inlet pressure decreases (inlet pressure decreased
from pin = 7 × 104 Pa to pin = 6 × 104 Pa), the area of the vacuole further increases in
comparison. The area of the vacuole at the hub further increases at the suction surface at
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the high flow condition (Q = 411 L/s), and the vacuole also exists at the suction surface at
the design condition (Q = 348 L/s). The area of the vacuole distributed at the blade head in
the middle region further increases, and the cavitation at the blade tip under each working
condition (Q = 234–411 L/s) is more obvious as the vacuole produces obvious stripping
and movement into the fluid.

The air bubble cloud diagrams at different flow rates with an inlet pressure of
pin = 5 × 104 Pa are organized as shown in Figure 14.
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basically full of air bubbles and the guide vane is also surrounded by air bubbles. The 
suction surface in the high flow condition (Q = 411 L/s) shows there is a large number of 
air bubbles at the hub; the air bubbles essentially wrapped 2/3 of the blade surface, in the 
design condition (Q = 348 L/s), the suction surface existing air bubbles essentially 
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Figure 14. Air bubble distribution volume cloud diagrams at pin = 5 × 104 Pa.

The inlet pressure pin = 5 × 104 Pa, compared with the inlet pressure pin =6 × 104 Pa,
shows the same law of changing with the working conditions. In the same working
condition, as the inlet pressure decreases (inlet pressure decreases from pin = 6 × 104 Pa to
pin = 5 × 104 Pa), the area of the air bubbles further increases in comparison to the pressure
surface in the high flow condition (Q = 411 L/s), the impeller and guide vane domain are
basically full of air bubbles and the guide vane is also surrounded by air bubbles. The
suction surface in the high flow condition (Q = 411 L/s) shows there is a large number of
air bubbles at the hub; the air bubbles essentially wrapped 2/3 of the blade surface, in the
design condition (Q = 348 L/s), the suction surface existing air bubbles essentially wrapped
1/2 of the blade surface and the cavitation at the top of the blade under each condition
(Q = 234–411 L/s) is more obvious.

The air bubble cloud diagrams at different flow rates with an inlet pressure of
pin = 4 × 104 Pa are organized as shown in Figure 15.

The inlet pressure pin = 4 × 104 Pa, compared with the inlet pressure pin = 5 × 104 Pa,
shows the same law of changing with the working condition. The area of air bubbles further
increases with the decrease in inlet pressure (from pin = 5× 104 Pa to pin = 4 × 104 Pa) in the
same working condition, and the pressure surface, suction surface, guide vane blade, and
outlet bend are basically full of air bubbles under the high flow condition (Q = 411 L/s). At
the design condition (Q = 348 L/s), the air bubbles existing at the suction surface basically
wrap 4/5 of the blade surface. The cavitation at the top of the blade under each working
condition (Q = 234–411 L/s) is more obvious.
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The initial cavitation and critical cavitation pressure clouds at different flow rates were
collated as shown in Figures 16–19.
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Figure 19. Flow condition Q = 234 L/s pressure distribution cloud diagrams.

Through the comparative analysis of the pressure distribution cloud pictures at the
suction surface, pressure surface, and blade tip in the same cavitation state under differ-
ent flow conditions, it can be concluded that in the incipient cavitation state, with the
increase in flow (Q = 234–411 L/s), the pressure on the surface gradually decreases, show-
ing a gradient change from the hub to the rim, and the low-pressure area at the blade
head gradually increases. The area of low pressure at the suction surface and the rim
decreases first and then increases, the low-pressure area is then distributed at the blade
head and the low-pressure area of the suction surface is distributed in a belt shape under
the large flow condition (Q = 411 L/s) and in the small flow condition (Q = 234 L/s), the
low-pressure area of the suction surface is distributed in a block shape near the design
condition (Q = 348–380 L/s). In the critical cavitation state, with the increase in the flow
(Q = 234–411 L/s), the low-pressure area on the pressure surface increases first and then
decreases; the area of low pressure on the suction surface is smaller under the design
condition and the small flow condition (Q = 234–348 L/s) and the area of low-pressure
on the suction surface also increases first and then decreases. The low-pressure area is
slightly smaller under the large flow condition (Q = 411 L/s) and the small flow condition
(Q = 234 L/s), but the low-pressure area on the suction surface is also filled with more than
1/2 of the blade. This is mainly because when critical cavitation occurs, the inlet pressure
under the large flow condition and small flow condition is large, while near the design
condition (Q = 348–380 L/s), the cavitation performance is good, and the inlet pressure is
small when cavitation occurs.

Through the comparative analysis of the pressure distribution clouds at the suction
surface, pressure surface, and blade tip under different cavitation conditions under the
same flow conditions, it can be concluded that the pressure at the pressure surface, suction
surface, and blade tip during critical cavitation is less than that at the incipient cavitation.
Near the large flow and design conditions (Q = 348–411 L/s), the low-pressure area at
the blade head under critical cavitation is significantly larger than that under incipient
cavitation. Under the small flow condition (Q = 234 L/s), the low-pressure area of the
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blade head does not increase significantly. Low pressure is the main inducing factor of
cavitation, and the location of a low-pressure area can reflect the location and development
of cavitation to a certain extent.

6. Conclusions

The numerical calculation and experimental analysis of the cavitation performance of
the axial flow pump led to the following conclusions:

(1) In this paper, the numerical calculation of energy and cavitation performance of
a high ratio speed axial flow pump based on the SST k-ω turbulence model and ZGB
cavitation model is compared with the experimental analysis, the basic error of the head
is within 0.2 m, the basic error range of efficiency is within 3%, and the error of critical
cavitation margin is about 5%. Additionally, the numerical calculation trend is the same as
the experimental, and, in general, the numerical calculation is better and more accurate at
predicting the energy and cavitation performance of the axial flow pump.

(2) In the numerical simulation and experimental flow rate of about 350 L/s, the head
is about 5.5 m and the efficiency is about 84.0%. The efficiency near the design point flow
rate is high and the efficiency range in the high-efficiency zone is wide, which shows the
reasonableness of the design. The maximum operating head is Hm = 8.80 m, which is
1.58 times the design head, giving the pump a wide operating range.

(3) In the test, the critical cavitation margin is 7.5 m and 4.9 m for the high flow
conditions, Q = 411 L/s and 380 L/s, respectively, 4.6 m for Q = 348 L/s near the design
condition, and 9.5 m for the low flow condition, Q = 234 L/s. In the numerical calculation,
the critical cavitation margin is 7.1 m, 5.7 m, 4.6 m, and 9.5 m for Q = 411 L/s, 380 L/s,
348 L/s, and 234 L/s, respectively, and the error of critical cavitation margin is −0.4 m,
0.8 m, 0.0 m, and 0.0 m for each condition from high flow rate to low flow rate in numerical
calculations and testing. The numerical calculations and experimental results follow the
same trend with small errors. The NPSHre is less than 5.5 m at the design condition
(Q = 348 L/s), and the numerical calculation and test result of NPSHre are 4.6 m, which
meets the design requirement of cavitation. Both the numerical calculations and tests show
that as the flow rate increases, the critical cavitation margin decreases first, and near the
high-efficiency zone, the critical cavitation margin is minimal and continues to increase as
the flow rate increases. The cavitation performance and energy of the high-ratio axial flow
pump studied in this paper are excellent, which can provide a reference for the design and
development of high-ratio axial flow pumps and the research of cavitation performance.

(4) According to the analysis of the numerical calculation results, with the same
inlet pressure and with the reduction in flow, the first air bubbles appear in the head of
the pressure surface of the large flow conditions, the pressure surface of the small flow
conditions no longer have air bubbles, and air bubbles appear in the head of the suction
surface. As the inlet pressure decreases, the air bubbles at the same flow rate gradually
increased until there was violent cavitation, the air bubbles filled the impeller and guide
vane area, and even at the outlet elbow there was a large number of air bubbles; the air
bubbles moved downstream with the water flow.

7. Suggestions

This paper’s numerical calculations and test results of the critical cavitation margin
are consistent with the trend derived from previous studies. The critical cavitation margin
showed the best cavitation performance near the design conditions, non-design conditions
are slightly worse, and the birth location of the vacuole is also similar, but the distribution
of the vacuole in this paper has been fully explored and reveals its movement and change
of form. This paper’s numerical calculations and test comparison have a high degree of
agreement, revealing the spatial distribution characteristics of the vacuole inside the high
ratio speed axial flow pump. The cavitation performance and energy performance of the
axial flow pump are two contradictory quantities. The energy and cavitation characteristics
of the high ratio speed axial flow pump studied in this paper are excellent, which can
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provide a certain basis for the development and design of the high ratio speed axial flow
pump and provide a reference for the study of the cavitation mechanism of the high ratio
speed axial flow pump. In the future, the authors will need to further investigate the
cavitation characteristics of the axial flow pump based on acoustic analysis, time domain,
and frequency domain vibration analysis, and carry out the structural optimization of the
axial flow pump in the hope of further improving its cavitation performance.
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Abstract: In this paper, the Eulerian–Lagrangian method and Tabakoff erosion model are used to
study the solid–liquid two-phase flow in a Francis turbine. Through the analysis of the overall
flow pattern, particle flow, particle concentration, and wear in the bladeless area of the unit under
different guide vane openings, the influence of runner radial gap flow on the surrounding flow field
characteristics and wear under different guide vane openings is revealed. The results show that the
smaller the opening of the guide vane, the greater the influence on the vortices and flow pattern and
the particle distribution in the runner. The overall wear in the hydraulic turbine unit with the optimal
opening is the smallest. The long-term wear of the runner inlet and guide vane outlet will cause the
loss of local structures, an increase in the radial clearance of the runner, an increase in the clearance
leakage, an increase in the vibration of the unit, and a reduction in efficiency. The research results
provide a basis for the structural and hydraulic optimization of the Francis turbine.

Keywords: Francis turbine; guide vane opening; sediment erosion; clearance; CFD

1. Introduction

China’s rivers contain a lot of sand; moreover, 115 rivers have an average annual
sediment discharge of more than 10 million tons. Regarding the Yangtze River, the average
annual sediment discharge has reached 514 million tons; the average annual sediment
concentration in the Three Gorges Reservoir Area is 1.17 kg/m3 and the maximum is
10.5 kg/m3. The sediment concentration in the Yellow River is higher. According to
statistics, the average annual sediment concentration of the Sanmenxia reach of the Yellow
River is 37.6 kg/m3. The high sediment concentration in rivers in China leads to sediment
abrasion of 30~40% of hydropower stations [1,2].

Hydraulic machinery has therefore been operating in the water flow with high sedi-
ment volume for a long time, which has caused different degrees of abrasion of the turbines
of most power stations in China [2]. Severe wear causes damage to the structural materials
of the hydropower equipment itself, affects the reliability and stability of the operation,
reduces the efficiency and output of the turbine, shortens the service life of the runner,
prolongs the construction period, increases the consumption of materials and spare parts,
and causes huge economic losses [3,4].

During the rotation process of the Francis turbine, the pressure fluctuation in the
non-blade area will be caused by the comprehensive influence of the flow field distortion
caused by the runner blades and guide vanes [5]. The radial clearance of the runner is
the only channel connecting the vaneless area with the lower cavity of the top cover and
the upper cavity of the bottom ring, so the hydraulic characteristics in the vaneless area
have a certain correlation with the hydraulic characteristics of the lower cavity of the top
cover and the upper cavity of the bottom ring [6]. The wear in the clearance will change the
clearance size, and the change in the clearance size will have an impact on the flow field
characteristics around the runner [7]. The change in flow field characteristics around the
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runner may lead to the increase in unit vibration and power swing, and even threaten the
safe and stable operation of the power station [8].

Wear is the process of material transfer and loss in the contact surface layer during the
relative movement of interacting solid surfaces. The working head of the hydraulic turbine
is high, and the internal wear is mainly erosion wear [9]. In order to reveal the erosion
wear mechanism, many researchers have studied the erosion wear from experimental and
theoretical aspects, and put forward a variety of erosion wear prediction models. Finnie
proposed the first erosion model. The model assumes that particles do not break up in the
process of cutting metal, and considers that the erosion wear of solid particles on ductile
materials is mainly due to the cutting effect of particles on materials [10]. Tabakoff introduces
the impact angle and impact velocity to the base Finnie model, which has good prediction
ability for the erosion and wear in the hydraulic turbine and has been widely used.

Sediment erosion mainly belongs to sediment-laden flow, which is a typical solid–liquid
two-phase flow [11]. At present, a lot of studies have been performed on the Francis turbine,
from the aspects of structure design, design method, basic equation, flow law, and wear
mechanism. Li [12] studied the flow field characteristics of turbine guide vanes under
the condition of sediment-laden flow, and found the best relative placement position of
guide vanes and fixed guide vanes under the condition of sediment-laden flow. Liu [13]
established the Euler–Lagrangian mixed turbulence model of low concentration solid–liquid
two-phase flow, and produced the particle wall collision model and the erosion model
of hydraulic turbine flow passage parts made of ductile metal materials. These models
can be used to numerically simulate the flow of water containing sand in the hydraulic
turbine, the concentration distribution of sand particles in the flow passage of the hydraulic
turbine, the movement track, and the erosion rate of hydraulic turbine flow passage parts.
Qi [14] derived the energy equation and energy dissipation term expression of solid–liquid
two-phase flow describing sediment-laden flow from the energy equation of continuous
medium flow, and introduced the energy dissipation extreme value principle into the study
of sediment-laden flow characteristics in hydraulic turbines. Li [15] reported that water
turbines in sediment-laden flow are prone to abrasion and damage. For the built hydropower
station, adopting a reasonable operation mode and certain maintenance measures can delay
or reduce the abrasion of the water turbine. Huang [16] expounded the micro process and
mechanism of abrasion damage. The stability is related to the safe and normal operation of
the unit. The sediment-laden flow is different from the single-phase flow of clean water. It
is also necessary to explore the stability of the unit in sediment-laden flow.

The research background of this paper is Xinjiang Tagake Hydropower Station, which
is located 14 km from the head of the Xiehera diversion canal in the Aksu region, Xin-
jiang. It is a runoff diversion hydropower station, with a diversion canal of 6.88 km long
and a tailrace of 4.22 km long. Two mixed flow turbine generator units with a unit ca-
pacity of 24.5 MW are installed. The design diversion flow is 75 m3/s, the rated head
is 74 m, the guaranteed output is 13.8 MW, and the annual design power generation is
273.9 million kW·h. The high sediment concentration in Xinjiang makes the unit have
serious sediment abrasion problem.

Due to the lack of research on clearance wear of hydraulic turbine, in this paper,
numerical simulation is used to predict the sediment-laden flow and wear of a hydraulic
turbine unit in the power station. A full fluid domain model of real machine size is
established and the influence of runner radial clearance and clearance wear on the flow
field characteristics around the runner under different guide vane openings was simulated
through CFX, so as to improve the mechanical and hydraulic performance of the unit.

2. Mathematical and Geometrical Models
2.1. Mathematical Model
2.1.1. Governing Equations

In this paper, the sediment laden flow is simulated and solved by Euler–Lagrange
method. In the Euler–Lagrange system, the fluid phase is treated as a continuous phase,
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solved by Euler methods, and the particle phase as a discrete phase, solved by Lagrange
methods [17]. The flow control equation of continuous phase is solved by the N-S equation.

∂(ρu)
∂t

+∇ • (ρuu) = −∇p + ρv∆u− ρ∇ • τ + St (1)

where u is the flow velocity, t is the time, ρ is the fluid density, p is the flow pressure, ν
is the kinematic viscosity of the fluid, and St is the source term. τ is the Reynolds stress
defined as:

τ = τd +
2k
3

δ (2)

where τd is the deviatoric Reynolds stress, k is the turbulent kinetic energy, δ is the
Kronecker delta. Based on viscosity (νt) assumptions, Equation (2) can be written as:

τ = −2vtS +
2k
3

δ (3)

where S is the train-rate tensor,

S =
1
2

(
∇u +∇Tu

)
(4)

2.1.2. Lagrangian Tracking of Particle Motion

The particle movement in the hydraulic turbine is mainly represented as discrete phase
movement, so the Lagrangian particle tracking model, which is widely used in sediment
movement, is used to track the particle movement in the hydraulic turbine.

mp
dup

dt
= FD + FB + FG + FV + FP + FX (5)

where t is time, mp is particle mass, up is particle velocity, FD is resistance, FB is Basset force,
FG is gravity, FV is virtual mass force, FP is pressure gradient force, and FX is the sum of
other external forces considered.

In this paper, the particle concentration in the flow field is small, the fluid velocity of
the continuous phase in the pump is large, and there is a large density difference between
the continuous phase and the discrete phase. Therefore, the virtual mass force, pressure
gradient force, Basset force, Saffman force, and Magnus force on the solid particles can be
ignored. The basic equation of particle motion can be expressed as:

dxpi

dt
= upi (6)

dupi

dt
=

3CDρ f

4ρpDp
|us|us (7)

where us is the slip velocity between particles and the liquid, CD is the drag coefficient
related to Reynolds number, ρf is the liquid density, ρp is the particle density, Dp is the
particle diameter, and xpi is the spatial coordinate position of particles.

In this paper, one-way coupling between the fluid phase and the solid phase is adopted
in the particle track model considering the particle concentration.

2.1.3. Erosion Model

The internal sediment erosion of hydraulic turbine is mainly impact wear, and the
commonly used impact erosion models include the Finnie erosion model, Tabakoff erosion
model, and Oka Erosion model [18]. Among them, the Tabakoff erosion model is widely
used in the prediction of mixed flow turbine sediment erosion in engineering [19,20].
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Therefore, in this paper, the Tabakoff erosion model is used to predict the sediment erosion
in the turbine.

E = k1 f (γ)V2
P cos2 γ

[
1− R2

T

]
+ f (VPN) (8)

f (γ) =
[

1 + k2k12 sin
(
γ

π/2
γ0

)]2
(9)

RT = 1− k4VP sin γ

f (VPN) = k3(VP sin γ)4

k2 =

{
1.0 if γ ≤ 2γ0
0.0 if γ > 2γ0

Here, γ0 is the angle of maximum erosion, k1 to k4, k12, and γ0 are model constants
and depend on the particle/wall material combination.

2.2. Simulation Geometry Model
2.2.1. Geometric Model Set Up

Figure 1 shows the flow diagram in the runner of the hydraulic turbine. The clear-
ance flow between the runner and the fixed parts is complex, which can easily cause
sediment abrasion.

Figure 1. Flow diagram in runner.

A three-dimensional calculation model of the whole flow channel including volute,
fixed guide vane, guide vane, runner, upper crown cavity, lower ring cavity, draft tube and
outlet reservoir is established, as shown in the Figure 2.

Figure 2. Model of numerical simulation.
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The computational geometric model is meshed; a structured mesh is adopted for the
gap and a hybrid mesh is adopted for other parts, as shown in Figure 3. The efficiency of
hydraulic turbine is selected as the criterion for grid independence verification. Figure 4
clearly shows the relationship between turbine efficiency and grid number. When the
number of grids increases from 11.2 million to 12.3 million, the absolute increment of
turbine efficiency at the optimal operating point is less than 0.01%, so 11.2 million grids are
used for the numerical calculation.

Figure 3. Clearance grids.

Figure 4. Efficiency of turbine with different grid numbers.

2.2.2. Parameter Setting in Calculation Model

(1) Boundary conditions

In this paper, the Ansys CFX software is used to simulate the flow of sand in the full
channel of hydraulic turbines with different guide vane openings. The inlet boundary
was set to the total pressure corresponding to the water head of the upstream, and the
outlet boundary was adopted the static pressure condition related to the water level of
downstream. The wall of the unit adopted the no-slip boundary. The interface between the
runner and stationary parts adopts the dynamic–static interface.

(2) Calculation parameters

In the calculation scheme, the particle concentration is 10 kg/m3, the guide vane open-
ings are 15◦, 20◦, and 30◦; among these values, 20◦ of opening is the optimal opening (see
Figure 5). The solution precision is set to 10−5. The interphase coupling between the fluid
phase and the solid phase adopted the one-way coupling for the low particle concentration.
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Figure 5. Reliability verification of external characteristics of hydraulic turbine.

2.3. Reliability Verification of Calculation Model

The reliability of the simulated results is verified by the field sediment erosion diagram
of the runner of the hydraulic turbine unit and the field operation data of the unit. Figure 5
shows the calculated wear prediction and field wear comparison of the unit clearance and
runner blades. The reliability of the calculation results is verified by the field wear diagram
of the runner of the hydraulic turbine unit and the field operation data of the unit. The
operation efficiency of the unit is obtained through steady calculation of the unit under
different guide vane openings. Figure 6 shows the calculated wear prediction and field
wear comparison of the unit clearance and runner blades. The clearance wear is consistent
with the wear characteristics of water turbine on site. Figure 5 shows the operation curve of
unit, and the tested data of unit operation is provided by Tagake Hydropower Station. The
predicted results of operation characteristics and sediment erosion show that the numerical
simulation method is reliable.

Figure 6. Sediment erosion at the clearance of the band. (a) CFD result; (b) physical wear picture.

3. Result Analysis
3.1. Flow Pattern of Turbine under Different Openings

Select the flow distribution on the central longitudinal section of the turbine to analyze
the flow pattern in the turbine with different guide vane openings, as shown in Figure 7.
When the guide vane opening is 15◦, the flow pattern along the turbine is very poor, the
flow velocity in the runner is low, and there are backflow and vortices in the draft tube. As
shown in Figure 7a, these vortices and backflow increase the instability of the water flow
and lead to the vibration of the unit. When the guide vane opening is 20◦, the flow pattern
in the turbine is obviously better than that in the turbine with the guide vane opening of
15◦, as shown in Figure 7b. When the guide vane opening is 30◦, the flow in the runner
is very smooth, the flow velocity in the runner is the highest, and there is no backflow or
vortices in the draft tube, as shown in Figure 7c. However, the increase in the flow velocity
will also lead to more hydraulic loss and higher impact velocity of sand particles.
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Figure 7. Overall flow pattern of internal section of hydraulic turbine with different opening. (a) 15◦

(b) 20◦ (c) 30◦.

Figures 8–10 shows the flow pattern in the guide vane and the runner on the horizontal
section passing through the center of the runner. It can be seen from the figure that due
to the small opening, the velocity triangle of the water flow at the inlet of the blade head
completely deviates from the design velocity triangle of the hydraulic turbine, the velocity
circulation of the guide vane outlet cannot meet the velocity circulation requirements of the
runner blade, and the relative velocity angle of the water flow entering the runner is larger
than the inlet angle of the runner blade, resulting in the water flow hitting the pressure
surface of the runner blade at a large angle. The flow water loses the constraint effect of
the blade, forms a blade passage vortex in the runner, increases the hydraulic loss of the
runner blade, and reduces the hydraulic power generation efficiency of the turbine.

Figure 8. Flow pattern of vaneless space at 15 degrees of opening.

Figure 9. Flow pattern of vaneless space at 20◦ of opening.
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Figure 10. Flow pattern of vaneless space zone at 30◦ of opening.

3.2. Sediment Distribution at Different Guide Vane Openings

In order to further explore the flow characteristics and sediment distribution character-
istics in the vaneless area, the particle distribution and solid volume distribution number
distribution in the local vaneless area are selected for analysis. The horizontal section
passing through the center of the runner is as shown in Figure 11.

Figure 11. Schematic diagram of analysis section.

The sediment distribution in the guide vane and runner channel under different
guide vane opening is shown in Figure 12. Figure 12 clearly shows that the sediment
concentration in the guide vane channel and runner channel gradually decreases with
the increase in the guide vane opening. When the opening of the guide vane is 15◦, there
is obvious sediment accumulation in the leafless area between the guide vane and the
runner. With the increase in the opening of the guide vane, the sediment concentration
in the channel of the guide vane gradually decreases, and the sediment is carried into the
runner channel, which indicates that the increased opening of the guide vane will cause
more wear and damage to the runner blade. However, with the increase in guide vane
opening, the velocity of sediment particles increases, and the impact velocity on the guide
vane and runner wall increases. Particles have more energy to destroy the wall structure of
the runner and blade [21]. The smaller the opening, the higher the sediment concentration
in the runner and guide vane channel. In the low-velocity region of the vortex return center,
more particles are separated from the main flow into the vortex center of the channel and
away from the runner wall [22,23], which is consistent with the flow change law in the
runner and guide vane.

3.3. Sediment Erosion Distribution of Guide Vane and Runner Blade Wall

The sediment erosion distribution for the guide vane wall and runner blade wall under
different guide vane openings is shown in Figure 13. There are different erosion rates on
the guide vane and runner blade under different guide vane openings, and the wear is
mainly distributed on the inlet head and outlet wall. When the guide vane opening of the
runner is 20◦, there is a little wear on the guide vane and the runner blade. Under this
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opening, the wear of the guide vane only exists at the head of the guide vane, and there
is no wear on the outlet surface of the guide vane. When the guide vane opening is 15◦

and 30◦, the sediment erosion on the guide vane and runner blade is clearly serious, and
the range and erosion rate of impact erosion and friction erosion are greatly increased, as
shown in Figure 13a,b. This shows that the overall wear in the hydraulic turbine unit with
the optimal opening is the smallest, the erosion rate increases under the small opening
and the large opening, the wear of the guide vane and the runner inlet head is mainly
impact wear, and the wear on the outlet wall is mainly friction wear, and the wear in the
unit channel is the most serious under the large opening [24]. The long-term wear of the
runner inlet and guide vane outlet will cause the loss of local structure in the bladeless
area, increase the radial clearance of the runner, increase the clearance leakage, increase the
vibration of the unit, and reduce the efficiency [25,26].

Figure 12. Volume fraction distribution of local solid phase in guide vane and runner passage: (a) 15◦,
(b) 20◦, (c) 30◦.

Figure 13. Sediment erosion distribution of guide blade and runner blade under different openings:
(a) 15◦, (b) 20◦, (c) 30◦.

4. Conclusions

This paper reveals the influence of radial clearance wear of a Francis pump turbine
runner on the surrounding flow field characteristics under different guide vane openings,
and obtains the following conclusions:

(1) The increase in guide vane opening has an important effect on the particle motion in
the runner. With the increase in guide vane opening, the velocity of sediment particles
increases, and the impact velocity on the guide vane and runner wall increases. The
particles have more energy to destroy the wall structure of the runner and blade. The
smaller the opening, the higher the sediment concentration in the runner and guide
vane channel. In the low-velocity region of the vortex return center, more particles are
separated from the main flow into the vortex center of the channel and away from
the runner wall. This is consistent with the flow change law in the runner and guide
vane.

(2) The opening of the guide vane affects the flow in the hydraulic turbine channel. When
the opening of the guide vane is small, the velocity triangle of the water flow at the
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inlet of the blade head completely deviates from the design velocity triangle of the
hydraulic turbine, the velocity loop of the water flow out of the guide vane cannot
meet the velocity loop required by the runner blade, and the relative velocity angle
of the water flow entering the runner is larger than the inlet angle of the runner
blade, resulting in the water flow hitting the pressure surface of the runner blade at a
large angle, and the flow phenomenon occurs at the head of the runner blade. The
separated flow loses the restriction of the blade and forms a blade passage vortex in
the runner.

(3) The overall sediment erosion in the hydraulic turbine unit with the optimal opening is
the smallest, and the erosion rate increases under a small opening and a large opening.
The wear of the guide vane and the runner inlet head is mainly impact wear, and the
sediment erosion on the outlet wall is mainly frictional wear. The sediment erosion in
the unit channel is most serious under a large opening. The long-term wear of the
runner inlet and guide vane outlet will cause the loss of local structure, increase the
radial clearance of the runner, increase the clearance leakage, increase the vibration of
the unit, and reduce the efficiency.
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Abstract: In order to study the energy characteristics and internal flow field of “S” shaped airfoil
bidirectional axial flow pumps, the SST k-ω turbulence model is used to calculate the bidirectional
axial flow pump, and the experimental verification is carried out. The results show that the error of
numerical calculation of forward and reverse operation is within 5%, and the numerical calculation
result is credible. The test results show that the bidirectional axial flow pump has a design flow rate
of Q = 368 L/s, head H = 3.767 m, and an efficiency of η = 80.37%. In reverse operation, the flow of
the bidirectional axial flow pump under design condition Q = 316 L/s, head H = 3.658 m, efficiency
η = 70.37%. The flow of forward operation is about 15% larger than that of reverse operation under
design working condition, the design head is about 3.70 m, and the efficiency of design working
condition is about 10% higher than that of reverse operation. The numerical calculation results
show that under the forward design condition (Q = 368 L/s), the hydraulic loss accounts for 6.22%,
and under the reverse design condition (Q = 316 L/s), the hydraulic loss accounts for 11.81%, with
a difference of about 6%. The uniformity of impeller inlet flow rate under the forward operation
is about 12% higher than that in the reverse operation. In forward and reverse operation, with the
increase of flow, the outlet streamline, the outlet total pressure distribution, the uniformity of impeller
inlet velocity, and the vortex in the impeller domain are improved, and the forward direction is better
than the reverse direction. The research results of this paper can provide a reference for the research
and optimal design of the bidirectional axial flow pump.

Keywords: “S” shaped airfoil; bidirectional axial flow pump; energy characteristics; internal flow field

1. Introduction

The water transfer project is a project to improve the people’s basic livelihood, playing
an increasingly important role in the irrigation of river, coastal, and plain areas. Flood
control and drainage standards are also constantly improving, increasing the demand for
pumping stations to achieve dual-use irrigation and drainage, and positive and negative
performance balance. At present, most of the pumping stations utilize the unidirectional
axial flow pump reversing motor operation or switch the river and pumping station
flow channel to achieve bidirectional operation. In the former, forward operation of the
maximum efficiency of the pump can reach about 85%, and reverse operation because of
the vane is a reverse arch state and poor inlet water flow pattern. The flow, head, and
efficiency of the pump are greatly weakened, with the maximum efficiency of only 65%
or less, showing deviation from national energy-saving and emission reduction targets.
Regarding the latter, although the pumping station can realize bidirectional operation
and the same performance of forward and reverse operation, the highest efficiency of
forward and reverse direction is only about 72%, and the flow channel and river channel
are switched. In turn, the civil construction cost is large, which increases the cost of
operation and management and maintenance. In response to these problems, the relevant
scholars, through the improvement of the axial flow pump and its impeller, support the
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use of a symmetrical form of wing design bidirectional axial flow pump, in the design
method to make innovation. In the development of a new bidirectional axial flow pump
impeller, the impeller alone, its forward and reverse performance is superior. At present,
the symmetrical wing type has a flat wing type, the center line of the wing type is a straight
line, another is “S” shaped airfoil, the center line of the airfoil is “S” shaped. The flat
airfoil type bidirectional axial flow pump forward operating efficiency is about 5% worse
than the conventional unidirectional axial flow pump forward operating, while reverse
operating efficiency is about 15% worse than the conventional unidirectional axial flow
pump forward operating, “S” shaped airfoil type bidirectional axial flow pump forward
operating efficiency is about 2% worse than the conventional unidirectional axial flow
pump forward operating, and reverse operating efficiency is about 10% worse than the
conventional unidirectional axial flow pump forward operating. Because of its excellent
forward and reverse performance, it has been paid attention to and applied. However, the
research on “S” shaped bidirectional axial flow pump is less, and its energy characteristics
and internal flow mechanism are not clear, which leads to the lack of theoretical guidance
for the design and operation of “S” shaped bidirectional axial flow pumps.

Relevant scholars proposed to use “S” shaped airfoil to design bidirectional axial
flow pump [1]. Some scholars have explored the internal flow field of the bidirectional
axial flow pump, including the pressure fluctuation characteristics in both forward and
reverse directions of the bidirectional axial flow pump [2], the generation mechanism of
the vortex in the impeller [3], and the internal flow characteristics of the “S” shaped airfoil
bidirectional axial flow pump under cavitation [4], and some scholars have optimized the
design of bidirectional axial flow pump or pump device, including reducing the chord
length and number of blades and appropriately increasing the axial spacing to enhance
the performance of bidirectional axial flow pump [5], investigating the effect of guide vane
position on the hydraulic performance and flow pattern of bidirectional vertical shaft cross-
flow pump [6], investigating the effect of lobe root clearance on the hydraulic performance
of bidirectional axial flow pump [7], and changing the ratio of radius of the centerline circle
of S-shaped bend of bidirectional pump to the optimized design of the shaft extension
cross-flow pump device of “S” shaped two-way axial flow pump [8]. The influence of
different placement positions of the vertical shaft on the performance of the vertical shaft
cross-flow pump of “S” shaped two-way axial flow pump was investigated [9]. Some
scholars have also studied the flyaway conditions of bidirectional horizontal axial flow
pumps operating in forward and reverse directions and concluded that the magnitude of
pulsation of axial force in forward operation is significantly larger than that in reverse [10].

The “S” shaped airfoil bidirectional axial flow pump has the advantages of simple
structure, convenient installation, easy operation, maintenance, and management, and it
has been widely used. In the process of application, relevant scholars have carried out
some optimization design work on it or its pump device, but the research on its energy
characteristics and internal flow mechanism is less involved, and related studies are also
not deep enough. This paper takes the “S” shaped airfoil bidirectional axial flow pump
as the research object to explore its energy characteristics and internal flow characteristics
during forward and reverse operation, in order to ensure the safe, stable, and efficient
operation of the bidirectional axial flow pumping station.

2. Numerical Computation Models, Grids and Computational Methods
2.1. Numerical Calculation Models

The “S” shaped bidirectional axial flow pump is designed by the “S” shaped airfoil,
and its geometric structure includes: inlet pipe, impeller, guide vane and outlet pipe, where
the number of impeller blades is 4, impeller diameter D is (300–0.2) mm, and the number
of guide vane blades is 5. The parameters of the “S” shaped bidirectional axial flow pump
are shown in Table 1, the “S” shaped 3D model is shown in Figure 1, and the “S” shaped
bidirectional axial flow pump impeller 3D model is shown in Figure 2. The forward and
reverse operation of the “S” shaped bidirectional axial flow pump is shown in Figure 3.
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Table 1. Parameters of design working conditions of “S” shaped airfoil bidirectional axial flow pump.

Parameters Forward Reverse

Blade angle 0◦ 0◦

Impeller diameter (300–0.2) mm (300–0.2) mm
Rotating speeds 1450 rpm 1450 rpm

Design flow 368 L/s 316 L/s
Design head 3.70 m 3.70 m

Design point ratio speed 1187 1124
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As shown in Figure 3, when the bidirectional axial flow pump is in forward operation,
the water enters from the side of the inlet pipe and passes through the impeller to lift the
energy. Then, the guide vane rectifies the flow, enters the outlet elbow, and then flows out
in an oblique 60◦ direction. In reverse operation, the water enters from the elbow side,
flows through the guide vane first, then passes through the impeller to raise energy, and
finally flows out of the horizontal straight pipe. In forward and reverse operation, the
impeller rotates in the opposite direction.

2.2. Meshing

The fluid inside the inlet and outlet pipes is extracted, the inlet and outlet pipes are
divided into unstructured meshes in ANSYS ICEM software, and the boundary layer is
locally encrypted considering the thickness of the boundary layer (the change rate of the
mesh from the boundary to the interior is 1.05). The impeller and guide vane body are
modeled and the structured mesh is divided using ANSYS Turbo Grid software, and the
boundary layer and local features of each computational domain are encrypted when the
mesh is divided. The impeller adopts “J” topology and guide vane adopts “O” topology.
The impeller and guide vane y+ (y+ is a dimensionless quantity of distance from the wall,
which is proportional to the height of the first grid layer of the wall. In the numerical
calculation using SST k-ω and RNG k-ε turbulence models, the rotational and shear flow y+
is taken as 30~100) values are all around 50, and the impeller top clearance adopts the “H”
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topology and arranges a 7-layer grid, with y+ values around 10 and grid masses greater
than 0.35. The overall grid of the computational model is shown in Figure 4, and the grid
irrelevance analysis is shown in Table 2.
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Table 2. Grid irrelevance analysis table (Forward running, Q = 400 L/s).

Serial Number N η (%) Serial Number N η (%)

1 1,607,288 76.4150 4 3,402,093 77.0300
2 2,143,050 76.4745 5 4,018,220 77.0360
3 2,678,813 77.0405 6 / /

As shown in Table 2, when the number of grids reaches 2,678,813, the number of grids
has basically no effect on the calculation results. Considering the computing power of the
computer, grid Serial Number scheme 3 is selected for the subsequent numerical calculation
work in this paper.

2.3. Control Equations, Boundary Conditions and Calculation Methods

In this paper, the SST k-ω turbulence model is used to numerically calculate the
bidirectional axial flow pump in CFX software. The rated speed of the impeller is set to be
−1450 r/min when the bidirectional axial flow pump operates in the forward direction,
and 1450 r/min when the impeller operates in the reverse direction. The inlet is set to be
the Mass Flow Inlet, the outlet is set to be the Average Static Pressure Outlet, the pressure
is set to be 0.2 atm, the Non Moving Wall surface of the solid is set to be the Static Wall
Surface, the Non Slip condition is applied, and the boundary condition of the standard
wall function is used in the Near Wall Area. The “Stage” interface method is adopted for
the dynamic and static interface. The finite volume method based on the finite element is
used for discretization of the governing equation, the diffusion term, and pressure gradient
are expressed by the finite element function, and the convection term is expressed by the
High Resolution Scheme. The convergence condition of each parameter of the flow field is
set to 10−6. In principle, the smaller the residual value, the better.

2.4. Analytical Formulae for Numerical Calculation Results

The numerical calculation head Hnet calculation formula is [11–13]:

Hnet = (

∫
S2

p2ut2dS
ρQg + H2 +

∫
S2

u2
2ut2dS

2Qg )−

(

∫
S1

p1ut1dS
ρQg + H1 +

∫
S1

u1
2ut1dS

2Qg )
(1)

The numerical calculation efficiency η calculation formula is [14,15]:

η =
ρgQHnet

Tω
× 100%, (2)
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where: P1 and P2 are the average static pressure (Pa) at the inlet and outlet of the axial flow
pump channel; ρ is the flow density (kg/m3); g is the acceleration of gravity (m/s2); s1 and
s2 are the cross section areas of inlet and outlet of axial flow pump (m2); u1 and u2 are the
flow velocity at each point of the inlet and outlet channel section of the axial flow pump
(m/s); ut1 and ut2 are the normal components of flow velocity at each point of the inlet and
outlet channel section of axial flow pump (m/s); Q is axial flow pump flow (m3/s); T is the
rotating torque of impeller (N·m); ω is the impeller rotation angle speed (rad/s).

3. Test Device and Test Method
3.1. Test Device

The test bench is a vertical closed cycle system, as shown in Figure 5.
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In the test, the head is measured using the differential pressure transmitter (accuracy 
±0.015%), the flow is measured by electromagnetic flowmeter (accuracy ±0.18%), the speed 
and torque are measured by speed torque sensor (accuracy ±0.24%), the NPSH is meas-
ured by absolute pressure transmitter (accuracy ±0.015%), and the comprehensive uncer-
tainty of the test bench is ±0.39%. 
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Figure 5. Plan of high precision hydraulic machinery test bench. 1. Water inlet tank; 2. Tested pump;
3. Pressure outlet tank; 4. Bifurcated water tank; 5~6. Flow in situ calibration device; 7. Working
condition regulating gate valve; 8. Pressure stabilizing rectifier cylinder; 9. Electromagnetic flowmeter;
10. Operation control gate valve; 11. Auxiliary pump unit.

In the test, the head is measured using the differential pressure transmitter
(accuracy± 0.015%), the flow is measured by electromagnetic flowmeter (accuracy ± 0.18%),
the speed and torque are measured by speed torque sensor (accuracy ± 0.24%), the NPSH
is measured by absolute pressure transmitter (accuracy ± 0.015%), and the comprehensive
uncertainty of the test bench is ±0.39%.

3.2. Test Method

The head H of the test pump is calculated by the following formula [16]:

H =

(
p2

ρg
− p1

ρg
+ z2 − z1

)
+

(
u2

2
2g
− u2

1
2g

)
, (3)

The test shaft power N is calculated by the following formula [17]:

N =
π

30
n(M−M′), (4)

Test pump efficiency η calculated by the following formula [18]:

η =
ρgQH

N
× 100%, (5)

where H is the pump head (m), P1 and P2 are the static pressure (Pa) at the inlet and outlet
of the flow field, z1 and z2 are the height (m) of the inlet and outlet of the flow field, u1 and
u2 are the flow velocity (m/s) at the inlet and outlet of the flow field, ρ is the real-time
water density of the test (kg/m3), g is the local gravity acceleration (m/s2), N is the shaft
power (kw), M is the pump input torque (N·m), M′ is the pump mechanical loss torque
(N·m), n is the pump test speed (r/min), η is the pump model efficiency (%), and Q is the
pump flow (m3/s).
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4. Numerical Calculation Results and Experimental Verification
4.1. Experimental Verification of Numerical Calculation Energy Characteristics

The comparison between the forward and reverse numerical calculation and the
experimental energy characteristic curve of the “S” shaped airfoil bidirectional axial flow
pump is shown in Figure 6.

Water 2022, 14, x FOR PEER REVIEW 6 of 15 
 

 

The test shaft power N is calculated by the following formula [17]: 

'( )
30

N n M M


 
, 

(4)

Test pump efficiency η calculated by the following formula [18]: 

100%
gQH

N

  
, 

(5)

where H is the pump head (m), P1 and P2 are the static pressure (Pa) at the inlet and outlet 
of the flow field, z1 and z2 are the height (m) of the inlet and outlet of the flow field, u1 and 
u2 are the flow velocity (m/s) at the inlet and outlet of the flow field, ρ is the real-time 
water density of the test (kg/m3), g is the local gravity acceleration (m/s2), N is the shaft 
power (kw), M is the pump input torque (N·m), M’ is the pump mechanical loss torque 
(N·m), n is the pump test speed (r/min), η is the pump model efficiency (%), and Q is the 
pump flow (m3/s). 

4. Numerical Calculation Results and Experimental Verification 
4.1. Experimental Verification of Numerical Calculation Energy Characteristics 

The comparison between the forward and reverse numerical calculation and the ex-
perimental energy characteristic curve of the “S” shaped airfoil bidirectional axial flow 
pump is shown in Figure 6. 

  
(a) Forward direction (b) Reverse direction 

Figure 6. Comparison curve of numerical calculation and test energy characteristics. 

By comparing and analyzing the test results in Figure 6, it can be concluded that the 
Q = 368 L/s, H = 3.767 m, and efficiency of the bidirectional axial flow pump under the 
design condition of forward operation η = 80.37%, whereas in reverse operation, the flow 
of bidirectional axial flow pump under design condition Q = 316 L/s, H = 3.658 m, η = 
70.37%. The flow of forward operation is about 15% higher than that of reverse operation 
under the design condition, but the difference in head is small, both of which are about 
3.70 m in the design head, and the efficiency of design condition is about 10% higher in 
the forward direction than in the reverse direction. The main reason why the forward 
operation performance is better than the reverse operation is that the flow velocity uni-
formity at the inlet of the forward operation impeller is higher than that in the reverse 
operation, and the forward water inflow condition is better. The reverse operation has 
poor water inflow condition due to the front guide vane at the inlet of the impeller. 

By comparing and analyzing Figure 6, we can observe that the prediction of forward 
numerical calculation of bidirectional axial flow pump is more accurate, and the error is 
basically within 3%, while the prediction accuracy of reverse numerical calculation is 
slightly worse, and the error is basically within 5%, which means that the numerical 

Figure 6. Comparison curve of numerical calculation and test energy characteristics.

By comparing and analyzing the test results in Figure 6, it can be concluded that the
Q = 368 L/s, H = 3.767 m, and efficiency of the bidirectional axial flow pump under the
design condition of forward operation η = 80.37%, whereas in reverse operation, the flow of
bidirectional axial flow pump under design condition Q = 316 L/s, H = 3.658 m, η = 70.37%.
The flow of forward operation is about 15% higher than that of reverse operation under
the design condition, but the difference in head is small, both of which are about 3.70 m in
the design head, and the efficiency of design condition is about 10% higher in the forward
direction than in the reverse direction. The main reason why the forward operation
performance is better than the reverse operation is that the flow velocity uniformity at the
inlet of the forward operation impeller is higher than that in the reverse operation, and
the forward water inflow condition is better. The reverse operation has poor water inflow
condition due to the front guide vane at the inlet of the impeller.

By comparing and analyzing Figure 6, we can observe that the prediction of forward
numerical calculation of bidirectional axial flow pump is more accurate, and the error
is basically within 3%, while the prediction accuracy of reverse numerical calculation
is slightly worse, and the error is basically within 5%, which means that the numerical
calculation accuracy is higher and the calculation results are credible. It can also be found
from the figure that the prediction accuracy of the forward numerical calculation of the
bidirectional axial flow pump is better than the reverse, which is mainly because the internal
flow characteristics of the bidirectional axial flow pump are complicated during reverse
operation, so the prediction accuracy is slightly worse.

4.2. Numerical Calculation and Energy Characteristic Analysis

According to the numerical calculation results, the energy characteristic curves of the
bidirectional axial flow pump impeller in the forward and reverse directions are organized
by Equations (1) and (2), as shown in Figure 7a,b, and the energy characteristics of the
bidirectional axial flow pump in the forward and reverse directions are organized as shown
in Figure 7c,d.
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impeller; (b) Reverse bidirectional pump impeller; (c) Forward bidirectional pump; (d) Reverse
bidirectional pump.

It can be obtained from the numerical calculation that the design working flow rate of
the impeller in forward operation is Q = 368 L/s, head H = 4.575 m, efficiency η = 90.32%,
and the design working flow rate of the impeller in reverse operation is Q = 316 L/s, head
H = 5.055 m, efficiency η = 89.87%. The “S” shaped bidirectional airfoil is completely
symmetrical in both forward and reverse directions, and the impeller designed by it is also
completely symmetrical in both forward and reverse directions with the same performance,
so the difference between the optimal efficiency of the impeller in forward and reverse
directions is not large. However, the increase of the guide vane and elbow and other flow
guide structure not only makes the “S” shaped airfoil bidirectional axial flow pump optimal
operating point shift, and the flow-head to produce differences also larger, but the forward
operation of the head under the same flow is significantly greater than the reverse, mainly
because the impeller inlet water impulse angle is different, causing the forward operation
of the impeller inlet absolute liquid flow angle to be significantly greater than the reverse
operation of the impeller inlet absolute liquid flow angle.

Forward operation bidirectional axial flow pump design condition flow rate Q = 368 L/s,
head H = 4.049 m, efficiency η = 79.93%, and reverse operation bidirectional axial flow
pump design condition flow rate Q = 316 L/s, head H = 4.045 m, efficiency η = 71.91%. By
comparing the numerical calculation results, it can be seen that the forward and reverse
high flow conditions performance difference is large and forward design condition point
efficiency is 8% larger than the reverse. Under the same flow, forward head is equivalent to
the reverse vane angle increased by about 2◦ of head.

There are structural differences between the two directions of operation of the bidirec-
tional axial flow pump. The front of the impeller in forward operation is a straight tube,
the impeller outlet is a guide vane and elbow, the reverse operation of the impeller inlet is
elbow and guide vane, and the outlet is a straight tube. These structural characteristics of
the differences lead to hydraulic losses of the inlet and outlet pipes and guide vane. The
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flow velocity uniformity and the water impulse angle of the impeller inlet are all different,
so the difference between the forward and reverse performance is large.

In this paper, the hydraulic loss ratio is defined as the ratio of the sum of the total
hydraulic loss of the inlet pipe, outlet pipe, and guide vane in comparison with the head
of the bidirectional axial flow pump, and the hydraulic loss ratio is calculated by the
following equation:

Ch f =
hi + hg + ho

H
, (6)

where Chf is the hydraulic loss ratio, hi is the inlet pipe hydraulic loss (m); hg is the guide
vane body hydraulic loss (m); ho is the outlet pipe hydraulic loss (m); H is the pump
head (m).

The equation for the inlet flow velocity distribution uniformity of the impeller is [19]:

Vu =



1− 1

va

√√√√
[

n

∑
i=1

(vai − νa)
2

]
/n



× 100%, (7)

where Vu is the uniformity of axial flow velocity distribution in the characteristic section
(%); vai is the axial velocity of each calculation unit (m/s); n is the number of calculation
units. va is the axial flow velocity at impeller inlet.

Forward and reverse operation bidirectional axial flow pump inlet and outlet pipes
and guide vane hydraulic loss are shown in Figure 8. The impeller inlet flow rate uniformity
is shown in Figure 9.
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Forward and reverse operation bidirectional axial flow pump inlet and outlet pipes 
and guide vane hydraulic loss are shown in Figure 8. The impeller inlet flow rate uni-
formity is shown in Figure 9. 
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Through Figures 8 and 9, it can be concluded that the, considering forward design
condition (Q = 368 L/s), the hydraulic loss percentage in the peak and valley region,
the value is close to the minimum 6.22%, and considering the reverse design condition
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(Q = 316 L/s), the hydraulic loss percentage is also in the peak and valley region. The value
is close to the minimum 11.81%, with a difference of about 6%, and this leads to the reverse
design condition efficiency being lower than the forward 6%. The efficiency of the forward
design working point is 8% larger than that of the reverse, and the other 2% difference is
mainly due to the fact that the inlet flow velocity uniformity of the impeller in the forward
operation is about 12% higher than that of the reverse, resulting in a difference of about
2% in the forward and reverse efficiency. The main reason for the different hydraulic loss
and flow velocity uniformity in forward and reverse operation is that in reverse operation,
the curved guide vane is front-loaded, which reduces the flow velocity uniformity of the
impeller inlet, resulting in an increase in the bad flow pattern of the impeller inlet and
outlet and an increase in the proportion of hydraulic loss.

4.3. Analysis of Internal Flow Fields for Numerical Calculations

The overall streamline of the bidirectional axial flow pump forward taking 0.9Qdf,
1.0Qdf, 1.1Qdf (Forward design working flow rate Qdf = 368 L/s) is shown in Figures 10a,
11a and 12a, and the overall streamline of the bidirectional axial flow pump reverse taking
0.9Qdr, 1.0Qdr, 1.1Qdr (Reverse design working flow rate of Qdr = 316 L/s) is shown in
Figures 10b, 11b and 12b. As shown in Figures 10–12, forward operation of the inlet pipe
for the straight pipe and reverse operation of the inlet pipe for the elbow, forward, and
reverse operation of the inlet water flow state are better and the streamline is uniform.
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whereas in reverse operation, because the impeller releases water directly into the outlet
straight pipe, there is no guide leaf recovery ring volume, resulting in the water out of
the water flow rotating out, leading to increased hydraulic losses or an increase in the
circumferential velocity of the water flow, resulting in kinetic energy affecting the ability
to reduce the pressure energy, so the head in reverse operation is lower than the head of
forward operation. The impeller inlet is affected by the inlet elbow and guide vane under
reverse operation conditions, resulting in low flow velocity uniformity of the impeller inlet
and increasing the hydraulic loss of the inlet structure. Forward operation inlet water
state is slightly better than reverse operation. Outflow water state forward operation is
significantly greater than reverse operation, which leads to reverse operation total hydraulic
loss being significantly greater than forward operation. Forward and reverse operation
energy performance curves are compared to the same flow conditions. Forward operation
head and efficiency is significantly higher than reverse operation (shown in Figure 6).

The total pressure distribution clouds of the middle section of the fluid calculation
domain for both forward and reverse directions of the bidirectional axial flow pump taking
0.9Qd, 1.0Qd, 1.1Qd are shown in Figures 13–15.
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According to Figures 13–15, the total pressure distribution in the inlet pipe is relatively
uniform under forward and reverse operation. During forward operation, the total pressure
distribution in the outlet elbow becomes more and more uniform with the increase of flow.
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During reverse operation, due to the rotation of the impeller, there is no circulation recovery
structure such as guide vane at the impeller outlet, resulting in uneven total pressure
distribution in the center of the outlet, obvious stratification, low total pressure in the
middle area, and high total pressure at the side wall of the outlet pipe. With the increase of
flow rate, the distribution uniformity of total pressure of outlet water is improved. Forward
operation and reverse operation affect the size of the hydraulic loss of the inlet pipe and
the recovery of more and less water pressure energy from the outlet pipe. Considering
the head under the same flow condition, through the static pressure distribution cloud
diagram, it can be concluded that the forward running inlet pipe static pressure distribution
is more uniform than the reverse running, so the forward running inlet pipe hydraulic loss
is less than the reverse running. The hydrostatic pressure distortion area in the forward
running outlet bend is less than the reverse running, and the outlet pressure recovery is
more than the reverse running, as reflected in the energy performance curve (shown in
Figure 7c,d). At the same flow rate, the head of forward operation is higher than that of
reverse operation.

The axial flow velocity distribution clouds of the impeller inlet for both forward and
reverse directions of the bidirectional axial flow pump are taken as 0.9Qd, 1.0Qd, and 1.1Qd
as shown in Figures 16–18.

As can be obtained from Figures 16–18, the uniformity of the axial flow velocity of the
impeller inlet increases with the increase of the flow rate under both forward and reverse
operation. In forward operation, because the number of impeller blades is 4, the impeller
inlet axial velocity is obviously divided into 4 areas, and in reverse operation, the impeller
inlet is not only influenced by the number of impeller blades, but also by the number of
guide vanes, and the impeller inlet axial velocity is divided into 4 areas near the hub and
5 areas near the rim. Overall, the uniformity of axial velocity at the inlet of forward running
impeller is higher than that of the reverse running impeller. This conclusion can also be
explained by Figure 9.
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The vortex distribution inside the impeller for the forward and reverse directions of
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As shown in Figures 19–21, forward operation compared to reverse, impeller blade
forward, and reverse pressure difference is larger. So, in the blade of the suction surface
slightly longer leakage vortex is indicates, whereas in the corresponding reverse operating
conditions, the blade of slightly pointed leakage vortex is relatively slightly small. The area
of tip clearance vortex in reverse operation is slightly larger than that in forward operation.
Due to the front guide vane and elbow in reverse operation, the vortex area at the inlet side
of the blade is also significantly larger than that in forward operation. At the same time,
the reverse operation also causes an annular vortex belt near the rim between the guide
vane and the impeller. In both forward and reverse operation, the vortex area decreases
with the increase of flow. This also reflects the higher energy performance of the forward
operating impeller compared to the reverse (shown in Figure 7a,b).

5. Conclusions

This paper reveals the forward and reverse energy and internal flow characteristics of
the bidirectional axial flow pump through numerical calculations and experimental tests
on the bidirectional axial flow pump, and the following conclusions are obtained:

(1) The comparative analysis of the numerical calculation results and tests of the energy
characteristics of the bidirectional axial flow pump shows that the predictions of
the forward and reverse numerical calculations are relatively accurate, and the error
is basically within 5%. Compared with the forward prediction, the accuracy of the
reverse numerical calculation is slightly worse, and the numerical calculation results
are credible.

(2) The test results show that the bidirectional axial flow pump design working condition
flow rate Q = 368 L/s, head H = 3.767 m, and efficiency η = 80.37% in forward operation
and bidirectional axial flow pump design working condition flow rate Q = 316 L/s,
head H = 3.658 m, efficiency η = 70.37% in reverse operation. The forward operation
is about 15% larger than the reverse operation design working condition flow rate, the
design head is about 3.70 m, and the design working efficiency is about 10% higher in
the forward direction than in the reverse direction.

(3) The numerical calculation results show that under the forward design condition
(Q = 368 L/s), the proportion of hydraulic loss is 6.22%, and under the reverse design
condition (Q = 316 L/s), the proportion of hydraulic loss is 11.81%, with a difference
of about 6%. The uniformity of impeller inlet flow velocity is about 12% higher than
that under the reverse operation. The main reason for the difference in hydraulic loss
and flow velocity uniformity between forward and reverse operation is that during
reverse operation, curved guide vanes are placed in front, which reduces the flow
velocity uniformity at the inlet of the impeller, resulting in an increase in the bad
flow pattern of the inlet water of the impeller, and because the outlet water has no
circulation recovery structure such as guide vanes, the ability of converting kinetic
energy into pressure energy of the outlet water is weakened, and the proportion of
hydraulic loss is increased.

(4) In the forward operation, the inlet water is straight pipe, and in the reverse operation,
the inlet water is elbow. Under the forward and reverse operation, the inlet water flow
pattern is relatively good. In the forward and reverse operation, with the increase of
flow, the outlet water streamline, the total pressure distribution of outlet water, the
uniformity of impeller inlet flow velocity, and the vortex in the impeller domain are
improved. The internal flow fields, such as outlet streamline, total outlet pressure
distribution, impeller inlet velocity uniformity, and impeller domain vortex, under
forward operation are better than those under reverse operation, so the performance
of forward operation is better than that of reverse operation.
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Abstract: The internal flow problem of a reversible pump turbine restricts its safe and stable oper-
ation. Among them, the influence of the guide vane on the internal flow field is very crucial. The
flow–head relationship is of great significance in the performance stability of the unit. In this study,
the performance and flow field characteristics under different flow rates were analyzed for different
guide vane opening angles. By comparing the results of the model test and computational fluid
dynamics simulation, it was found that the simulation can well predict the energy characteristics and
flow field distribution. There is an optimal efficiency range under each guide vane opening angle.
The increase or decrease in flow will reduce the efficiency. For the head, it will decrease significantly
with a decrease in the flow rate, especially when it deviates seriously from the optimal efficiency
region. From the contour of the flow energy loss and the vector of velocity, it can be seen that the head
drop is closely related to the flow blockage caused by the difference between the runner incoming
flow direction and the installation direction of the guide vane. This study deeply revealed the valley
and peak of head variation under different guide vane opening conditions. It can provide technical
support for improving the wide range operation stability of a pump turbine.
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1. Introduction

In order to achieve sustainable development, China has proposed the goal of carbon
peaking and carbon neutralization, built a modern energy system and enhanced the stability,
security and sustainability of the energy supply [1,2]. Pumped storage technology is the
most mature, economical and large-scale energy storage technique [3]. It has the functions
of peak-load regulation, valley-load filling and phase regulation [4]. It is an important
part of realizing the flexible regulation of the power system. A reversible pump turbine is
the key component of a pumped storage power station [5]. According to the regulation
requirements of the power station, a pump turbine usually switches frequently under
multiple working conditions [6]. Therefore, the weighted average flow rate of a pump
turbine under multiple working conditions is very important. It determines the speed of
the pumping process or power generation process and represents the energy charging and
discharging performance of the pumped storage power station.

During the operation of a pump turbine, the weighted average flow rate is strongly
related to the opening angle of the guide vane under a certain head, and the opening
of the guide vane is greatly affected by the matching of the rotor and stator [7]. For
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a specific guide vane opening angle, its adaptive optimal flow rate is generally within
a specific range, and exceeding this range will cause performance degradation [8]. The
flow–head instability problem of a pump turbine with a small flow and high head under
a pump condition matches, to some extent, the problem of a runner incoming flow and
guide vane opening angle [9,10]. Many scholars have carried out extensive and in-depth
research on the flow–head instability and dynamic and static interference of pump turbines.
Li et al. [11,12] studied the flow–head instability characteristics of pump turbines by
combining an experiment and numerical simulation. The results show that, when entering
the unstable area, several vortices are distributed in the guide vane channel and evenly
distributed along the circumferential direction. The intensity and range of the vortex change
with the flow rate, and the vortex increases the hydraulic loss. Xiao et al. [13] found that
the formation of the flow–head unstable area is related to the huge hydraulic loss inside the
draft tube, runner and guide vane. There are secondary flow, reflux and even vortex in the
unstable area. Lu et al. [14] used a combination of a numerical simulation and experiment
to compare the influence of the guide vane profile on the internal flow field of the pump
turbine, and found that the guide vane profile has a significant influence on the flow field
characteristics, especially the flow energy loss of adjacent components. Song et al. [15]
studied the matching between the guide vane opening and the runner and found that,
with an increase in the guide vane opening, the magnitude and pulsation amplitude of the
runner radial force also increased. Through a pressure pulsation test of the pump turbine,
Zhang et al. [16] found that, under a partial load, the rotor–stator interaction between the
runner and guide vane will cause the pressure pulsation in the vaneless area.

In the flow–head instability area, the internal flow of the pump turbine is complex [17].
Improving the head-drop margin and increasing the distance between the unstable point
and the high efficiency area can improve the operation stability and safety of the unit under
pump conditions [18,19]. However, in some cases with a large guide vane opening and
low head, if the head rises and the guide vane is not adjusted to the appropriate angle,
a flow–head instability phenomenon will also occur [20]. Overcoming this phenomenon,
can be realized by adjusting the opening angle of the guide vane, but this method will
affect the weighted average flow rate of the pump turbine unit and the economy of the
power station operation. In fact, CFD technology and the analysis of the second law of
thermodynamics can be used in engineering to help to clarify the change law and reason of
flow head characteristics. Many scholars have carried out corresponding research on the
correlation analysis of turbomachinery. Zhao et al. [21] described the design and analysis
method of a multistage vaneless reverse rotating turbine. The entropy increase in tip
leakage is used to describe the cause and result of turbine loss, so as to investigate the
performance of the turbine under off design conditions. Based on the concept of entropy,
Vanzante et al. [22] introduced the concept of loss work to analyze the loss of the compressor.
Sun et al. [23] conducted an unsteady three-dimensional numerical simulation of a transonic
compressor. The compressor stage loss and its concentration area were obtained by using
the loss work research method. Other scholars use the entropy production rate [24] to
measure the energy dissipation in flow. Kluxen et al. [25] analyzed the local entropy
production rate in an axial flow turbine and determined that the main factor of additional
loss was the strength of the reflux zone. Soltanmohamadi et al. [26] used the entropy
production analysis method to optimize the design of the turbine, reducing the energy loss
by 26.02% in the full operating range. Zeinalpour et al. [27] also proposed an optimization
method for turbine blades based on the entropy yield theory. Taking the entropy production
rate as the quantitative index of loss, the optimal design of a multistage turbine cascade was
successfully carried out. The above concepts and research methods have great reference
value and enlightening significance for the quantitative analysis of the internal flow and
energy loss of a pump turbine under pump conditions.

In order to clarify the unit performance degradation under different guide vane
opening angles, this study analyzed the flow–head (Q-H) characteristics from a 10 degrees
opening and 18 degrees opening for a pump turbine model unit in pump mode. The

68



Water 2022, 14, 2526

analysis of the flow field provides a basis for the mechanism of performance degradation,
which can clarify the matching problem of a unit runner guide vane under different
guide vane openings and provide technical support for pumped storage power stations.
The innovation of this paper is to clarify the Q-H characteristics in depth by combining
the experimental and simulation results. The comparative analysis of various working
conditions is relatively rare in practical projects. This paper creatively analyzes the Q-H
characteristics comprehensively, which is of great help to the stable operation of the unit in
a wide range.

2. Research Objective

The research objective is to experimentally investigate a model scale of a pump turbine.
It includes the volute, stay vanes, guide vanes, runner and draft tube as shown in Figure 1.
The main parameters are shown in Table 1. The blade number of the runner is Zr = 9.
Both the guide vane blade number Zg and stay vane blade number Zs are 22. The runner
diameter (diameter at high pressure side) D1 is 554 mm. The design head Hd is 52.9 m, the
maximum head Hmax is 58.0 m and the minimum head Hmin is 50.8 m. The rated rotational
speed nd is 1100 rpm. The specific speed nq can be calculated by:

nq =
nd
√

Qd

H3/4
d

(1)

In this study, nq is approximately 34.6.
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Figure 1. The 3D model of the fluid domain of the reversible pump turbine’s hydraulic components.

Table 1. Main parameter of reversible pump turbine unit.

Parameter Symbol Value

Runner blade number Zr 9
Guide vane blade number Zg 22
Stay vane blade number Zs 22

Runner diameter D1 554 [mm]
Design head Hd 52.9 [m]

Maximum head Hmax 58.0 [m]
Minimum head Hmin 50.8 [m]

Rated rotational speed nd 1100 [rpm]
Specific speed nq 34.6

3. Methodology
3.1. Governing Equations

In this study, computational fluid dynamics (CFD) was used to simulate the internal
flow in pump turbine. The flow in the pump turbine can be regarded as three-dimensional
incompressible turbulent flow, which is based on Reynolds-averaged Navier–Stokes (RANS)
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equation and total energy equation. The continuity equation, momentum equation and
total energy equation are expressed as follows:

∂ui
∂xi

= 0 (2)

ρ
∂ui
∂t

+ ρuj
∂ui
∂xj

=
∂

∂xj

(
−pδij + 2µSij − ρu′iu

′
j

)
(3)

∂

∂t
(ρhtot)−

∂p
∂t

+
∂

∂xj

(
ρujhtot

)
=

∂

∂xj

(
λt

∂T
∂xj
− ujhsta

)
+

∂

∂xj

[
uj

(
2µSij − ρu′iu

′
j

)]
(4)

where u—velocity, t—time, ρ—density, T—temperature, x—coordinate component,
δij—Kroneker delta, µ—dynamic viscosity, Sij—mean rate of strain tensor, hsta—static
enthalpy, htot—total enthalpy, λt—thermal conductivity.

SST k-ω model was used as the turbulence model [28] to close the governing equation.
The SST k-ω model is a regional mixed model that is suitable for the simulation of different
flows in engineering. It is applicable to strong pressure gradient and strong shear near the
wall. The flow in the pump turbine in this paper can be well simulated by saving calculation
resources while ensuring calculation accuracy. Turbulent kinetic energy k equation and
specific dissipation rate ω equation can be written as:

∂(ρk)
∂t

+
∂(ρuik)

∂xi
= P− ρk3/2

lk-ω
+

∂

∂xi

[
(µ + σkµi)

∂k
∂xi

]
(5)

∂(ρω)

∂t
+

∂(ρuiω)

∂xi
= CωP− βρω2 +

∂

∂xi

[
(µ + σαµi)

∂ω

∂xi

]
+ 2(1− F1)

ρσω2

ω

∂k
∂xi

∂ω

∂xi
(6)

where P—the production term in k and ω equations. F1—the blending function.
σk, σω—constants of turbulence model. lk-ω—the turbulence scale. It can be expressed as:

lk-ω = k1/2βkω (7)

where βk—the model constant.
Based on RANS simulation, Herwig et al. [29] provided a way to quantitatively

calculate the flow energy loss Spro with 4 main sub-terms. Spc and Spc′ are the sub-term
of entropy production caused by loss term, Spd and Spd′ are the sub-term of entropy
production caused by dissipation term. They can be calculated by:

Spc =
λt

T2

[(
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)2

+

(
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)2

+

(
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)2]
(8)
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(9)
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where x, y, z—coordinate components. In the simulation of incompressible water flow
in hydraulic turbomachineries, the sub-terms induced by velocity pulsation were domi-
nant [30,31]. When using the SST k-ω model as turbulence model, the flow energy loss can
be simplified to:

Spro =
βρωk

T
(12)
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where β—the model constant of 0.09, k—the turbulent energy, ω—the turbulent eddy
frequency, T—the temperature. With this method, the detail of flow energy loss inside
pump turbine can be well visualized and analyzed based on CFD simulation results.

3.2. Computational Fluid Dynamics Setup

The numerical simulation was based on the commercial software ANSYS CFX. The
flow passage of the pump turbine was from the draft tube inlet to the volute outlet as
shown in Figure 2. The commercial software ICEMCFD was used to generate the grid.
Tetrahedral and hexahedral grids were used in this study to ensure the computational
quality and save computational cost. A grid independence check was conducted as shown
in Figure 2a. The residual value of predicted head at the global best efficiency point under
α = 14 degrees was chosen as the criterion and a residual less than 0.001 was accepted.
The schematic diagram of the final grid is shown in Figure 2b. The grid number of each
component is shown in Table 2. The total grid element number was 9,668,956.
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Table 2. Grid number of each component.

Component Grid Number

Draft tube 388,445
Runner (including clearance) 3,368,717

Guide vane 1,462,120
Stay vane 2,669,804

Volute 1,779,870
Total 9,668,956

A multi reference frame model was used in this study. The runner was set as the
rotating domain, and the rest of the parts were stationary domains. The reference pressure
was set to 1 Atm. The boundary conditions are given as follows. The inlet boundary was
set at the inlet of draft tube with a given velocity. The outlet boundary was set at the volute
outlet, and the given outlet static pressure was 0 Pa. The wall boundaries were no-slip wall
type. The interfaces between rotor and stators were set as the stage type. The minimum
number of iterations was set to 300, the maximum number of iterations was set to 1000 and
the convergence criterion was RMS residual less than 1 × 10−5.

3.3. Model Test

Model test is an important part of this study. As shown in Figure 3, the model scale
pump turbine unit was installed in the test section. The upstream and downstream were
storage tank and cavitation tank, respectively, which can play the role of water storage,
rectification, joint regulation of cavitation with vacuum pump and so on. The supply pump
was used to maintain the fluid circulation of the test system.

During the model test, the energy characteristics were measured at first. The pa-
rameters such as measured physical quantities and apparatus uncertainty are given in
Table 3. Based on the constant speed test method, the working condition was changed by
adjusting the valve and matching the guide vane opening angle, and the head H, flow rate
Q, rotational speed n, shaft torque M and guide vane opening angle α were recorded. The
values of power P and efficiency η can be calculated to determine the operating condition
point of the unit. Among them, the head H was measured by the differential pressure
sensor, and the static pressure ps and the pressure difference psd between inlet and outlet
were measured. The calculation formula is as follows:

H =
pso − psi

ρg
=

psd
ρg

(13)

where ρ is density and g is the acceleration of gravity. Flow rate Q was measured by
electro-magnetic flow meter. The measurement of power P needs to consider torque M and
rotational speed n, where n was measured by rotating speed encoder and M was measured
by torque meter. Power P can be calculated by:

P =
2πn
60

M (14)

where the unit of n is [r/min]. The efficiency η can be calculated by:

η =
ρgQH

P
(15)

The guide vane opening α was measured by using the angular displacement sensor.
The above test parameters were transmitted to the data acquisition terminal for analog-to-
digital conversion and post-processing.
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Table 3. Measured physical quantities and apparatus uncertainty.

Quantity Apparatus Type Uncertainty

Flow rate Electromagnetic flowmeter Rosemount 8705TSE ±0.1%
Rotation speed Rotary encoder E6B2-CWZ1X ±0.02%

Head Differential pressure sensor SHAE 1151HP6E ±0.1%
Torque Load sensor GWT MP47/22C3 ±0.015%

Tail-water pressure Absolute pressure sensor Rosemount 1151AP ±0.1%
Guide vane angle Angular displacement sensor BGJ 60 ±0.10◦
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4. Comparison of Energy Performance

Figure 4 is the experimental–numerical comparison of the energy performance in
pump mode. Five different guide vane opening angles were analyzed, including the head
H and efficiency η. For the experimental data, the Q-H envelop curve and Q-η envelop
curve are shown. The Q-η envelop curve is drawn based on the best efficiency point (QBEP)
of each guide vane opening angle. The operation of the prototype pump turbine will follow
this curve in order to have a higher efficiency. The head values H of these best efficiency
points (QBEP) were recorded as the Q-H envelop curve. For each Q-H curve, its BEP point
matches with the Q-η envelop curve and Q-H envelop curve. Generally, as shown by the
Q-H envelop curve, H increases with a decrease in Q. The Q-η envelop curve has a peak
(best efficiency point) as indicated in Figure 4. The global best efficiency point is under
α = 14 degrees.
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Figure 4. Experimental–numerical comparison of energy performance in pump mode.

In the analysis of CFD prediction results, the guide vane opening angle α from
18 degrees to 10 degrees was analyzed. With the decrease in the guide vane opening
angle α, the flow rate becomes smaller and smaller. This shows the good flow-adjusting
ability of the guide vane. The individual Q-H curves match the Q-H envelop curve well.
Head H increases with the decrease in flow rate Q with local variations. For Q-η curves, each
individual curve has a local peak. This means that the efficiency increases and decreases
with the decrease in the flow rate. Each guide vane opening angle has a best operation
range. The efficiencies of the CFD-predicted results are higher than the experimental data.
This is reasonable because of the ignorance of the mechanical efficiency in the experiment.
The individual Q-η curves have different laws because of the different guide vane openings.
Detailed analyses are given in the following sections. CFD prediction will help the internal
flow field analysis for the understanding of the relationship between the flow pattern and
guide vane opening angle.

To have a better understanding of the drop in the head when the flow rate is relatively
small, the head stagnation point and head valley point are defined for each α condition. For
a Q-H curve, the slope is generally negative but one or multiple positive slope regions can
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be found. With a decrease in the flow rate, the point that H stops the increment is defined as
the head stagnation point and the flow rate is denoted as QSTA. If the flow rate continually
decreases, H will rise again, the valley point is defined as the head valley point and the
flow rate is denoted as QVAL. The values of QSTA and QVAL are shown in Figure 5a,b. Both
QSTA and QVAL decrease with a decrease in α. This means that the unstable flow rate of the
guide vane decreases synchronously with the decrease in the guide vane opening angle.
A detailed analysis of the best efficiency ηBEP and flow rate of best efficiency points QBEP is
shown in Figure 5c,d. The value of ηBEP increases within α = 10~14 degrees and decreases
within α = 14~18 degrees. The value of QBEP generally increases from α = 10 degrees to
α = 18 degrees, with an exception at α = 16 degrees. This means that the optimal matching
opening angle of the guide vane increases synchronously with the increase in the flow rate.
Therefore, the optimal matching and undesirable matching of the guide vane and impeller
need further analyses.
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Figure 5. Variation in typical conditions of different attack angles α. (a) QSTA. (b) QVAL. (c) ηBEP.
(d) QBEP.

5. Analysis of Internal Flow

The analysis of the internal flow in the pump turbine includes five parts with
five different guide vane opening angles. They are defined as the large guide vane opening
angle (18 degrees), medium-large guide vane opening angle (16 degrees), medium guide
vane opening angle (14 degrees), medium-small guide vane opening angle (12 degrees) and
small guide vane opening angle (10 degrees), and are discussed in the following sections.

5.1. Large Guide Vane Opening Angle (18 Degrees)

Figure 6 shows the situation of the guide opening angle α of 18 degrees. Figure 6a,
respectively, shows the flow–head Q-H and flow–efficiency Q-η Curve, where QBEP is
approximately 0.415 m3/s and QVAL is approximately 0.339 m3/s. Through the analysis of
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the flow energy loss proportion inside the volute, stay vane, guide vane, runner and draft
tube as shown in Figure 6b, it is found that, when the flow rate is at the QBEP point, the loss
proportion of the guide vane is approximately 40.8%. The loss proportion inside the runner
is close to that inside the guide vane. The loss proportion of the stay vane and volute is
relatively small. The loss in the draft tube is less than 1%, which is very small. When the
flow rate decreased to QVAL, the loss proportion of guide vane increased significantly to
53.9%, which was higher than the sum of other components. It can be seen from the Spro
contour and v vectors at the QBEP point that there is only a small amount of guide vane
passages with an obvious loss increase, and that the intensity is not high. This is related
to the local secondary flow structures. At the QVAL point, there are approximately seven
channels of the guide vane with significant loss. The local intensity is very high, which
is also related to the secondary flow in the guide vane channels, and it causes the flow
blockage in the downstream components.
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5.2. Medium-Large Guide Vane Opening Angle (16 Degrees)

Figure 7 shows the situation of the guide opening angle α of 16 degrees. Figure 7a,
respectively, shows the flow–head Q-H and flow–efficiency Q-η curve, where QBEP is
approximately 0.339 m3/s and QVAL is approximately 0.327 m3/s. As shown in Figure 7b, it
is found that, when the flow rate is at the QBEP point, the loss proportion of the guide vane
is approximately 51.8%, which is the largest. The loss proportion inside the runner is the
second largest. The loss proportion of the stay vane and volute is smaller. The loss in the
draft tube is also less than 1%, which is very small. When the flow rate decreased to QVAL,
the loss proportion of the guide vane became 52.2%, which was almost unchanged. It can
be seen from the Spro contour and v vectors at the QBEP point and QVAL point that secondary
flow structures are found in guide vane channels. Flow blockage in the downstream
components can be also observed. Based on the comparison between the QBEP point and
QVAL point, the intensity of the flow energy loss at the QVAL point is much stronger. This is
why head H drops suddenly.
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5.3. Medium Guide Vane Opening Angle (14 Degrees)

Figure 8 shows the situation of the guide opening angle α of 14 degrees. Figure 8a,
respectively, shows the flow–head Q-H and flow–efficiency Q-η curve, where QBEP is
approximately 0.363 m3/s and QVAL is approximately 0.267 m3/s. As shown in Figure 8b,
it is found that when the flow rate is at the QBEP point, the loss proportion of the guide
vane is approximately 36.9%. The loss proportion inside the runner is close to that inside
the guide vane. The loss proportion of the stay vane and volute is smaller than that in the
runner and guide vane. The loss in the draft tube is still much smaller. When the flow rate
decreased to QVAL, the loss proportion of the guide vane increased significantly to 69.7%,
which was higher than the sum of other components. The proportion of loss in the runner
becomes lower. It can be seen from the Spro contour and v vectors at the QBEP point that
only few guide vane passages have a relatively strong energy loss and that the intensity is
not that high. At the QVAL point, there are approximately eight channels of the guide vane
with a significant flow energy loss with very high intensity. The sudden increase in Spro
also indicates the mismatching of the guide vane and runner incoming flow. The bad flow
regime will cause flow blockage in the stay vane and volute.
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5.4. Medium-Small Guide Vane Opening Angle (12 Degrees)

Figure 9 shows the situation of the guide opening angle α of 12 degrees. Figure 9a,
respectively, shows the flow–head Q-H and flow–efficiency Q-η curve, where QBEP is
approximately 0.315 m3/s and QVAL is approximately 0.219 m3/s. As shown in Figure 9b,
it is found that, when the flow rate is at the QBEP point, the loss proportion of the guide
vane is approximately 47.5%, which is the largest. The loss proportion inside the runner,
stay vane and volute is similar. The loss in the draft tube is still less than 1%. When the
flow rate decreased to QVAL, the loss proportion of the guide vane increased significantly
to 65.6%, which was higher than the sum of other components. The proportion of loss in
the volute becomes obviously lower. It can be seen from the Spro contour and v vectors at
the QBEP point that the loss is relatively low and the flow regime is smooth in all of the
guide vane channels. At the QVAL point, some guide vane channels have a high flow energy
loss with a high intensity. This is related to the secondary flow in the guide vane, and the
downstream components are influenced.
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5.5. Small Guide Vane Opening Angle (10 Degrees)

Figure 10 shows the situation of the guide opening angle α of 10 degrees. Figure 10a,
respectively, shows the flow–head Q-H and flow–efficiency Q-η curve, where QBEP is
approximately 0.243 m3/s and QVAL is approximately 0.183 m3/s. As shown in Figure 10b,
it is found that, when the flow rate is at the QBEP point, the loss proportion of the guide
vane is approximately 54.8%, which is the largest. The loss proportion inside the runner
and stay vane is similar and lower than that in the guide vane. The loss in the volute is
much lower. The loss in the draft tube is less than 1%, which is very low. When the flow
rate decreased to QVAL, the loss proportion of the guide vane increased significantly to
70.5%, which was higher than the sum of other components and completely dominant. The
proportion of loss in the stay vane and volute becomes obviously lower. It can be seen
from the Spro contour and v vectors at QBEP point that the loss is relatively low and the flow
regime is smooth in all of the guide vane channels. At the QVAL point, the flow regime in
the guide vane becomes bad and causes an increase in the flow energy loss.
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6. Discussion

The stagnation and drop in head H with the decrease in flow rate Q is related to
the mismatching of the guide vane flow angle. In order to have a better understanding
of this mis-matching, Figure 11 is schematically drawn with two conditions of QBEP and
QVAL. The most important change from the QBEP point to QVAL point is the decrease in the
flow rate.

Water 2022, 14, x FOR PEER REVIEW 17 of 19 
 

 

 
Figure 11. Schematic map of the mismatching of guide vane flow angle. 

The most important analysis method of turbomachinery is the velocity triangle anal-
ysis. If we draw the velocity triangle at the runner trailing-edge in pump mode, the rota-
tional linear velocity u can be determined at a specific rotational speed. The direction of 
relative velocity w can be determined because the runner blade is fixed. The meridional 
component of absolute velocity vm can be calculated by [32]: 

m
Qv =
A

 (16)

where A is the flow passing area where vm is analyzed.  
When the flow rate is QBEP, which represents a good flow condition, the absolute flow 

angle between the runner and guide vane, defined as αicf, will be almost equal to the guide 
vane installation angle αgv. When the flow rate Q decreases, vm will become smaller. Be-
cause the direction of w is almost unchanged, αicf will be smaller, as indicated. The absolute 
difference Δα between αgv and αicf can be defined as: 

icf gv=α α αΔ −  (17)

Therefore, Δα will be larger. This means that the good matching between the flow 
angle and guide vane installation angle will be broken when the flow rate decreases. If 
this mismatching becomes strong, the flow regime in guide vane channels will be very 
bad, leading to a ‘stall’ situation. This is why the stagnation of and drop in head H occur. 
This mis-matching will also occur when the flow rate increases. This is why the efficiency 
curve has an optimal region. For the large flow rate conditions, there is no positive Q-H 
slope problem.  

In addition, the slip phenomenon of the blade channel caused by the blade number 
limitation will also make the originally estimated incoming flow direction upstream to the 
guide vane deflect to some extent. This phenomenon is not the same in different tur-
bomachinery [33]. It will be strong in a pump turbine and will cause a change in velocity 
triangle components. As for the effect of the slip phenomenon on the Q-H instability of 
the pump turbine, we will pay special attention to it in future research. In general, the 
mismatching of the guide vane flow angle is especially important in small flow rate con-
ditions, which is extremely off-design.  

Figure 11. Schematic map of the mismatching of guide vane flow angle.

The most important analysis method of turbomachinery is the velocity triangle analy-
sis. If we draw the velocity triangle at the runner trailing-edge in pump mode, the rotational
linear velocity u can be determined at a specific rotational speed. The direction of relative
velocity w can be determined because the runner blade is fixed. The meridional component
of absolute velocity vm can be calculated by [32]:

vm =
Q
A

(16)

where A is the flow passing area where vm is analyzed.
When the flow rate is QBEP, which represents a good flow condition, the absolute

flow angle between the runner and guide vane, defined as αicf, will be almost equal to
the guide vane installation angle αgv. When the flow rate Q decreases, vm will become
smaller. Because the direction of w is almost unchanged, αicf will be smaller, as indicated.
The absolute difference ∆α between αgv and αicf can be defined as:

∆α =
∣∣∣αic f − αgv

∣∣∣ (17)

Therefore, ∆α will be larger. This means that the good matching between the flow
angle and guide vane installation angle will be broken when the flow rate decreases. If
this mismatching becomes strong, the flow regime in guide vane channels will be very
bad, leading to a ‘stall’ situation. This is why the stagnation of and drop in head H occur.
This mis-matching will also occur when the flow rate increases. This is why the efficiency
curve has an optimal region. For the large flow rate conditions, there is no positive Q-H
slope problem.
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In addition, the slip phenomenon of the blade channel caused by the blade number
limitation will also make the originally estimated incoming flow direction upstream to
the guide vane deflect to some extent. This phenomenon is not the same in different
turbomachinery [33]. It will be strong in a pump turbine and will cause a change in velocity
triangle components. As for the effect of the slip phenomenon on the Q-H instability
of the pump turbine, we will pay special attention to it in future research. In general,
the mismatching of the guide vane flow angle is especially important in small flow rate
conditions, which is extremely off-design.

7. Conclusions

In this study, the flow energy loss and Q-H stability in a reversible pump turbine in
pump mode was discussed for five different guide vane opening angles. These opening
angle conditions cover the main conditions during daily operation in pump mode. The
mismatching of the guide vane and runner incoming flow will induce an increase in flow
energy loss in the guide vane and downstream components. It will cause a drop in head
H and instability in the Q-H relationship. This situation occurs at both the large guide
vane opening and small guide vane opening. With a decrease in the flow rate, the angle
difference between the runner outlet flow and guide vane becomes bigger and bigger in
order to generate the positive slope Q-H region. If this positive slope region overlaps
a specific head, the operation stability will be influenced.

In the current pump turbine operation, the selection of the on-cam operation curve
depends on the judgment of the high-efficiency envelop. However, the Q-H unstable region
of the pump turbine in pump mode is also very important. As discussed in this study,
if only considering high efficiency, the unit may face the risk of an unstable operation.
Based on the research results of this paper, we can determine a scheme of selecting the
on-cam envelop curve that takes into account both efficiency and stability without changing
the hydraulic design. Our future research will compare and discuss the advantages and
disadvantages of the selection of the on-cam operation scheme.

Generally, this study provides a reference for the solution of engineering problems,
mainly serving the stable operation of the unit. This study is of great significance for
the technical improvement in large-capacity medium and high head pumped storage
power stations.
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Abstract: The flow analysis of the forebay of a lateral intake pumping station with asymmetrical
operating pumps was carried out with a realizable k-ε turbulent model and SIMPLEC (Semi Implicit
Method for Pressure Linked Equations Consistent) algorithm. The Pressure Inlet boundary condition
was adopted and the pressure between the top surface and the bottom surface was linear with the
height of the inlet section. The Mass Flow Outlet boundary condition was also adopted to ensure the
accuracy and precision of the CFD (Computational Fluid Dynamics) simulation. The diversion pier
was selected as the optimization strategy based on the flow parameters. The layout of the diversion
piers was designed with four parameters which are the relative length, relative height, width, and
straight-line distance of the piers’ tail. Each parameter had three values. Based on the orthogonal
test, nine groups of the numerical simulation on different layouts of diversion piers were analyzed
with the uniformity of axial flow velocity and weighted average angle of the flow velocity of the
inlet cross-section of each pump, reducing the number of tests from 64 (43) groups to 9 groups,
improving work efficiency. The results show that the diversion piers had a significant adjustment of
uniformity of axial flow velocity and weighted average angle of flow velocity. After optimization of
the forebay, the uniformity of axial flow velocity of intake of No.1 pump was 80.26% and the weighted
average angle of flow velocity was 77.68◦. The above values of the No.2 pump were 98.74% and
87.84◦, respectively. The values of the No.4 pump were 93.41% and 77.28◦. The results of numerical
simulation, which was carried out to estimate the rectification effect under the operation combination
of the No.1, No.3, and No.4 pumps, showed that the uniformity and the angle of the No.1 pump were
92.65% and 72.66◦, respectively, the uniformity and the angle of No.3 pump were 94.54% and 85.14◦,
and the uniformity and the angle of the No.4 pump were 75.81% and 78.21◦. This research proves
that the orthogonal test method, in a reasonable and convenient way, can be applied in hydraulic
optimization for a lateral intake pumping station.

Keywords: flow pattern; orthogonal test method; lateral intake; CFD numerical simulation;
diversion pier

1. Introduction

In the forebay of a lateral intake pumping station, vortices, spiral flows, and large-scale
reversed flows occurred, directly affecting the pump’s inlet conditions, and resulting in
a decline in the pump’s energy performance and steam erosion performance. These flow
patterns also cause vibration in the unit and may even jeopardize its safety. Therefore,
rectification measures must be developed for the lateral intake pumping stations [1–3].
In order to improve flow performance, some researchers have studied three-dimensional
flows in pump or pumping station intakes [4–8]. Several studies have been conducted
on the flow and the alteration of the flow pattern in the forebay of the pumping stations.
Kadam P. et al. [9] studied the flow field of the inlet building of a pumping station using
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physical model tests along with numerical simulation techniques. They also evaluated the
flow characteristics of the forebay and the inlet pipe and discovered that the poor intake
flow pattern was caused by the high diffusion angle of the forebay and small inundation
depth. To improve the flow in the forebay of the pumping station, Liu, C. et al. [10,11]
used division piers that study and validate conclusions numerically and experimentally.
Feng X. [12] used the rectifier sill as a rectifying measure for the forward inflow forebay
of the pumping station. Li J. et al. [13] simulated flow patterns in the forebay and suc-
tion sump of the Tianshan pumping station through a finite element analysis approach.
Xu, B. et al. [14] studied the influence of the length of the diversion piers on the flow pat-
tern in an asymmetric combined sluice-pump station project based on the CFD numerical
simulation. Finally, Xia, C. et al. [15] added the inverted T-shaped diversion piers in the
forebay to significantly improve the uniformity of the internal flow velocity distribution.

Luo, C. et al. [16] added the sill to rectify the flow pattern in the forebay and analyzed
the general rules of the position and height of the sill. Yu, Y. et al. [17] studied the influence
of the flow deflector on the flow pattern in the forebay of the pumping station and obtained
the reasonable layout parameters of the flow deflector based on the physical model test and
numerical simulation. According to a study by Luo, C. et al. [18], opening the diversion
pier can lower the lateral and axial flow velocity as well as the oblique flow area of
the surface layer of the flow surface in front of the pier head, enhancing navigational
safety. The orthogonal test method is a scientific approach to testing a design based on the
analysis of multi-component and multi-level test situations. It significantly reduces the
number of tests while allowing for the investigation of the influence of each factor level on
evaluation indices through the creation of orthogonal test tables and ranges. The influence
of each factor on the head of the pump was investigated by Wang, W. et al. [19] using an
orthogonal test design with four factors, three levels, and numerical simulation calculation.
J. Zhou [20] obtained the influence of each factor on the uniformity of axial flow velocity
and the weighted average angle of velocity by the length, width, radian, and relative height
of the orthogonal test design of five factors and four levels. The study by Xu, B. et al. [21]
showed that the orthogonal test method has a significant effect on the parameter design for
the rectification measures of pumping stations.

The orthogonal test method can optimize the hydraulic design of the diversion piers.
Numerous studies combining physical model testing and numerical simulation have been
carried out for the rectification measures for the forebay of pumping stations. These studies
show that the results of the CFD numerical simulation are essentially similar to those of the
physical model testing and that the only approach to enhance the flow pattern of the forebay
of pumping stations is through the use of the CFD numerical simulation method [22–26].
As a result, in this paper, the CFD numerical simulation method will be used to analyze
the flow pattern of the forebay of a specific pumping station and to improve the design
parameters of the diversion pier. The analysis method and procedure are shown in Figure 1.

The novelty of this study lies in the object of flow analysis, which includes not only
the forebay with side-intake of the pumping station but also asymmetrical operating
pumps and nine groups of numerical simulation on the various layouts of diversion piers
investigated using the orthogonal test with uniform axial flow velocity and weighted
average angle of the flow velocity at the inlet cross-section of each pump. This study is
divided into five sections: study area and method, typical sections in calculation domain
and evaluation indexes of flow pattern in the forebay, design of diversion piers based on
the orthogonal test, CFD analysis of Pumps 1, 3, and 4, and conclusion. This study provides
valuable resources for related topics of interest in pumping station engineering.
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2. Study Area and Method
2.1. Study Area

There are four pumps in the certain lateral inlet pumping station in Shandong province,
China, among which, the rated flow of the No.1 or No.4 pump is 2.6 m3/s and the rated
flow of the No.2 or No.3 pump is 5.4 m3/s. The inlet cross-section of every pump is 3.2 m
high and 4.85 m wide. The water depth of the forebay before the slope is 4 m, the water
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depth of the forebay behind the slope is 5.4 m, and the bottom slope has a gradient of 1:8,
as shown in Figure 2.
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Two main pump operation schemes are the combination of No.1 pump, No.2 pump,
and No.4 pump and the combination of No.1 pump, No.3 pump, and No.4 pump. The
rectification measures with diversion piers of the forebay under the combination of pumps
1, 2, and 4 will be mainly studied. The effectiveness of the rectification measures of pumps
1, 3, and 4 will be tested.

2.2. Study Method

FLUENT is used to numerically simulate the flow pattern of the forebay. The flow gov-
erning equations are the continuity equation and the Navier-Stokes equation. LES (Large
eddy simulation) and RANS (Reynolds averaged Navier-Stokes) are two simulation meth-
ods of turbulence. LES can capture large-scale effects and coherent structures in unsteady
and nonequilibrium processes and RANS will be incapable of action, but the computation
load will be bigger, and consumption time will be longer for LES. The simulation accuracy
by RANS can meet the requirement. The realizable k-ε turbulence model for RANS was
suitable for the simulation of the flow in the forebay with side-intake of the pumping
station [3]. The Reynolds number in the forebay is 2.86 × 105 greater than 3 × 104, which
shows that the turbulence is fully developed. The SIMPLEC algorithm is adopted [27].

2.2.1. Boundary Conditions

The side inlet cross-section is used as the inlet of the calculation domain, and the
pressure inlet boundary condition was adopted. The pressure on the top of the inlet section
is 8 kPa. The pressure at the bottom of the inlet section is 40 kPa. The pressure between
the top surface and the bottom surface is linear with the height of the inlet section. For the
free surface of the forebay, the shear stress generated by the air on the water surface and
heat exchange can be ignored, and the treatment of the symmetrical boundary with the
surface of the forebay was adopted according to the rigid-lid assumption. The outlet of
the discharge pipe of every pump was used as the outlet boundary. The Mass Flow Outlet
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boundary condition was then adopted. The mass flow of the No.1 pump was 2600 kg/s,
the mass flow of the No.2 pump was 5400 kg/s, and the mass flow of the No.4 pump was
2600 kg/s. All the solid parts were set to the wall according to the wall function method.

2.2.2. Grid Independence Verification

The computing domain is meshed by Fluent Meshing, including a tetrahedral grid
in complex parts and hexahedral mesh for non-complex parts. In order to improve the
calculation speed and accuracy of the computational domain, grid independence verifi-
cation should be done. The number of mesh is selected from 180,000, 320,000, 570,000,
800,000, 1.41 million, 3.33 million, and 4.93 million. Head loss, hf, was used as an evaluation
indicator for grid independence verification.

h f =
(Pin − Pout)

ρg
(1)

where Pin is the total pressure of the inlet; Pout is the total pressure of the outlet; ρ is the
density of water; and g is the gravity acceleration.

According to Figure 3, after the number of mesh exceeds 800,000, the head loss of
the calculation domain changes little and its head loss does not exceed 2%. Therefore, the
number of mesh was chosen as 800,000.
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3. Typical Sections in Calculation Domain and Evaluation Indexes of Flow Pattern
in Forebay

As shown in Figure 4, three horizontal sections are taken in the upper, middle, and
lower layers of the calculation domain as typical sections, which are called horizontal
section I (Z = 1.4 m), horizontal section II (Z = 0.1 m), and horizontal section III (Z = −1 m).
The elevation of the bottom of the forebay, as indicated in Figure 1, is Z = 0.
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The leftmost section of the forebay at length direction is Y = 0. Cross-section I
(Y = 49 m) is selected at the inlet passage of every pump to calculate the uniformity of axial
flow velocity and weighted average angle of flow velocity. The uniformity of axial flow
velocity (UAFV) and weighted average angle of flow velocity (WAAFV) on the cross-section
I can quantitatively indicate the inlet condition of pumps.

The uniformity of axial flow velocity, Vau, is shown in Equation (2).

Vau =

(
1−

√
n

∑
i=1

(Vai/Va − 1)2/n

)
× 100% (2)

In the formula, Vai is the axial velocity of each mesh, m/s; Va is the average axial
velocity of the section, m/s; and n is the number of mesh.

The weighted average angle of flow velocity, θ, is shown in Equation (3); θ = 90◦

indicates that the inlet condition of the pump is very good.

θ =
∑ Vai

(
90
◦ − arctan Vti

Vai

)

∑ Vai
(3)

In the formula, Vti is the transverse velocity of each mesh, m/s.

4. Design of Diversion Piers Based on Orthogonal Test Method
4.1. Dimension Design of Diversion Piers

As shown in Figure 5, there are three diversion piers: 1 (outer), 2 (middle), and
3 (inner) in consideration of the lateral intake forebay. The diversion piers are designed by
arc section and the straight-line segment at the head and tail. Diversion piers 2 and 3 are
designed with a straight segment at the head L1 = 4.5 m with the arc segment l1 = 6.7 m in
diversion pier 1 as the reference length. The length of the straight-line segment at the head
and the length of the arc segment of diversion piers 2 and 3 were determined by relative
length which is the ratio between the lengths of the two straight-line segments or two arc
segments, L1/L2 = l1/l2. C is the length of the straight-line segment at the tail of diversion
pier 3, and the length of the straight-line segment at the tail of diversion piers 1 and 2
may be determined to keep the ends of three diversion piers in the same cross-section of
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the forebay. Relative height is h = H1/H2, where H1 is the height of the diversion pier
and H2 is the water depth of the forebay. B is the width of the diversion pier which is
smaller than 0.9 m.
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4.2. Factors and Results Based on Orthogonal Test Method

The relative length, the width of the diversion pier, the length of the straight-line
segment at the tail of the diversion pier, and the relative height are the design parameters
for the design of the diversion pier. The uniformity of axial flow velocity and the co-angle
of the weighted average angle of flow velocity (CWAAFV) were taken as the evaluation
indexes for the orthogonal test results, and the orthogonal test table L9

(
34) was selected

according to the specified factors and the appropriate amount of the level. The level of each
factor and the orthogonal test results are shown in Tables 1 and 2. A, B, C, and D represent
the relative length, the width of the diversion pier, the length of the straight-line segment
at the tail of the diversion pier, and the relative height, respectively.

Table 1. Three levels with four factors.

Level
Factors

A B (m) C (m) D

1 1.2 0.3 1 0.6

2 1.3 0.4 1.2 0.8

3 1.4 0.5 1.4 1
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Table 2. Orthogonal test results.

Test Number
Factors Results of Test

A B C D UAFV (%) CWAAFV (◦)

1 1 1 1 1 85.665 7.398

2 1 2 2 2 88.528 22.473

3 1 3 3 3 79.698 37.819

4 2 1 2 3 76.714 33.429

5 2 2 3 1 82.426 12.775

6 2 3 1 2 80.727 14.701

7 3 1 3 2 73.546 25.101

8 3 2 1 3 82.402 31.221

9 3 3 2 1 77.980 13.649

4.3. Analysis of Orthogonal Test Table of the Diversion Piers

Ki (i = 1,2,3) of factor I (I = A,B,C,D) for UAFV or CWAAFV in Table 3 is the sum
of three UAFV or CWAAFV values for level i and factor I in Table 2, and then ki = Ki/3,
R = {max(k1, k2, k3)−min(k1, k2, k3)}. The R value can reflect the strength of the factor

on the result, that is, the larger the R value, the greater the influence of the factor on the
result. It can be seen from Table 3 that the influence of UAFV is: A > B > C > D, and the
order of the design factors of the diversion piers is: the relative length, the width of the
diversion pier, the length of the straight-line segment at the tail and the relative height
of the diversion pier. It can also be seen from Table 3 that the influence of CWAAFV is:
D > C > A > B, and the order of the design factors of the diversion piers is the relative
height of the diversion pier, the length of the straight-line segment at the tail, the relative
length, and the width of the diversion pier.

Table 3. Range analysis table.

Range Analysis
UAFV CWAAFV

A B C D A B C D

K1 253.890 235.925 248.794 246.071 67.690 65.927 53.319 33.821

K2 239.867 253.356 243.222 242.801 60.904 66.469 69.551 62.274

K3 233.928 238.405 235.670 238.814 69.970 66.168 75.695 102.469

k1 84.630 78.642 82.931 82.024 22.563 21.976 17.773 11.274

k2 79.956 84.452 81.074 80.934 20.301 22.156 23.184 20.758

k3 77.976 79.468 78.557 79.605 23.323 22.056 25.232 34.156

R 6.654 5.810 4.375 2.419 3.022 0.181 7.458 22.883

The trend diagram of UAFV is shown in Figure 6. It can be seen from Figure 5 that
the relative length of the diversion pier and the length of the straight-line segment at the
tail and the relative height of the diversion pier increases, and the UAFV value decreases,
but when the width of the diversion pier (0.3 m, 0.4 m, or 0.5 m) is 0.4 m, the UAFV is
maximized. So, the test scheme when UAFV is optimal is: A1B2C1D1.

92



Water 2022, 14, 2663

Water 2022, 14, 2663 8 of 14 
 

 

ሼmaxሺ𝑘1, 𝑘2, 𝑘3ሻ − minሺ𝑘1, 𝑘2, 𝑘3ሻሽ. The R value can reflect the strength of the factor on 
the result, that is, the larger the R value, the greater the influence of the factor on the result. 
It can be seen from Table 3 that the influence of UAFV is: A > B > C > D, and the order of 
the design factors of the diversion piers is: the relative length, the width of the diversion 
pier, the length of the straight-line segment at the tail and the relative height of the diver-
sion pier. It can also be seen from Table 3 that the influence of CWAAFV is: D > C > A > B, 
and the order of the design factors of the diversion piers is the relative height of the diver-
sion pier, the length of the straight-line segment at the tail, the relative length, and the 
width of the diversion pier. 

The trend diagram of UAFV is shown in Figure 6. It can be seen from Figure 5 that 
the relative length of the diversion pier and the length of the straight-line segment at the 
tail and the relative height of the diversion pier increases, and the UAFV value decreases, 
but when the width of the diversion pier (0.3 m, 0.4 m, or 0.5 m) is 0.4 m, the UAFV is 
maximized. So, the test scheme when UAFV is optimal is: A1B2C1D1. 

The trend diagram of CWAAFV is shown in Figure 7. When the relative length 
reaches 1.3 or the width of the diversion pier is 0.3 m or the length of the straight-line 
segment at the tail is 1.0 m or the relative height of the diversion pier is 0.6 m, CWAAFV 
values are minimized. So, the optimal scheme for CWAAFV is: A2B1C1D1. 

Table 3. Range analysis table. 

Range 
Analysis 

UAFV CWAAFV 
A B C D A B C D 

K1 253.890 235.925 248.794 246.071 67.690 65.927 53.319 33.821 
K2 239.867 253.356 243.222 242.801 60.904 66.469 69.551 62.274 
K3 233.928 238.405 235.670 238.814 69.970 66.168 75.695 102.469 
k1 84.630 78.642 82.931 82.024 22.563 21.976 17.773 11.274 
k2 79.956 84.452 81.074 80.934 20.301 22.156 23.184 20.758 
k3 77.976 79.468 78.557 79.605 23.323 22.056 25.232 34.156 
R 6.654 5.810 4.375 2.419 3.022 0.181 7.458 22.883 

 
Figure 6. The trend of UAFV with three levels for each factor. Figure 6. The trend of UAFV with three levels for each factor.

The trend diagram of CWAAFV is shown in Figure 7. When the relative length reaches
1.3 or the width of the diversion pier is 0.3 m or the length of the straight-line segment at
the tail is 1.0 m or the relative height of the diversion pier is 0.6 m, CWAAFV values are
minimized. So, the optimal scheme for CWAAFV is: A2B1C1D1.
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4.4. Analysis of Optimal Result

For UAFV, the selection scheme is A1B2C1D1, and for CWAAFV, the selection scheme
is A2B1C1D1. The comprehensive balance method is adopted, that is, according to the
influence degree of each factor on the evaluation index, the advantages and disadvantages
of each factor level for the evaluation index are calculated, and the most favorable scheme
is selected. The optimal scheme, A1B2C1D1, of diversion pier design is obtained by
calculating with the comprehensive balance method. Based on the numerical simulation,
the flow pattern for the optimal scheme is shown in Figure 8. For the No.1 pump, the
UAFV was 80.26% and the WAAFV was 77.68◦. For the No.2 pump, the UAFV was
98.74% and the WAAFV was 87.84◦. For the No.4 pump, the UAFV was 93.41% and the
WAAFV was 77.28◦.
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Figure 9 is a vector diagram of the flow velocity in the domain. With the increase
in the trip, the water flow velocity gradually decreases, the backflow at the outlet of the
diversion piers gradually disappears, the flow velocity distribution is gradually uniform,
and the direction of the flow velocity at the cross-section I is basically parallel to the axial
direction, showing that the diversion pier has a good rectification effect.
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5. CFD Numerical Test Analysis of Pumps 1, 3, and 4

In order to test the rectification effect of the optimal scheme designed in the orthogonal
test of the diversion piers under the pump operation scheme of pumps 1, 3, and 4, the flow
pattern in the forebay of the pumping station is calculated by the same CFD method, and
the streamline diagram of each typical section is shown in Figure 10.
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By the calculation, the UAFV of the No.1, No.3, and No.4 pumps were 92.65%, 94.54%,
and 75.81%, respectively. The WAAFV of pumps 1, 3, and 4 were 72.66◦, 85.14◦, and 78.21◦,
respectively. Therefore, it can be proved that the optimal scheme of the diversion piers
designed by the orthogonal test method is more suitable for different pump startup modes
under lateral water intake.

6. Conclusions

The CFD numerical simulation approach was used to study the flow pattern in the
forebay and to improve the design parameters of the diversion pier of a pumping sta-
tion. The forebay of a lateral intake pumping station with asymmetrical working pumps
was subjected to flow analysis using a realizable k-ε Turbulent model, the SIMPLEC
method, Pressure Inlet boundary condition, where the pressure between the top surface
and the bottom surface is linear with the height of the inlet section, and Mass Flow Outlet
boundary condition. Based on the flow parameters, the diversion pier was chosen as
the optimization strategy. Nine groups of the numerical simulation on various layouts
of diversion piers were examined using the orthogonal test method, with the uniform
axial flow velocity and weighted average angle of the flow velocity of each pump’s inlet
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cross-section. This provided a reference for related pumping station engineering. The
following conclusions were drawn:

(1) The parameters of diversion piers of the orthogonal test design having four factors
and three levels are different, and the uniformity of axial flow velocity and the weighted
average angle of the flow velocity of the inlet passages for the pumps are also different. With
a comprehensive balance method, the optimal combination of diversion pier parameters
can be selected as A1B2C1D1. The uniformity of axial flow velocity and the weighted
average angle of flow velocity after selecting the optimal combination are greatly improved.

(2) After selecting the optimal scheme through the orthogonal test design of the
diversion piers, the results showed that a small range of reflux phenomena appears in
the outlet position of the diversion piers. However, with the increase in the water flow
approach, the backflow area gradually disappears, and the water flow is relatively straight.
Because the flow of the No.2 pump unit is greater than that of the No.1 pump unit and
No.4 pump unit, the velocity distribution of the cross-section of the forebay shows a trend
of middle-high and low on both sides.

(3) Under the pump operation scheme of pumps 1, 3, and 4, the rectification effect of
the optimal scheme designed in the orthogonal test of the diversion piers under the pump
operation scheme of pumps 1, 2, and 4 has been well tested. It can be proved that the size
of the diversion pier designed by the orthogonal test method has a high application value
in the study of the lateral intake pumping station.

RANS with a realizable k-ε turbulent model was used in this study. The LES turbulent
model will be a good approach for higher accuracy and fine analysis of the vortex field.
The diversion piers in the paper combined with the sill is likely obtain a better rectification
effect, according to the relevant references. Sediment deposition in the front of the sill,
however, needs to be taken into consideration; it also necessitates further investigation.
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Abstract: The integrated pump gate structure can improve the shortcomings of traditional asymmetric
pumping stations with large floor space, but its internal flow mechanism is not clear, which affects its
efficient, stable, and safe operation. In order to reveal its internal fluid flow characteristics, numerical
simulations based on the N-S equation with the SST k-ω turbulence model are used in this paper, and
experimental validation is carried out. The test results yielded an efficiency of 60.50% near the design
flow condition, corresponding to a flow rate of 11.5 L/s, a head of 2.7569 m, a hydraulic loss of 0.064 m
in the inlet channel, and a hydraulic loss of 1.337 m in the outlet channel. The integrated pump gate
has a uniform inlet water flow pattern, less undesirable flow pattern, and a large backflow vortex
in the outlet water. This paper reveals the internal flow characteristics of its integrated pump gate
inlet and outlet water, and the research results can provide some reference for the design, theoretical
analysis, and application of similar integrated pump gates.

Keywords: integrated pump gate; inlet channel; outlet channel; flow pattern; hydraulic performance

1. Introduction

In recent years, the frequent occurrence of extreme rainfall weather has posed a serious
challenge to the flood control and drainage capacity of cities and towns. In the original
pumping station construction, the asymmetric arrangement form is usually used, that is,
the combination of sluice gate and pumping station, the gate is set in the middle of the
river cross-section direction, and the pump room is set next to the sluice gate. Usually,
the area of the water barrier sluice is small, and the pump chambers on both sides cannot
pass through the water when no flooding work is needed, resulting in low water exchange
efficiency inside and outside the river. At the same time, the construction of a large area of
land, long construction period, high economic costs are the traditional pumping station
disadvantages. Therefore, the integrated pump and gate device came into being. The
integrated pump and gate device is a pumping station that combines a pumping station
and a water barrier sluice into a whole arrangement, in which the pump sluice can be used
as a water barrier structure instead of a traditional sluice gate, and can provide support
for the pump. The pump is arranged on the gate, so there is no need to build a fixed
pump room, so that the gate and the pump room are combined into a whole device, which
greatly improves the flooding capacity of the river, significantly increases the vitality of the
water body in the river channel, and has the advantages of occupying a small area of land
compared to traditional pumping stations, short project cycle, lifting and handling, and
automatic control, etc., which can also significantly reduce the construction cost, land cost,
and alteration cost, and so on, while improving the efficiency of water exchange.

The integrated pump gate consists of sluice gate, gate pump, clapper gate, water
stop structure, opening and closing mechanism, etc. Relevant scholars have analyzed
its application characteristics and technical advantages, and compared it with traditional
pump gate in terms of floor space, circulation, economy, construction cycle, etc. Considering
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that integrated pump gates play a significant role in controlling drainage within urban areas
and managing black smelly water bodies [1]. Some scholars have discussed their design
points and concluded that in urban and rural river management, integrated pump gates
will become the mainstream and where the trend of development lies [2]. Some scholars
have explored their structures, such as the design of horizontal axial submersible pumps
suitable for pump gates [3], to investigate the effects of pump form, installation number,
overhang height, pump spacing, and flapper angle on the performance of integrated
pump gates [4]. Some other scholars have conducted numerical calculations and model
experimental studies on pump gates to derive the stress conditions, flow conditions, and
gate vibration characteristics of vertical surface-hole integrated pump gates and horizontal
surface-hole integrated pump gates under different operating conditions [5,6]. There
is always a negative pressure zone directly below the bottom edge of the flat bottom
gate [7], suggesting the two-phase flow and pump gate characteristics in the pump gate
pool [8], testing the energy characteristics of the ecological gate pump during bi-directional
operation, and resulting in a error of ±2% with the numerical simulation, which verified the
reasonableness of the numerical simulation, and finally predicted the optimal installation
angle of the vane by numerical simulation [9]. These research results provide basic data
for subsequent pump gates selection and other aspects, and also provide reference for
subsequent pump gates design and research.

At present, the integrated pump gate has formed a certain scale of industrial system
and user demand, but the related research is less, and the flow pattern of the front pool
and inlet and outlet water channels is not clear, which limits the further development
of the integrated pump gate technology, so it is necessary to carry out further related
research, and the research results of this paper have certain theoretical significance and
engineering value.

2. Numerical Simulation Model and Method
2.1. Pump Gate Modeling

In accordance with a project pump station design, impeller wood mold diagram,
pump gate structure diagram, and other applications of SolidWorks software were used to
establish an integrated pump gate model, imported into ANSYS Workbench software [10]
in the geometry module for adjustment and boundary condition naming; where model
impeller diameter D = 60 mm, rotation rate n = 6692 r/min, the gate length is 188 mm,
width is 60 mm and height is 299 mm, integrated pump gate design flow rate Qd = 11.5 L/s,
design head H = 2.7569 m. Three-dimensional geometric model of integrated pump gate as
shown in Figure 1.
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and model experimental studies on pump gates to derive the stress conditions, flow con-
ditions, and gate vibration characteristics of vertical surface-hole integrated pump gates 
and horizontal surface-hole integrated pump gates under different operating conditions 
[5,6]. There is always a negative pressure zone directly below the bottom edge of the flat 
bottom gate [7], suggesting the two-phase flow and pump gate characteristics in the pump 
gate pool [8], testing the energy characteristics of the ecological gate pump during bi-di-
rectional operation, and resulting in a error of ±2% with the numerical simulation, which 
verified the reasonableness of the numerical simulation, and finally predicted the optimal 
installation angle of the vane by numerical simulation [9]. These research results provide 
basic data for subsequent pump gates selection and other aspects, and also provide refer-
ence for subsequent pump gates design and research. 

At present, the integrated pump gate has formed a certain scale of industrial system 
and user demand, but the related research is less, and the flow pattern of the front pool 
and inlet and outlet water channels is not clear, which limits the further development of 
the integrated pump gate technology, so it is necessary to carry out further related re-
search, and the research results of this paper have certain theoretical significance and en-
gineering value. 
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pump gate structure diagram, and other applications of SolidWorks software were used 
to establish an integrated pump gate model, imported into ANSYS Workbench software 
[10] in the geometry module for adjustment and boundary condition naming; where 
model impeller diameter D = 60 mm, rotation rate n = 6692 r/min, the gate length is 188 
mm, width is 60 mm and height is 299 mm, integrated pump gate design flow rate Qd = 

11.5 L/s, design head H = 2.7569 m. Three-dimensional geometric model of integrated 
pump gate as shown in Figure 1. 
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reaches 3.03 million, the efficiency of the pump gate basically does not change with the 
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Figure 1. Three-dimensional geometric model of integrated pump gate. (a) Integrated gate general
assembly; (b) Inlet channel; (c) Outlet channel; (d) Gate; (e) Impeller; (f) Guide vane.

2.2. Mesh Division

According to the three-dimensional structure of the integrated pump gate, the water
overflow part of it is extracted, and the numerical simulation area of the integrated pump
gate includes: open inlet channel, gate, impeller, guide vanes, and open outlet channel.
In the calculation of this paper, the integrated pump gate is a table-hole type, and in
order to better retain the characteristics of the pump gate surface, the model is divided
by unstructured mesh, and the number of geometric model meshes is changed under
the design flow condition (Qd = 11.5 L/s) for mesh-independent analysis. After the grid
number reaches 3.03 million, the efficiency of the pump gate basically does not change
with the increase of the grid number [11], and this paper determines how to use the grid
number of 3.03 million for the subsequent numerical simulation work. Mesh division of
each calculation component as shown in Figure 2. The grid-independence results are shown
in Figure 3.
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2.3. Control Equations, Boundary Conditions, and Calculation Methods

In the numerical simulation of the integrated pump gate, the fluid is treated as a three-
dimensional incompressible viscous turbulent flow, without considering heat exchange.
Boundary condition settings as shown in Table 1.

Table 1. Boundary condition settings.

Boundary Conditions Parameter Setting

Inlet Mass Flow Rate
Outlet Average Static Pressure

Free liquid level Symmetry
Dynamic and static interface Frozen Rotor

Static interfaces None

In this paper, the SST k-ω [12] turbulence model is used to calculate the flow charac-
teristics inside the integrated pump gate, which combines the advantages of the standard
k-ε model [13] and the standard k-ω model [14] and captures the flow in the boundary layer
better by using automatic functions in the boundary layer, while the finite element-based
finite volume method is used to solve the problem.

In order to evaluate the hydraulic performance of the integrated pump gate after
numerical simulation, the hydraulic losses of the inlet and outlet channels, the uniformity
of the axial velocity distribution in the characteristic section, the weighted average angle of
the velocity in the characteristic section and the energy characteristics of the pump gate
were introduced as evaluation bases, and the performance characteristics of the integrated
pump gate were evaluated by five quantitative indicators.

In this paper, the total energy difference between the inlet channel of the integrated
pump gate and the outlet of the outlet channel is defined as the head of the device and is
expressed by the following equation [15]:

Hnet =




∫
s2

P2utds

ρQg
+ H2 +

∫
s2

u2
2ut2ds

2Qg


−




∫
s1

P1utds

ρQg
+ H1 +

∫
s1

u2
1ut1ds

2Qg


 (1)

where the first term on the right side of the equation is the total pressure at the outlet of the
outlet channel and the second term is the total pressure at the inlet of the inlet channel.

Where Q is the flow rate (m3/s), H1, H2 are the inlet and outlet section elevations of
the integrated pump gate (m), s1, s2 for the integrated pump gate inlet and outlet section,
u1, u2 for the integrated pump gate inlet and outlet water channel section flow rate at each
point (m/s), ut1, ut2 are the normal components of flow velocity (m/s) at each point of the
inlet and outlet channel sections of the integrated pump gate, P1, P2 are the static pressure
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(Pa) at each point of the inlet and outlet sections of the integrated pump gate, g is the
acceleration of gravity (m/s2).

The efficiency of the integrated pump gate is calculated as [16,17]:

η =
ρgQHnet

Tpw
(2)

where Tp is the torque (N-m), ω is the rotational angular speed of the impeller. The
hydraulic loss hf is calculated as [18,19]:

h f = E1 − E2 = (
P1

ρg
− P2

ρg
) + (Z1 − Z2) + (

u1
2

2g
− u2

2

2g
) (3)

Among them:

E1 =
P1

ρg
+ Z1 +

u1
2

2g
; E2 =

P2

ρg
+ Z2 +

u2
2

2g

where E1, E2 are the total energy at the inlet and outlet of the open flow channel, P1, P2 are
the static pressure at the inlet and outlet of the open flow channel (Pa), Z1, Z2 are the height
of the open flow channel inlet and outlet (m), u1, u2 are the open flow channel inlet and
outlet velocity (m/s).

The uniformity of flow velocity distribution is calculated as [20]:

Vu =



1 − 1

va

√√√√
[

n

∑
i=1

(vai − νa)
2

]
/n



× 100% (4)

where, Vu is the uniformity of axial flow velocity distribution in the characteristic section
(%), vai is the axial velocity of each calculation unit (m/s), n is the number of calculation
units. The velocity weighted average angle is calculated as [21]:

θ =
∑ uai

[
90◦ − arctan

(
uti
uai

)]

∑ uai
(5)

where uti is the horizontal velocity (m/s) of each unit in the characteristic section of the
flow channel. uai is the axial velocity (m/s) of each calculation unit.

3. Numerical Simulation Results and Analysis
3.1. Hydraulic Performance Results and Analysis

The pressure and torque are extracted from the numerical simulation result file, and
the pump gate head is calculated according to equation (1), and the pump gate efficiency
is calculated according to equation (2) to obtain the energy performance of the integrated
pump gate, as shown in Table 2. The energy performance curve of the integrated pump
gate is plotted as shown in Figure 4.

Table 2. Numerical simulation of the energy performance of an integrated pump gate.

Q (L/s) H (m) H (%)

8.5 (0.74 Qd) 3.4884 49.83
9.5 (0.83 Qd) 3.3126 55.85

10.5 (0.91 Qd) 3.0206 59.01
11.5 (Qd) 2.7569 60.50

12.5 (1.09 Qd) 2.3343 59.73
13.5 (1.17 Qd) 1.7245 54.87
14.5 (1.26 Qd) 1.0426 43.58
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saddle area, and the operation of the pump gate is not stable at this time, so it is recom-
mended to avoid operating in this flow range. 

3.2. Analysis of Internal Flow in Inlet Channel 
An axial section was created using the impeller rotation axis as a reference to explore 

the internal flow characteristics of the inlet flow channel before the pump gate. The sche-
matic diagram of the axial section is shown in Figure 5. 
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Figure 4. Pump gate energy performance curve.

The calculation results in Table 2 and Figure 4 show that the flow-efficiency curve of the
pump gate is approximately quadratic when the inlet water flow is Q = 0.5~15.5 L/s, and
the head of the pump gate gradually decreases from 7.24 m to 0.34 m, and the efficiency of
the pump gate is 60.50% near the design flow condition, the corresponding flow is 11.5 L/s
and the head is 2.7569 m. When the flow rate is 10.5~12.5 L/s (0.91~1.09 Qd), the pump
gate is in the high efficiency zone, and the efficiency of the pump gate is around 59~60%.
When the flow rate is 5.5~7.5 L/s (0.48~0.65 Qd), the pump gate is located near the saddle
area, and the operation of the pump gate is not stable at this time, so it is recommended to
avoid operating in this flow range.

3.2. Analysis of Internal Flow in Inlet Channel

An axial section was created using the impeller rotation axis as a reference to explore
the internal flow characteristics of the inlet flow channel before the pump gate. The
schematic diagram of the axial section is shown in Figure 5.
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3.2.1. Inlet Channel Streamline and Axial Flow Velocity Distribution

The streamline and axial flow velocity distribution clouds of the open inlet channel
under different flow conditions in the section are drawn, as shown in Figure 6.
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Figure 6. Cloud diagram of inlet channel streamline and axial flow velocity distribution under
different working conditions.

Through the analysis of Figure 6, it is concluded that under different flow conditions,
the streamline of open inlet channel is smooth, contraction is reasonable, and the streamline
is regular, which can provide better water inlet conditions for the impeller. The slope of the
open inlet channel is not easy to be too large, as too large will not only lead to aggregation
of water flow, but also very easy to form vortex at the bottom, hence should be avoided;
the figure can be found in the inlet channel of the slope of the decline is reasonable, no bad
flow conditions.

Under each flow condition (Q = 8.5~14.5 L/s), the flow velocity increases in the
direction from the inlet of the inlet channel to the inlet of the pump gate; at the top of
the pump gate structure, there is a low velocity zone because the water flow receives the
constraint of the pump gate; the water flow gathers at the inlet of the pump because of
the negative pressure created when the pump rotates, and the flow velocity reaches the
maximum value here, which is greater than 0.6 m/s. The flow velocity at the inlet of
the pump gate varies in a uniform gradient. Under the design condition (Q = 11.5 L/s),
the velocity field is the most uniform in the inlet channel, and under low and high flow
conditions, the high and low velocity areas are mixed more obviously.

The local area from the slope of the inlet channel to the inlet of the pump gate is
extracted separately as a research object, and the streamline and pressure distribution
clouds at the inlet of the pump gate of the open inlet channel under different flow conditions
are drawn in the section, as shown in Figure 7.

It can be concluded from Figure 7 that with the increase of flow rate (Q = 8.5~14.5 L/s),
the static pressure in the inlet channel is gradually increasing, and under the design
condition (Q = 11.5 L/s), the pressure at the bottom of the slope to the pump inlet is
approximately the same, and the pressure only starts to decrease in front of the pump gate
impeller inlet, under the high flow rate and low flow rate conditions, the pressure gradient
near the pump gate inlet is large and the pressure gradually decreases, the pressure is
lowest at the inlet of the pump gate.

3.2.2. Hydraulic Loss of Inlet Channel

According to the Formula (3) to calculate the inlet channel hydraulic loss, drawing
different flow conditions in the inlet channel hydraulic loss curve, as shown in Figure 8.
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The analysis of Figure 8 shows that the hydraulic loss of the inlet channel hf is positively
correlated with the flow rate Q, which approximately satisfies the quadratic function, and
the hydraulic loss is the smallest when the inlet flow rate is 8.5 L/s (0.74 Qd), which is
0.039 m, and the largest when the flow rate is 14.5 L/s (1.26 Qd), which is 0.100 m. The
larger the flow rate, the larger the hydraulic loss, and in this type of pump station, the
hydraulic loss of the inlet and outlet channels is a decisive factor in the efficiency of the
pump gate. The calculation results show that the average level of hydraulic loss of the inlet
channel is about 6 cm, which is in line with the conventional theory and design.
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3.3. Analysis of Internal Flow in Outlet Channel

An axial section is created with the impeller rotation axis to observe the flow charac-
teristics in the outflow channel. The schematic diagram of the axial section is shown in
Figure 9.
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Figure 10. Streamline and axial velocity distribution of the outlet channel under different flow con-
ditions. 

Figure 9. Schematic diagram of axial section of open outlet channel.

3.3.1. Streamline and Axial Velocity Distribution of Outlet Channel

The streamline and axial flow velocity distribution clouds of the open outlet channel
under different flow conditions in the section were drawn, as shown in Figure 10.
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Figure 9. Schematic diagram of axial section of open outlet channel. 

3.3.1. Streamline and Axial Velocity Distribution of Outlet Channel 
The streamline and axial flow velocity distribution clouds of the open outlet channel 

under different flow conditions in the section were drawn, as shown in Figure 10. 

 

  
(a) Q = 8.5 L/s (0.74 Qd)  (b) Q = 9.5 L/s (0.83 Qd) 

 
(c) Q = 10.5 L/s (0.91 Qd)  (d) Q = 11.5 L/s (Qd) 

(e) Q = 12.5 L/s (1.09 Qd)  (f) Q = 13.5 L/s (1.17 Qd) 

 
(g) Q = 14.5 L/s (1.26 Qd) 

Figure 10. Streamline and axial velocity distribution of the outlet channel under different flow con-
ditions. 
Figure 10. Streamline and axial velocity distribution of the outlet channel under different
flow conditions.

It can be found in Figure 10 that the outflow channel is turbulent near the pump gate,
and a return vortex parallel to the flow direction is formed at the outlet of the pump gate
guide vane, and the size of the vortex increases as the flow rate increases. When the flow
rate is 8.5~10.5 L/s (0.74~0.91 Qd), the axial flow velocity at the outlet of the pump gate is
about 3.3 m/s; when the flow rate is 11.5~14.5 L/s (Qd~1.26 Qd), the axial flow velocity at
the outlet is about 4.1 m/s, and then there is a step transition along the outlet direction,
due to the existence of vortex, the axial flow velocity above the pump gate is lower. The
axial flow velocity above the outlet is low. The existence of the vortex is mainly due to the
open outlet upper part of the stagnant water area, where the flow velocity is low due to
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the rotation of the impeller, the lower and middle water flow velocity is fast, making the
formation parallel to the direction of the water flow back vortex.

The local flow field at the outlet of the pump gate is taken out, and the streamline and
pressure distribution clouds at the outlet of the pump gate of the open outflow channel
under different flow conditions in the section are drawn, as shown in Figure 11.

Water 2022, 14, x FOR PEER REVIEW 10 of 22 
 

 

It can be found in Figure 10 that the outflow channel is turbulent near the pump gate, 
and a return vortex parallel to the flow direction is formed at the outlet of the pump gate 
guide vane, and the size of the vortex increases as the flow rate increases. When the flow 
rate is 8.5~10.5 L/s (0.74~0.91 Qd), the axial flow velocity at the outlet of the pump gate is 
about 3.3 m/s; when the flow rate is 11.5~14.5 L/s (Qd~1.26 Qd), the axial flow velocity at 
the outlet is about 4.1 m/s, and then there is a step transition along the outlet direction, 
due to the existence of vortex, the axial flow velocity above the pump gate is lower. The 
axial flow velocity above the outlet is low. The existence of the vortex is mainly due to the 
open outlet upper part of the stagnant water area, where the flow velocity is low due to 
the rotation of the impeller, the lower and middle water flow velocity is fast, making the 
formation parallel to the direction of the water flow back vortex. 

The local flow field at the outlet of the pump gate is taken out, and the streamline 
and pressure distribution clouds at the outlet of the pump gate of the open outflow chan-
nel under different flow conditions in the section are drawn, as shown in Figure 11. 

  
(a) Q = 8.5 L/s (0.74 Qd) (b) Q = 9.5 L/s (0.83 Qd) 

  
(c) Q = 10.5 L/s (0.91 Qd) (d) Q = 11.5 L/s (Qd) 

  
(e) Q = 12.5 L/s (1.09 Qd) (f) Q = 13.5 L/s (1.17 Qd) 

 
(g) Q = 14.5 L/s (1.26 Qd) 

Figure 11. Streamline and pressure distribution at the pump gate outlet under different flow conditions.

As can be seen from Figure 11, at different flow rates, there is a backflow vortex
above the pump gate outlet. With the increase of flow rate, the size of the vortex area also
increases, and the center of the backflow vortex also shifted to the outlet of the outflow
channel. Under the action of gravity, the fluid flows as a whole to the bottom of the pool to
do offset flow, and due to the existence of vortex, the pressure at the outlet is low, and with
the increase of vortex, the low pressure area also increases; pump gate outlet is 5~9 D at the
bottom of the pool, and there is a semicircular piece of high pressure area, and due to the
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slope of the outflow channel, the pressure returns to normal level, and the streamline also
began to level off.

3.3.2. Hydraulic Loss of Outlet Channel

According to the Formula (3) to calculate the hydraulic loss of the outflow channel,
draw the hydraulic loss curve of the outflow channel under different flow conditions, as
shown in Figure 12.
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Figure 12. Hydraulic loss curve of outlet channel under different working conditions.

As can be seen from Figure 12, the hydraulic loss of the open outlet channel under
different flow conditions is approximately parabolic with an open upward distribution,
reaching a minimum value of 1.121 m at an inlet flow rate of 9.5 L/s (0.83 Qd). With
the increase of the inlet flow rate, the hydraulic loss also gradually increases, reaching a
maximum value of 1.933 m at an inlet flow rate of 14.5 L/s (1.26 Qd).

3.4. Three-Dimensional Flow Regime Analysis
3.4.1. Integrated Pump Gate Three-Dimensional Streamline and Characteristic
Cross-Sectional Flow Rate

The characteristic section is shown schematically in Figure 13, the specific location is
shown in Table 3, and the pump gate impeller diameter D = 60 mm.
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Figure 13. Schematic diagram of the characteristic cross section.

Setting characteristic sections A-1, A-2, A-3 in order at 10 D intervals from the impeller
inlet. Setting characteristic sections A-4, A-5, A-6 in order at 10 D intervals from the guide
vane outlet. Setting characteristic sections B-1, B-2, B-3 in order at distances 5 D, 3 D and D
from the impeller inlet. Setting characteristic sections B-4, B-5, B-6 in order at distances D,
3 D and 5 D from the guide vane outlet.

The position of 5 D, 3 D, D from the impeller inlet and D, 3 D, 5 D from the guide vane
outlet are selected to make cross sections, and the sections are shown in the characteristic
sections B-1~B-6 in Figure 13, and the three-dimensional streamlines and axial flow ve-
locity distribution of the integrated pump gate in the characteristic sections are shown in
Figures 14–20.
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Table 3. Summary of characteristic selections.

Characteristic Section
Number

Distance from Impeller
Inlet L1

Distance from Guide Vane
Outlet L2

A-1 30 D
A-2 20 D
A-3 10 D

A-4 10 D
A-5 20 D
A-6 30 D
B-1 5 D
B-2 3 D
B-3 D

B-4 D
B-5 3 D
B-6 5 D
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By comparing Figures 14 and 20, it can be seen that before the impeller inlet of the
pump gate, with the increase of the inlet flow rate, there is no adverse flow pattern in
the inlet channel, and the streamlines are uniformly contracted toward the impeller inlet.
Comparing the axial velocity distribution clouds in the sections at different flow rates, it
can be seen that the axial velocity in the same sections gradually increases with the increase
of the inlet flow rate. At 5 D from the impeller inlet, the axial velocity distribution in the
section is more uniform, and the velocity at the side wall is smaller due to the boundary
layer effect. At 3 D from the impeller inlet, the velocity in the section gradually increases
from top to bottom, which is mainly due to the slope that causes the water to collect at the
bottom of the pool. At the impeller inlet D, the axial flow velocity is distributed outward in
a circular pattern, and the high velocity area is located in the lower and middle part of the
slice at the level of the impeller, while the flow velocity in the upper and middle part of the
section is lower.

From the distribution of streamlines in the outlet section of Figures 14 and 20, it can
be concluded that between 3 D and 5 D from the guide vane outlet, there is separation
and stratification of the fluid caused by vortices, which is due to the opposite axial flow
velocity of the streamlines. The region of high flow velocity within each section is located
in the middle and lower part, and the axial flow velocity of the water in the middle and
upper part is opposite to the flow velocity at the bottom of the flow channel due to the
presence of vortices. At D and 3 D from the guide vane outlet, the axial flow velocity in the
sections is distributed in a circular band, decreasing from the center line of the guide vane
to the top and bottom of the sections. At 5 D from the guide vane outlet, when the flow
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rate is 8.5~13.5 L/s (0.74~1.17 Qd), the axial flow velocity in the sections is approximately
the same, and only the upper part of the sections is slightly lower. When the flow rate is
14.5 L/s (1.26 Qd), there is still a circular region of high axial velocity in the section, which
is caused by the fact that as the flow rate increases, the flow rate increases and the high
velocity region also shifts toward the outlet of the outflow channel. At a flow rate of 8.5 L/s
(0.74 Qd), the area of the high flow velocity region in the slice at D from the guide vane
outlet is larger than that in the slice at 3 D from the guide vane outlet, and the area of
the high flow velocity region in the slice at 3 D from the guide vane outlet is larger than
that in the slice at D from the guide vane outlet for the rest of the flow conditions, This
is due to small flow conditions, small flow rate, short distance of high-speed water flow
transmission at the outlet of pump gate, and fast dissipation of kinetic energy.

3.4.2. Uniformity of Axial Flow Velocity Distribution and Velocity-Weighted Average
Angle of Each Characteristic Section under Design Conditions

Through the CFD-post post-processing interface, the velocity components of each unit
in the characteristic section are derived, and the axial velocity components are extracted,
and the axial velocity distribution uniformity and velocity-weighted average angle of each
characteristic section are calculated in turn, according to Formulas (4) and (5), as shown
in Table 4, where the characteristic sections B-4, B-5, and B-6 are closer to the guide vane
outlet, and the water flow is not fully diffused, and their the axial velocity distribution
uniformity and velocity weighted average angle are not very meaningful, so they are not
selected. The axial velocity distribution uniformity and velocity-weighted average angle
curves of each characteristic section under different flow conditions are plotted as shown
in Figure 21.

Table 4. Uniformity of axial flow velocity distribution and velocity-weighted average angle for each
characteristic section under design condition.

Evaluation
Indicators

Section
A-1

Section
A-2

Section
A-3

Section
B-1

Section
B-2

Section
B-3

Section
A-4

Section
A-5

Section
A-6

Uniformity of
flow rate

distribution
Vu (%)

95.42 94.18 93.95 96.72 91.15 45.33 95.37 98.26 98.25

Velocity −
weighted average

angle θ(◦)
89.93 89.71 89.54 79.47 75.30 62.01 87.95 89.67 89.96
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The more uniformity of axial flow velocity distribution is close to 100%, it means that
the more uniform flow velocity in the section, by comparing the uniformity of axial flow
velocity distribution in each characteristic section, it can be seen that the uniformity of axial
flow velocity distribution in section B-2 and section B-3 is slightly lower under the design
working condition. At section B-1, the inlet slope is more reasonable, and the uniformity of
axial flow velocity distribution can reach 96.72%, as section B-2 and section B-3 are close
to the impeller inlet. Influenced by the suction of the pump gate, the high-speed zone
is concentrated in the axial direction of the impeller of the pump gate, the flow velocity
gradually decreases in the axial direction in the shape of a ring around, the axial flow
velocity distribution is first reduced to 91.15% (B-2), and then reduced to 45.33% (B-3), the
closer to the pump gate inlet flow velocity uniformity is lower, from Figures 14–20 can also
find this phenomenon. In the outlet channel, the uniformity of axial velocity distribution
gradually increases, reaching 98.25% at section A-6, which indicates that the water flow
diffusion is reasonable and the flow pattern affected by pump gate recovers quickly.

The closer the velocity-weighted average angle is to 90◦, the better the isotropy of
the water flow. By comparing the velocity-weighted average angle of each characteristic
section, it can be seen that the velocity-weighted average angle decreases slightly at section
A-1, section A-2, and section A-3, which is approximately a primary function relationship,
and there is no obvious decrease. The velocity isotropy is better. At sections B-1, B-2, and
B-3 near the impeller inlet, the velocity-weighted average angle decreases to 79.47◦, 75.30◦,
and 62.01◦ respectively, and the closer to the pump gate, the smaller the velocity-weighted
average angle is, which is also due to the influence of the high speed rotation of the pump
gate, resulting in the velocity-weighted average angle in the section near the pump gate
impeller is obviously different from other parts of the characteristic section. The velocity-
weighted average angle in the section near the impeller of the pump gate is significantly
different from that in other parts of the characteristic section. In the outflow channel, the
velocity-weighted average angle gradually increases and reaches 89.96◦ at section A-6,
indicating that the isotropy of the flow has been restored.

4. Internal Flow Characteristics Test Analysis
4.1. Introduction to the Pump Gate Test Rig

The total length of the test bench is about 7.5 m, the total width is about 1.8 m, and the
diameter of the circulating pipe is 0.1 m. The test bench is made of transparent plexiglass,
which can help visually and clearly observe the flow pattern of the inlet and outlet water
channels of the pump gate, the position of the vortex, and the distribution of the bad flow
pattern. The two-dimensional schematic, three-dimensional rendering and real objects
of the test bench are shown in Figures 22 and 23 respectively, and the test measuring
instruments and equipment are shown in Table 5.
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Table 5. Main instruments and equipment for test data acquisition. 

Measurement 
Items 

Name of Measuring 
Equipment Model Scope of Work Accu-

racy 

Flow rate Electromagnetic flow 
meters ZEF-DN100 0~120 m3/h ±0.5% 

Rotational speed Laser tachographs DT-2234C 0.1~99,999r/min ±0.05% 

Flow pattern High-speed cameras OLYMPUS i-
SPEED 3 

2000fpsFull reso-
lution 

Maximum 
15,0000fps 

±1μs 

4.2. Test results and Analysis 
4.2.1. Analysis of Flow Characteristics of Open Inlet and Outlet Water Channels 

(1) Flow characteristics of open inlet channels 
In this paper, the oscillation of the tracer red line is used to reflect the flow character-

istics of the inlet channel. The flow patterns at positions A-1, A-2, and A-3 at the design 

Figure 22. Schematic diagram of test bench: 1. water inlet tank; 2. water inlet channel support part;
3. open inlet and outlet channels; 4. outlet channel support part; 5. outlet water tank; 6. flange
butterfly valve; 7. booster pump; 8. tested integrated pump gate; 9. pipe support; 10. electromagnetic
flowmeter; 11. circulating pipeline.
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Figure 23. Three-dimensional rendering drawing and physical drawing of integral pump gate test
stand: (a) Three-dimensional rendering drawing of integrated pump gate test stand; (b) physical
drawing of integrated pump gate test stand.

Table 5. Main instruments and equipment for test data acquisition.

Measurement
Items

Name of Measuring
Equipment Model Scope of Work Accuracy

Flow rate Electromagnetic flow
meters ZEF-DN100 0~120 m3/h ±0.5%

Rotational
speed Laser tachographs DT-2234C 0.1~99,999 r/min ±0.05%

Flow pattern High-speed cameras OLYMPUS
i-SPEED 3

2000 fpsFull
resolutionMaximum

15,0000 fps
±1 µs

4.2. Test results and Analysis
4.2.1. Analysis of Flow Characteristics of Open Inlet and Outlet Water Channels

(1) Flow characteristics of open inlet channels
In this paper, the oscillation of the tracer red line is used to reflect the flow characteris-

tics of the inlet channel. The flow patterns at positions A-1, A-2, and A-3 at the design flow
rate Q = 11.5 L/s (Qd) are selected for analysis by means of a high-speed camera, as shown
in Figure 24.

From the tracer red lines in Figure 24, it can be seen that the water flow in the char-
acteristic sections A-1, A-2, and A-3 is smooth, the streamline of the rear side wall of the
characteristic section A-1 is evenly spaced, and the tracer red lines are parallel to each
other, without cross winding. The tracer red line on the bottom rises slightly and floats
upward, which is caused by the slope at the rear of section A-1, similar to the streamline
state obtained in numerical simulation, the results of axial velocity distribution uniformity
and velocity weighted average angle at this position can also show that the flow pattern
here is smooth and the streamline is uniform. There is a horizontal flow passage between
section A-2 and section A-3, and the streamline of this section remains horizontal, and the
tracer red line does not appear disorderly and staggered, which is similar to the streamline
diagram obtained by numerical simulation (Figure 6).

(2) Flow characteristics of open outlet channels
The flow characteristics of the water channel are reflected by the oscillating attitude of

the tracer red line. The flow pattern is captured by a high-speed camera and selected for
analysis at positions A-4, A-5, and A-6 at a design flow rate of Q = 11.5 L/s (Qd), as shown
in Figure 25.
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From the tracer red line in Figure 25, it can be seen that in the outlet channel, the
streamline near the characteristic section A-4 is smooth, and the tracer red line on the wall
and bottom slightly swings upward under the action of the rear slope of section A-4, which
is similar to the phenomenon obtained by numerical simulation. At the characteristic section
A-5, due to the existence of the outlet slope, the tracer red line swings up significantly,
but before reaching the characteristic section A-6, the tracer red line has recovered to the
level, which is similar to the streamline in the numerical simulation (Figure 10). This
phenomenon can also be verified by comparing the weighted average angles of the two
sections in Table 4 and Figure 21.

4.2.2. Analysis of the Flow Characteristics at the Inlet and Outlet of the Pump Gate Impeller

(1) Flow characteristics at the inlet of the pump gate impeller
As shown in Figure 26, by observing the tracer red line at the impeller inlet of the

pump gate design flow Q = 11.5 L/s (Qd), it can be found that the tracer red line converges
to the impeller rotation center under the action of low pressure at the impeller inlet of the
pump gate, gradually shrinks and swings evenly, there is no cross wrapping at the pump
shaft, and the tracer red line at the upper part of the inlet channel faces the pump inlet,
which is similar to the numerical calculation result (Figure 6), the slope of the inlet passage
provides good inlet conditions for the impeller.
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(2) Flow characteristics at the outlet of the pump gate guide vane
As shown in Figure 27, the design flow rate of the pump gate Q = 11.5 L/s (Qd) can be

obtained through the test, and there is an obvious backflow vortex at the outlet of the guide
vane, section B-4, the side wall against the lower and bottom tracer red line swing toward
the outflow channel, the side wall against the upper tracer red line due to the existence
of vortex, swing toward the inlet direction, section B-5, B-6 tracer streamline swing state
similar to section B-4, the tracer red line oscillates upwards in the upper part of the outflow
channel, while the tracer red line oscillates downwards in the outflow channel, and there is
an obvious stratification of the water flow. This phenomenon can also be found through the
previous numerical simulation results, which is due to the formation of backflow vortex
caused by the opposite axial velocity of the water flow on the upper and lower side of the
outlet channel of the pump gate.
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5. Conclusions

In this paper, the SST k-ω turbulence model is used to numerically simulate the
integrated pump gate and verify its flow characteristics through experiments, the main
conclusions are as follows.

(1) The numerical calculation results show that the efficiency of the integrated pump
gate is 60.50% near the designed flow condition, the corresponding flow rate is 11.5 L/s,
the head is 2.7569 m, the hydraulic loss of the intake channel is 0.064 m, and that of the
outlet channel is 1.337 m.

(2) In this paper, through the axial velocity distribution and streamline of the inlet and
outlet channels, combined with the pressure distribution at the inlet and outlet of the pump
gate, the flow pattern of the integrated pump gate was analyzed, and it was concluded that
the inlet flow pattern of the pump gate was uniform, and there was a large backflow vortex
at the outlet of the pump gate. With the increase of the inlet flow, the vortex area increases
and the center moves back.

(3) Integrated pump gate test results show that the streamline in the open inlet channel
is smooth, parallel to each other, with no cross entanglement phenomenon. Impeller near
the inlet, the tracer red line gradually converge to the impeller inlet, gradually contracted,
uniform swing, no obvious bad flow pattern, vortex exists at the outlet of guide vane. In
the middle and rear section of open outlet channel, the tracer red line gradually returns to
parallel, and the streamline near the wall slightly swings upward at the outlet slope. The
experimental phenomenon is similar to the numerical calculation result.
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Abstract: The Yellow River has a high sand content, and sand deposition in the pipelines behind the
pumping station occurs from time to time. It is of great significance to reasonably predict the critical
velocity of the small-angled V-inclined water transportation pipes. In this study, a Eulerian multiphase
model was employed to simulate the solid–liquid two-phase flow. Based on the conservation of the
sand transport rate, the critical velocity of the V-inclined pipe was predicted. The effects of simulated
pipeline length, pipe inclination and particle size were investigated. The results show that when
the simulated pipeline length reached a certain value, it did not affect the prediction of the critical
velocity of the overall pipeline. The ±2◦ pipe inclination had a negligible effect on the critical velocity
for transporting small-sized particles, but it led to the nonuniform and asymmetrical distribution
of liquid velocity and sand deposition at the different cross-sections. As the particle size increased,
the critical velocity also increased. However, the influence of particle size on the critical velocity is
currently complicated, resulting in a large difference between numerical simulation and empirical
formulas when transporting large-sized particles. Accurate prediction of critical velocity is important
for long-distance water transportation pipelines to prevent sand deposition and reduce costs.

Keywords: V-inclined pipe; sand transport; critical velocity; numerical simulation

1. Introduction

The Yellow River in China is one of the rivers with the highest sand content in the
world, containing a large proportion of small-sized suspended particles [1]. Due to the
changes in the flow rate during the operation of the Yellow River long-distance water
transportation pipelines, different degrees of sand deposition are produced in the pipelines.
The characteristics of sand transport in the pipe can be described by the flow regime, which
is divided into different velocities [2–7]. With a sufficiently high flow velocity, the sand can
be completely suspended in the water, which can be considered as a homogeneous flow.
However, if the flow velocity is low enough to reach a certain value, the sand separates
from the water and the flow in the pipe becomes a heterogeneous flow. At an even lower
flow velocity, the sand forms a moving bed at the bottom of the pipe and eventually a
stationary deposition.

Scholars have conducted plenty of research on the velocities that delineate the different
flow regimes, especially the critical velocity that triggers sand deposition at the bottom
of the pipes [8–11]. Critical velocity is one of the most important parameters of pipelines,
and it ensures the economic and safe operation of long-distance water transportation. In
order to solve the sand deposition problem in the water transportation pipelines, the inflow
velocity needs to be higher than the critical velocity. In practical engineering applications,
the critical velocity law in the pipelines is extremely complex and affected by many factors.
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There are three main factors that affect the critical velocity: (1) pipe characteristics: pipe
diameter and wall roughness; (2) fluid characteristics: slurry velocity and sand content;
and (3) particle characteristics: particle size and particle grading composition, etc.

The critical velocity corresponds to the transition of the particle motion state. Since
scholars focus on different particle motion states, the definitions of critical velocity are
also distinct. Wasp [12], Shook [13] and Kokpinar [14] considered the critical velocity as
the lowest point on the head loss and velocity curve of the pipe. Azamathulla [15] be-
lieved that the critical velocity is the value at which the flow velocity changes from small
to large until there is no sand deposition at all. Durand [16], Thomas [17], Graf [18] et al.
defined the critical velocity as the velocity from large to small until some particles begin
to deposit, i.e., the minimum velocity at which all particles can remain in motion. Ac-
cording to He [19], the critical velocity is the average velocity of the cross-section when
obvious bedload movement occurs in the pipe. An [20] considers the critical velocity
as the average velocity of the cross-section when sand is pushed forward linearly and
slowly at the bottom of the pipe without pile deposition. Although the above definitions
of critical velocity are different, they are judged by the occurrence of sand deposition at
the bottom of the pipes.

At present, there are two methods for predicting the critical velocity: an empirical
formula and numerical simulation. Disagreement on the definition of critical velocity,
differences in experimental measurement methods and differences in the hydraulic param-
eters chosen for the calculations lead to different empirical formulas. The representative
ones are the formulas of Durand, Wasp, Shook, Turian and He Wuquan. However, the
structural form of these formulas and the parameters involved vary greatly and are not
universal. Compared with the empirical formulas obtained from experiments, numerical
simulation has the advantage of being less expensive and more adaptable. Therefore, it is
necessary to study critical velocity using numerical simulation. With the development of
CFD, the numerical simulation of solid–liquid two-phase flow has been developed, and
three-dimensional numerical simulation has greater advantages in analyzing local pipe
sections. Sajeev [21] verified the accuracy of solid–liquid two-phase flow by numerical
simulation in comparison with experiments. Ling [22] used a simplified ASM model to
simulate the low-concentration solid–liquid two-phase flow. Kaushal [23] performed nu-
merical simulations of pipeline slurry flow with mono-dispersed fine particles at high
concentrations using Mixture and Eulerian two-phase models and found that the Eulerian
model gives more accurate predictions for both the pressure drop and concentration pro-
files. Januário [24] used the CFD-DEM method to analyze characteristics of slurry flow
at different velocities and compared this with the experiments. Dabirian [25] numerically
simulated the critical velocity and compared it with experiments to investigate the effects
of parameters such as particle size and fluid viscosity on sand transport in horizontal
pipelines and to illustrate the feasibility of numerical simulation predictions of critical
velocity. Yang [26] investigated the transport and deposition characteristics of sand in the
pipeline by means of the Eulerian multiphase flow model and examined the effects of inlet
velocity, particle size and sand concentration.

Long-distance water transportation pipelines unavoidably follow undulating topog-
raphy. Although the bending angle is small, it complicates the multiphase flow. Most
studies have focused on the flow in horizontal pipes and other forms of inclined pipes.
Therefore, it is of great significance to study the critical velocity of V-inclined pipe with a
small bend angle. Al-lababidi [27] compared a horizontal pipe with a +5° upward-inclined
pipe and found that the pipe inclination had a negligible effect on the critical velocity but
a significant effect on the sand transport. Danielson [28] studied the sand transport in
−1.35° and +4° upward-inclined pipes in liquid and liquid–gas flow and found that the
pipe inclination had no significant effect on the sand transport in liquid. Dabirian [29]
experimentally investigated the effect of parameters such as particle size, sand content
and phase velocity on the three-phase flow of a +1.5° upward-inclined pipe. Conversely,
Tebowei et al. [30] used the Eulerian–Eulerian two-fluid model to simulate the sand trans-
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port in the V-inclined pipeline. They found that the small-angled V-inclined pipe had a
significant impact on sand disposition compared to the horizontal section, and the critical
velocity was much higher at the downstream section of the V-inclined pipe. Nossair [31]
experimentally studied a +3.6° upward-inclined pipe and found that a higher flow rate is
required to eliminate sand deposition in small-angle upward-inclined pipe compared to
horizontal pipe. Stevenson [32] reported that downward-inclined pipe is more prone to
sand deposition than upward-inclined pipe. Wang [33] used a single variable to conduct ex-
perimental research on an inclined pipe. They found that there is an optimal angle between
the horizontal and inclined pipes, which makes the critical velocity have a maximum value.
They also modified Wasp’s empirical formula to obtain the critical velocity of the inclined
pipe. V-inclined pipes tend to be affected by the curvature of the pipe and require more
attention compared to separate upward- and downward-inclined pipes.

In this paper, a three-dimensional numerical simulation of a small-angle V-slope water
transportation pipe was performed to predict the critical velocity of the pipe based on the
conservation of the sand transport rate. The accuracy of the numerical simulation was
verified by comparing it with the empirical formula. The effect of simulated pipeline length,
pipe inclination and particle size on the critical nonsiltation flow velocity was investigated
by controlling a single variable.

2. Numerical Method
2.1. Governing Equations

In the solid–liquid two-phase flow, the water is the primary phase while the sand is
the secondary phase. The Eulerian multiphase model was employed to predict the solid–
liquid two-phase flow in the pipe [26,30,34,35].The model treats each phase as a continuous
medium in time and space, existing in the same space and permeating each other. However,
each phase has different volume fraction velocities, temperatures and densities. There is
slip and interaction between phases. Momentum and continuity equations are solved for
each phase. The following is the governing equation of the Eulerian model applicable to
multiphase flow.

The description of multiphase flow as interpenetrating continua incorporates the
concept of phasic volume fractions, denoted here by αq .

n

∑
q=1

αq = 1 (1)

The solid phase is represented by s, the liquid phase is represented by l, αs and αl is
the volume fraction of the liquid phase and the solid phase respectively, then:

αs + αl = 1 (2)

The conservation of the mass equation for phase q is:

∂

∂t
(
αqρq

)
+∇ ·

(
αqρqvvvq

)
=

n

∑
p=1

(
ṁpq − ṁqp

)
(3)

where ρq is the physical density of phase q, vvvq is the velocity of phase q, ṁqp characterizes
the mass transfer from phase q to phase p, and ṁpq characterizes the mass transfer from
phase p to phase q, and t is time.

In this study, there was no mass transfer between the solid and liquid phases, so ṁqp
and ṁpq are both 0, and Equation (3) was simplified as:

∂

∂t
(
αqρq

)
+∇ ·

(
αqρqvq

)
=0 (4)

123



Water 2022, 14, 2627

The conservation of momentum equation for phase q is:

∂

∂t
(
αqρqvvvq

)
+∇ ·

(
αqρqvvvqvvvq

)
=− αq∇p +∇ · ¯̄τq + αqρqggg

+
n

∑
p=1

(
RRRpq + ṁpqvvvpq − ṁqpvvvqp

)

+
(

FFFq + FFFli f t,q + FFFwl,q + FFFvm,q + FFFtd,q

)
(5)

where ¯̄τq is the qth-phase stress–strain tensor:

¯̄τq=αqµq

(
∇vvvq +∇vvvq

T
)
+ αq

(
λq −

2
3

µq

)
∇ · vvvq

¯̄I (6)

where ggg is the acceleration of gravity, µq and λq are the shear and bulk viscosity of phase
q, ¯̄I is the unit tensor, FFFq is an external body force, FFFli f t,q is a lift force, FFFwl,q is a wall
lubrication force, FFFvm,q is a virtual mass force, FFFtd,q is a turbulent dispersion force, and p is
the pressure shared by all phases. RRRpq is an interaction force between phases. vvvpq and vvvqp
are the interphase velocities.

This paper considered the effect of gravity on sand deposition. Only the interaction
force was considered between phases, ignoring the forces that have less influence such as
lift force and virtual mass force. Equation (5) can be simplified as:

∂

∂t
(
αqρqvq

)
+∇ ·

(
αqρqvqvq

)
=− αq∇p +∇ · ¯̄τq + αqρqg + RRRpq (7)

For solid–liquid two-phase flow, the interaction force uses the Wen-Yu model and
satisfies RRRls = −RRRsl :

RRRls =
3αsαlρl |vvvs − vvvl |

4ds
αl
−2.65 · 24

αl Re f
[1 + 0.15(αl Re f )

0.687] · (vvvl − vvvs) (8)

where ds is the diameter of the solid phase; and Re f is the relative Reynolds number.

2.2. Turbulence Model

Three turbulence models are used to simulate turbulence in multiphase flows: the
mixture turbulence model, the dispersed turbulence model and a per-phase turbulence
model. These models were used by Kaushal [23], Li [34] and Ekambara [36], respectively.
The choice of turbulence model is based on the importance of the second-phase turbulence.
The mixture turbulence model uses mixture properties and mixture velocities, which are
sufficient to capture important features of the turbulent flow. Therefore, it was also used in
this study to reduce the computational overhead while meeting the accuracy requirements
of the calculation.

The turbulence kinetic energy k and its rate of dissipation ε are obtained from the
following transport equations:

∂

∂t
(ρmk) +∇ · (ρmvvvmk) = ∇ ·

((
µm +

µt,m

σk

)
∇k
)
+ Gk,m − ρmε (9)

[
∂

∂t
(ρmε) +∇ · (ρmvvvmε) = ∇ ·

((
µm +

µt,m

σε

)
∇ε

)
+

ε

k
(C1εGk,m − C2ερmε)] (10)

where σk and σε are the turbulent Prandtl numbers for k and ε, respectively. C1ε and C2ε

are constants.
Gk,m, the generation of turbulence kinetic energy, is described as:

Gk,m = µt,m

(
∇vvvm + (∇vvvm)

T
)

: ∇vvvm (11)
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The turbulent viscosity µt,m for the mixture can be expressed as:

µt,m = ρmCµ
k2

ε
(12)

where Cµ is a constant.
The mixture density ρm, velocity vvvm and molecular viscosity µm are listed below:

ρm =
N

∑
i=1

αiρi (13)

vvvm=

N
∑

i=1
αiρivvvi

N
∑

i=1
αiρi

(14)

µm =
N

∑
i=1

αiµi (15)

where αi, ρi, µi and vi are the volume fraction, density, viscosity and velocity of the ith
phase, respectively.

2.3. Computational Domain and Grid-Independent Analysis

The typical small-angled V-inclined pipe in the pipeline irrigation project of the Yellow
River irrigation area was used as the research object. It consisted of−2° downward-inclined
pipe and +2° upward-inclined pipe, as shown in Figure 1. The prototype size was used
for three-dimensional modeling. The pipe diameter and length were 2600 mm and 80 m,
respectively. The sections denoted S1, S2, S3, S4 and S5 on the pipe, as shown in the figure,
are the cross-sections where the predicted data were obtained for analysis. Sand deposition
at different inflow velocities can be observed in these cross-sections. S3 was the section
where the lowest point of the pipe was located. S1, S2, S4 and S5 were located at −20 m,
−10 m, 10 m and 20 m, respectively, from the S3 section.

Figure 1. Schematic of the V-inclined pipe.

In the study of sand transport and deposition characteristics of multiphase flow,
the grid is an important factor affecting the numerical simulation. The coarse mesh of
764,000 cells, the medium mesh of 1,487,600 cells, and the fine mesh of 1,855,600 cells were
employed to analyze the sensitivity of the grid resolution to the numerical simulation
results, as shown in Figure 2. Considering the influence of wall roughness on the sand
deposition, five boundary layers were established along the surface with a growth factor of
1.2, and the height of the first layer from the wall was 5 mm.

The slurry velocity at the S3 cross-section was chosen to evaluate the effect of the grid
number on the flow characteristics. Numerical simulations were carried out at an inlet
volume fraction of 0.42% and an inlet velocity of 0.3 m/s. Table 1 shows the slurry velocity
at the S3 cross-section for different grid numbers and the relative errors between them.
Considering the computational time and accuracy, the final numerical simulation of the
multiphase flow was carried out with a grid number of 1,487,600.
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Figure 2. Grid structure of the pipe.

Table 1. Slurry velocity at the S3 cross-section under different grid numbers.

Scheme Number Grid Number Slurry Velocity (m/s) Relative Error (%)

1 764,000 0.3029 0.66
2 1,487,600 0.3010 0.03
3 1,855,600 0.3009 0

2.4. Solution Strategies and Boundary Conditions

The ANSYS FLUENT software was used as a computational platform. The pressure
and velocity equations were coupled using a phase-coupled SIMPLE algorithm. The
continuity, momentum and turbulence equations were discretized by the second-order
upwind scheme, while the volume fraction equation was discretized by the first-order
upwind. Velocity and volume fraction of liquid and solid phases were assigned at the inlet
condition of this pipe. The pressure was specified at the outlet condition of this pipe. The
turbulence specification method used the intensity and hydraulic diameter. At the wall, the
velocity was set to zero, which corresponds to the no-slip condition.

The literature shows that the particle size has a greater effect on critical velocity than
bed roughness [37]. In the numerical simulation, the roughness of the pipe was not consid-
ered. The liquid phase was regarded as an incompressible fluid, and the physical properties
of the solid phase were all constants, without considering the phase transformation. The
shapes comprising the solid phase were treated as spherical particles of the same size.
Table 2 shows parameters under different simulation conditions.

Table 2. Parameters under different simulation conditions.

Parameters
Horizontal Pipe V-Inclined Pipe

±2°

Grid cell size (m) 0.05 0.05
Pipe length L (m) 80 80/150/200

Pipe diameter D (mm) 2600 2600
Liquid density ρ (kg ·m−3 ) 998.2 998.2
Sand density ρs (kg ·m−3) 2300 2300

Particle size d (mm) 0.02 0.02\0.05\0.1
Sand content Cs (kg ·m−3) 9.71 9.71

Sand volume concentration CV (%) 0.42 0.42
Inflow velocities (m/s) 0.3–0.7 0.3–1.6

The numerical simulation method for solid–liquid two-phase flow used in this paper
was validated by previous experiments [23,26]. The prediction of the critical velocity was
achieved by setting different inflow velocities.

3. Results and Discussion
3.1. Comparison between Empirical Formula and Numerical Simulation

Many scholars have summarized the empirical formula of critical velocity in horizontal
pipe through experiments. In this study, the critical velocity was predicted by numerical
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simulation based on the conservation of the sand transport rate. To verify the accuracy, a
numerical simulation of the horizontal pipe was carried out and compared with the critical
velocity obtained by the empirical formula.

3.1.1. Empirical Formula for Critical Velocity

There are differences in the definition and experimental measurement methods of
critical velocity, resulting in different empirical formulas. The factors affecting the critical
flow rate generally include sand content, particle size, pipe diameter, pipe roughness, etc.
The representative empirical formulas are shown in Table 3.

Table 3. Empirical formula of critical velocity for horizontal pipe.

Reference Empirical Formula

Durand [16] vc = FL

(
2gD ρs−ρ

ρ

) 1
2

Wasp [12] vc = 3.28CV
0.243

(
2gD ρs−ρ

ρ

) 1
2
(

d
D

) 1
6

Shook [13] vc = 2.43 CV
1
3

CD
1
4

(
2gD ρs−ρ

ρ

) 1
2

He Wuquan [19] vc = 1.8644KCW
0.2341

(
gDω2 ρs−ρ

ρ

) 1
4

In Table 3 FL is the modified Froude number when the solid particles appear to settle
and thus deposit, which needs to be measured experimentally. CD is the drag coefficient, ω
is the settling velocity of particles, K is the correction factor, and the self-pressure pipe is
taken as 1.05.

It can be seen from Table 3 that the empirical formulas based on experiments have
similar structural characteristics, but the exponents and coefficients of each parameter are
quite different. In most formulas, the critical velocity has an exponential relationship with
the pipe diameter, and the critical velocity increases with the increase in the pipe diameter.
At the same time, there is an exponential relationship between the critical velocity and sand
content vc ∝ CV

m(0 < m < 1). Many studies have shown that the critical velocity increases
with the increase in the sand content. When a certain limit is reached, the critical velocity
decreases. There is a limit value between the critical velocity and the sand content. On the
one hand, the increase in sand content inhibits the turbulent intensity of the liquid, and on
the other hand, it increases the viscosity between particles and reduces the settling velocity
of particles. However, the relationship between critical velocity and particle size is different.
The particle size is not included in the formula of Shook. The critical velocity in the formula
of Wasp is proportional to the particle size. Although the formula of He Wuquan does not
contain particle size, the settling velocity in the formula is proportional to the particle size.
It can be seen that the relationship between critical velocity and particle size is complicated.

3.1.2. Numerical Simulation for Critical Velocity

The empirical formula of critical velocity is influenced by experimental measurements
as well as the measured parameters, and thus has poor applicability and reliability. Numer-
ical simulation can be used to predict the critical velocity under different conditions, which
is more economical.

The movement of sand in the pipelines of the Yellow River irrigation area is dominated
by suspension movement, and sand deposition does not easily occur. However, due to the
change in flow rate during operation, the sand deposition will occur when the flow rate is
too low to maintain the suspension movement of sand. In this paper, critical velocity in the
pipe was predicted based on the conservation of the sand transport rate. If the inlet and
outlet mass flow rate of sand is basically equal, that is, the net mass flow rate is close to 0,
the sand volume concentration no longer changes with time and sand in the pipe reaches
the equilibrium between transport and deposition at that inflow velocity. In this paper,
it was considered that on the premise of reaching the equilibrium between transport and
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deposition, the minimum inflow velocity at which the sand volume concentration does not
increase with time is the critical velocity of the pipe. At the critical velocity, the sand moves
slowly at the bottom of the pipe, but it will not accumulate in piles.

Three-dimensional numerical simulations under different inflow velocities for the
horizontal pipe in Table 2 were carried out. Figures 3 and 4 show the change in net mass
flow rate and sand volume concentration with time under different inflow velocities. It can
be seen from Figure 3 that the net mass flow rate of sand was basically stable after the flow
time of 1000 s. When the inflow velocity was greater than 0.3 m/s, and the net mass flow
rate was stable near 0, that is, the sand transport at the inlet was equal to that at the outlet,
and the equilibrium between transport and deposition was achieved. When the inflow
velocity was 0.3 m/s, the net mass flow rate was stable around a certain value but still
greater than 0, which indicates that the sand increases with time under this inflow velocity,
and a part of sand is deposited at the bottom of the pipe. This conclusion can also be seen in
Figure 4. When the inflow velocity was 0.3 m/s, the sand volume concentration increased
gradually with time. However, when the inflow velocity increased to 0.4 m/s, the sand
volume concentration did not increase with time. The stable sand volume concentration
was slightly larger than the initial given concentration of 0.42%, indicating that there was
still slight sand deposition. The sand at the bottom of the pipe slides or rolls on the bed
surface, but does not affect transportation. In summary, the critical velocity of the horizontal
pipe was predicted to be 0.4 m/s by numerical simulation.

The parameters of sand used in this paper come from real data from the pipeline
irrigation project of the Yellow River irrigation area. The test sand sample of the He
Wuquan formula is also from the Yellow River, so this empirical formula was selected to
verify the accuracy of numerical simulation. Substituting the parameters of horizontal
pipe in Table 2 into the He Wuquan formula, the critical velocity was found to be as
0.43 m/s. The results from the numerical simulation are in general agreement with this,
which illustrates the accuracy of the numerical simulation in predicting the critical velocity.

Figure 3. Net mass flow rate changes with flow time (horizontal pipe L = 80 m d = 0.02 mm).
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Figure 4. Sand volume concentration changes with flow time (horizontal pipe L = 80 m d = 0.02 mm).

3.2. Effect of Simulated Pipeline Length

The length of the pipeline in the irrigation project of the Yellow River irrigation area
is as long as 40 km. Affected by computer performance, the three-dimensional numerical
simulation of the entire pipeline cannot be carried out. Therefore, the effect of different
simulated pipeline lengths on predicting the critical velocity of the pipe was investigated.
The research object was the V-inclined pipe shown in Table 2. The simulated pipeline
lengths were selected to be 80 m, 150 m and 200 m, respectively, and the particle size was
set to 0.02 mm.

As shown in Figures 5–7, there was a change in the net mass flow rate with flow time
under different simulated pipeline lengths of 80 m, 150 m and 200 m, respectively. It can
be seen that the net mass flow rate of sand was basically stable after 1000 s, 1200 s and
1500 s for the simulated pipeline lengths of 80 m, 150 m and 200 m, respectively. When the
inflow velocity was greater than 0.3 m/s, the net mass flow rate was stable near 0, reaching
equilibrium between transport and deposition. When the inflow velocity was 0.3 m/s, the
net mass flow rate was stable around a certain value, but still greater than 0. This shows
that the sand in the pipe keeps increasing with time.

As shown in Figures 8–10, there was a change in sand volume concentration with flow
time under different simulated pipeline lengths of 80 m, 150 m and 200 m, respectively. It
can be seen that at the inflow velocity of 0.3 m/s, sand volume concentration had been
increasing under the three simulated pipeline lengths, which is related to the fact that the
net mass flow is not 0 after a certain period of flow, indicating that there is a continuous
sand deposition in the V-inclined pipe. When the inflow velocity increased to 0.4 m/s, sand
volume concentration no longer changed with time under the three simulated pipeline
lengths. Therefore, the amount of sand deposition does not increase over time. The critical
velocity of the V-inclined pipe at all three pipe lengths was 0.4 m/s.

In summary, the simulated pipeline length had almost no effect on the prediction of
the critical velocity of the V-inclined pipe after a certain length. In addition, the stable sand
volume concentration for different lengths at 0.4 m/s was slightly larger than the initially
given value of 0.42%. Additionally, with the increase in simulated pipeline length, the sand
volume concentration after stabilization was larger, which shows that simulated pipeline
lengths have an effect on the amount of deposition and deposition forms.
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Figure 5. Net mass flow rate changes with flow time (V-inclined pipe L = 80 m d = 0.02 mm).

Figure 6. Net mass flow rate changes with flow time (V-inclined pipe L = 150 m d = 0.02 mm).

3.3. Effect of Pipe Inclination

The effect of pipe inclination on critical velocity can be obtained by comparing
Figures 3 and 4 with Figures 5 and 8. It can be found that under the same conditions
as other parameters, the critical velocity of ±2◦ V-inclined pipe and horizontal pipe when
transporting particles with a size of 0.02 mm is 0.4 m/s for both.

Although the ±2◦ pipe inclination had no obvious effect on the critical velocity, the
V-inclined pipe was different from the horizontal pipe in that the pipe curvature still had
an impact on the flow and sand deposition. Figure 11 shows the liquid velocity at different
cross-sections when the inflow velocity was 0.4 m/s. y is the height of the pipe. It can be
seen that the liquid velocity of the section conformed to the distribution characteristics of
high velocity in the center of the pipe and low velocity near the pipe wall. Pipe inclination
had a certain influence on the liquid velocity of the cross-sections. The liquid velocity
of the horizontal pipe was symmetrical similar to that of the central axis. However, the
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liquid velocity of the V-shaped inclined pipe presented a nonuniform and asymmetric
distribution, especially in the upward pipe. The liquid velocity near the top of the pipe was
higher than that near the bottom of the pipe.

Figure 7. Net mass flow rate changes with flow time (V-inclined pipe L = 200 m d = 0.02 mm).

Figure 8. Sand volume concentration changes with flow time (V-inclined pipe L = 80 m d = 0.02 mm).

Figures 12 and 13 are the sand volume concentration contours at different cross-
sections of the horizontal pipe and the V-inclined pipe, respectively. It can be seen that
the distribution of sand in each cross-section of the horizontal pipe was basically the
same. In the V-inclined pipe, there were obvious differences between the upward and
downward pipes. Sand was mainly concentrated in the upward pipe. The sand deposition
was the largest at the lowest cross-section of the pipe. The low-velocity zone produced by
sand deposition had an impact on the liquid velocity distribution, and the low-velocity
movement of sand squeezed the main flow, thus resulting in the uniform and asymmetric
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distribution in Figure 11b. The fundamental reason for these phenomena is that the force
on the particles in the V-inclined pipe is different from that in the horizontal pipe. The
effect of gravity on the upward and downward pipes is different. In the downward pipe
section, the component force of gravity is in the same direction as the flow direction, which
can promote the flow of sand, while in the upward pipe section, it acts as a resistance in the
opposite direction.

Figure 9. Sand volume concentration changes with flow time (V-inclined pipe L = 150 m d = 0.02 mm).

Figure 10. Sand volume concentration changes with flow time (V-inclined pipe L = 200 m d = 0.02 mm).

3.4. Effect of Particle Size

It can be seen from the empirical formula of the horizontal pipe that the relationship
between the critical velocity and the particle size was complicated, and the critical velocity
calculated by different formulas was very different. Therefore, the influence of different
particle sizes on predicting the critical velocity of V-inclined pipe was investigated.
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As shown in Figures 5, 14 and 15, there were changes in the net mass flow rate with
the flow time under different particle sizes of 0.02 mm, 0.05 mm and 0.1 mm, respectively.
The critical velocity was also predicted based on the conservation of the sand transport
rate. It can be seen that the net mass flow rate was basically stable after the flow time of
1000 s under different particle sizes. When the flow velocity increased to 0.4 m/s, 1.1 m/s
and 1.5 m/s respectively, the net mass flow rate was basically 0. At this time, sand volume
concentration no longer changed with time. As shown in Figures 8, 16 and 17, the sand
in the V-inclined pipe reached equilibrium between transport and deposition, and the
amount of sand deposition did not increase with time. Therefore, the critical velocity of the
pipeline under the particle sizes of 0.02 mm, 0.05 mm and 0.1 mm was 0.4 m/s, 1.1 m/s
and 1.5 m/s, respectively.

(a) Horizontal pipe (L = 80 m d = 0.02 mm) (b) V-inclined pipe (L = 80 m d = 0.02 mm)

Figure 11. Liquid velocity at different cross-sections (inflow velocity = 0.4 m/s).

(a) S1 (b) S2 (c) S3 (d) S4 (e) S5

Figure 12. Sand volume concentration contours at different cross-sections of horizontal pipe (inflow
velocity = 0.4 m/s).

(a) S1 (b) S2 (c) S3 (d) S4 (e) S5

Figure 13. Sand volume concentration contours at different cross-sections of V-inclined pipe (inflow
velocity = 0.4 m/s).
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Figure 14. Net mass flow rate changes with flow time (V-inclined pipe L = 80 m d = 0.05 mm).

Figure 15. Net mass flow rate changes with flow time (V-inclined pipe L = 80 m d = 0.1 mm).

As the particle size increased, the critical velocity increased accordingly, which is
consistent with the force of particles in the pipe. When the particles move in the pipe, they
are affected by gravity and buoyancy in the vertical direction. The larger the particle size,
the easier it is to deposit, and the greater the transporting velocity is required. There was
no significant difference in the critical velocity in the V-inclined pipe when the horizontal
pipe transport particle size was 0.02 mm, as mentioned in Section 3.3. The critical velocity
under different particle sizes was calculated using the Wasp and He Wuquan formulas,
which are related to the particle size given in Table 3. The comparison between empirical
formulas and numerical simulation of the V-inclined pipe is shown in Table 4. When
transporting smaller particles with particle sizes of 0.02 mm and 0.05 mm, the critical
velocity calculated by the empirical formula and numerical simulation was basically the
same. However, when transporting larger particles with a particle size of 0.1 mm, there
was a significant difference. The reason for the difference is that, on the one hand, different
empirical formulas have large differences in the prediction of critical velocity under the
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same particle size, and the inaccuracy of empirical formula prediction increases; on the
other hand, the assumption of spherical particles is adopted in the numerical simulation,
and only the drag force effect is considered between phases, which has a certain influence
on the prediction of critical velocity.

Figure 16. Sand volume concentration changes with flow time (V-inclined pipe L = 80 m d = 0.05 mm).

Figure 17. Sand volume concentration changes with flow time (V-inclined pipe L = 80 m d = 0.1 mm).

Table 4. Comparison between empirical formula and numerical simulation under different parti-
cle sizes.

Particle Size
Emprical Formula

Numerical Simulation
Wasp He Wuquan

0.02 mm 0.99 m/s 0.43 m/s 0.4 m/s
0.05 mm 1.16 m/s 1.10 m/s 1.1 m/s
0.1 mm 1.30 m/s 2.05 m/s 1.5 m/s
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4. Conclusions

Predicting critical velocity using numerical simulations can greatly reduce labor and
cost. In this paper, the critical velocity of the ±2◦ V-inclined pipe was predicted using
three-dimensional numerical simulation based on the conservation of the sand transport
rate. The critical velocity predicted by the simulation of the horizontal pipe was basically
consistent with the empirical formula, which verified the accuracy of the method. Numer-
ical simulations of V-inclined pipe under different parameters were carried out, and the
results show that:

(1) When the simulation length of the pipe reaches a certain value, it has no obvious
effect on the prediction of the critical velocity of the V-inclined pipe. However, it will have
an effect on the amount of deposition and deposition forms.

(2) Compared with the horizontal pipe, the ±2◦ pipe inclination has no obvious effect
on the critical velocity of transporting 0.02 mm small-sized particles. In addition, the
pipe inclination leads to the nonuniform and asymmetrical distribution of liquid velocity
and sand deposition at different cross-sections. There are obvious differences between
the upward and downward pipes. Sand is mainly concentrated in the upward pipe, and
deposition is the largest at the lowest cross-section of the pipe. The effect of gravity on the
particles in the downward and upward pipe is different.

(3) As the particle size increases, the critical velocity also increases. However, the effect
of particle size on the critical velocity is complicated, resulting in a large difference between
numerical simulation and empirical formula when transporting large-sized particles. On
the one hand, the empirical formula for horizontal pipe may not be accurate in predicting
the critical velocity of V-inclined pipe; on the other hand, the numerical simulation uses the
assumption of spherical particles and only considers the drag effect between phases.
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Abstract: In order to study the hydraulic performance and internal flow field of dual pumps in cen-
trifugal prefabricated pumping station under operation conditions, this paper carried out a numerical
calculation based on CFD software for dual pumps in a centrifugal prefabricated pumping station
under different flow conditions and verified the internal flow field through test. The results show that
the efficiency of centrifugal prefabricated pumping station under design conditions (Qd = 33.93 m3/h)
is 63.96%, the head is 8.66 m, the head at the starting point of the saddle area is 10.50 m, which is
1.21 times of the designed head. The efficiency of the high-efficiency zone of the prefabricated pump
station is 58.0~63.0%, and the corresponding flow range is 0.62Qd~1.41Qd (21.0~48.0 m3/h). The
uniformity of the inlet flow rate of impeller of pump 1 is 74.70%, and that of pump 2 is 75.57%. The
flow fields of water pumps on both sides are inconsistent. The results of the flow field indicate that
there are severe back flow phenomena at the prefabricated bucket intake, more back flow in the
bucket, and many eddies on the side wall. With the increase in flow rate, the eddy structure at the
intake expands continuously and moves towards the center area, which has a negative impact on the
flow field in the center area. The research results of this paper can provide a theoretical reference for
the research and operation of the same type of prefabricated pumping stations.

Keywords: prefabricated pumping station; centrifugal pump; energy characteristics; internal flow
field; test

1. Introduction

With the worsening weather in recent years, some areas are often damaged by flood
disasters, and the role of pumping stations is becoming increasingly prominent. Traditional
pumping stations are mainly concrete pumping stations, which are costly, have a long
construction period, and consume a lot of manpower and material resources. They cannot
be moved after construction [1]. In this context, prefabricated pumping stations have
gradually developed. Prefabricated pumping stations originated in Europe at the earliest.
They are small and movable new drainage and irrigation equipment that combine all
the components of the pumping stations into one unit. Compared with the traditional
concrete pumping station, the prefabricated pumping station has the advantages of simple
installation, short construction period, small area, good saving of land resources, and good
economic benefits. A prefabricated pumping station is a power water conveyance device
that integrates pumps, cylinders, pipes, and other components. At present, the research on
prefabricated pumping stations is mostly focused on engineering applications. The flow
pattern in the prefabricated pumping station is quite complex, and the bad flow pattern
often affects the stable operation of the pumping station, causing cavitation and vibration
of the pump and even damaging parts of the pump in serious cases. However, there is little
research on the operation capacity and internal flow field of the prefabricated pumping
station. The hydraulic performance and internal flow characteristics of the prefabricated
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pumping station are not clear, which makes it impossible to operate efficiently, stably, and
safely. Therefore, it is necessary to study the prefabricated pumping station in depth.

Some scholars have carried out some research on the prefabricated pumping station;
for example, related scholars pointed out that integrated prefabricated pumping station has
great advantages in volume, service efficiency, etc. [2], analyzed the strength of integrated
prefabricated pumping station cylinder [3], analyzed the sedimentation characteristics
of solids when multiphase flow in integrated prefabricated pumping station [4,5], and
analyzed the installation parameters of pumps in prefabricated pumping station [6]. There
are few studies on the integrated pumping station. The research focuses on engineering
application, structural design, and deposition of multiphase flow solids. There is little
research on its hydraulic performance and internal flow characteristics. Studies have
shown the advantages of using CFD methods for centrifugal pump characteristics and
flow field studies; for example, related scholars have used CFD methods to analyze the
energy characteristics of centrifugal pumps [7,8] and the pressure, velocity, and streamline
the distribution of centrifugal pumps [9], and the literature [10] shows that the energy
characteristics of centrifugal pumps can be studied using the SST k-ω turbulence model.
Related scholars have combined numerical calculations with experiments to analyze and
discuss the pump performance and internal flow patterns; for example, some scholars have
compared the numerical calculation results with experimental data for multiple working
conditions [11], studied the effect of cutouts on the guide vane on the pump performance
and internal flow [12], revealed the performance and internal flow characteristics of multi-
stage single suction centrifugal pumps, analyzed in detail the internal flow and pressure
field of centrifugal pumps [13], and analyzed the effect of impeller vane number and angle
on the performance of centrifugal pumps [14].

In this paper, considering the influence of structural components on the internal flow
field, the local dimensions of structural components are not simplified, and numerical
calculations and experimental analysis are used for the study with a view to gaining insight
into the hydraulic performance and internal flow characteristics of prefabricated pumping
stations in actual operation, revealing the undesirable flow patterns inside prefabricated
pumping stations, and providing theoretical guidance for the optimal design and opera-
tion of prefabricated pumping stations. The research in this paper has certain academic
significance and engineering application value.

2. Three-Dimensional Modeling and Numerical Calculation Setup
2.1. Calculation Model

In this paper, Solidworks software [15] is used to build the three-dimensional model
of the whole pumping station. When modeling, the influence of the structural components
such as motor, pipe, and flange in the pumping station on the water flow is considered. The
overall height of the cylinder is L = 1 m, the diameter of the cylinder is D = 1 m, and the
diameter of the intake and outlet is R = 100 mm. The pump used in this paper is a submerged
centrifugal pump with a diameter of impeller d = 100 mm, number of vanes of 3 pieces, and
speed n = 2900 r/min. The three-dimensional model is as shown in the Figure 1.

2.2. Meshing

In this paper, the water body parts inside the structural components are extracted
by SolidWorks software, and the three-dimensional model is meshed in Mesh software.
The mesh calculation area mainly includes the inlet section, prefabricated barrel, impeller,
guide vane, and outlet section. Because the fluid excises more structural components and is
more complex, this paper uses non-structural tetrahedral mesh for mesh division, and the
mesh is better adapted [16–18]. The fluid calculation mesh of the centrifugal prefabricated
pumping station is shown in Figure 2.
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In this paper, seven scenarios with different numbers of meshes under the design
condition (Qd = 33.93 m3/h) are selected for the numerical calculation of the centrifugal
prefabricated pumping station, and the efficiency of the centrifugal prefabricated pumping
station is used as the evaluation index. It can be seen from Figure 3 that when the number
of grids is between 0.9 million and 3 million, the efficiency changes greatly and is unstable.
When the number of grids reaches 3.2 million, the efficiency curve basically remains
unchanged, indicating that the increase in the number of grids has little impact on the
calculation results [19]. Considering the computer performance and the accuracy of the
calculation results, this paper selects 3.2 million grids for numerical calculation.
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2.3. Boundary Conditions and Turbulence Model

The inlet of a centrifugal prefabricated pumping station is on the side of the prefab-
ricated barrel, on the same level as the outlet. The condition for the inlet is set to Total
Pressure, and the pressure magnitude is set to one atmosphere. The outlet is the outlet of
the centrifugal prefabricated pumping station, and the outlet condition is set to Normal
Speed. The solid wall is set to a no-slip boundary condition [20], the fluid has zero velocity
near the wall, and the effect of wall roughness is not taken into account. The surface wall
condition of the impeller is also set to the Rotating wall, and the surface wall condition of
the cylinder, worm casing, and outlet section is set to the Static wall, applying the boundary
no-slip boundary condition. In this paper, the two pumps are arranged symmetrically on
the central axis of the cylinder, two rotation axes are set for the numerical calculation, the
vertical direction of the impeller centers of pump 1 and pump 2 are used to determine the
respective rotation axes, the coordinate positions of pump 1 rotation axis are (0.235, 0.1,
0.265), and pump 2 rotation axis coordinates are (−0.235, 0.1, −0.265).

In the calculation area, the calculation area of the inlet section, the cylinder, the worm
housing, and the outlet section are set to the static domain, and the calculation area of the
impeller is set to the rotational domain. In this paper, the Frozen Rotor interfacing model
is used as the dynamic and static interfacing model for the fluid connection between the
impeller and the worm gear. The numerical calculation of the centrifugal prefabricated
pumping station uses the Reynolds time-averaged N-S equation, and the turbulence model
uses the SST k-ω [21,22] turbulence model, which absorbs the advantages of the standard
k-ε model and the standard k-ω model, and adopts the automatic function at the boundary
layer, which can better capture the flow at the boundary layer. The diffusion term and
pressure gradient are represented by the finite volume method based on finite elements, and
the convective term is in the High-Resolution Scheme. In the calculation, the pressure of
the flow field is P; the velocities in the x, y, and z directions are u, v, and w; the convergence
conditions of the turbulent kinetic energy k equation and the dissipation rate ε are set to
10−5, and in principle, the smaller the residuals are, the better.

2.4. Calculation Formula
2.4.1. Control Equations

Turbulence control equation (N-S equation):

∂(ρui)

∂t
+

∂(ρuiuj)

∂xj
= − ∂P

∂xi
+ [µ(

∂ui
∂xj

+
∂uj

∂xi
)] + Fi (1)

where t is time (s); ρ is fluid density (kg/m3); xi and xj are spatial coordinates; ui and
uj are the velocity components of the fluid parallel to the corresponding axes xi and xj,
respectively, and Fi is the volume force component in the i-direction; µ is the fluid dynamic
viscosity coefficient; P is the pressure (Pa).

The transport equation of the SST k-ω turbulence model can be expressed as:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj
[(µ +

µt

σk
)

∂k
∂xj

] + Gk − Yk + Sk (2)

∂(ρω)

∂t
+

∂(ρωui)

∂xi
=

∂

∂xj
[(µ +

µt

σω
)

∂ω

∂xj
] + Gω − Yω + Sω + Dω (3)

where Gk, Gω is the generating term of the equation; Yk, Yω is the generating term of
the diffusive action; Sk, Sω is the user-defined source term; Dω is the term generated by
the orthogonal divergence; k is the turbulent kinetic energy; ω is the turbulent special
dissipation; µt is turbulent dynamic viscosity coefficient.
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2.4.2. Hydraulic Performance Prediction

Centrifugal prefabricated pumping station head, expressed by the following equa-
tion [23,24]:

Hnet =




∫
s2

P2utds

ρQg
+ H2 +

∫
s2

u2
2ut2ds

2Qg


−




∫
s1

P1utds

ρQg
+ H1 +

∫
s1

u2
1ut1ds

2Qg


 (4)

where the first term on the right side of the equation is the total pressure at the outlet
section of the prefabricated barrel, and the second term is the total pressure at the inlet
section of the prefabricated barrel. Q—flow rate, m3/s; H1, H2—prefabricated barrel inlet
and outlet section elevation, m.

s1, s2—prefabricated barrel inlet and outlet section area; u1, u2—prefabricated barrel
inlet and outlet flow velocity at each point, m/s; ut1, ut2—prefabricated barrel inlet and
outlet section flow velocity normal component at each point, m/s.

P1, P2—prefabricated barrel inlet and outlet section at each point of the static pressure,
Pa; g—gravitational acceleration, m/s2.

The efficiency of centrifugal prefabricated pumping stations is [25–27]:

η =
ρgQHnet

N1 + N2
(5)

where N1—shaft power of pump 1, N2—shaft power of pump 2.
The shaft power of the centrifugal prefabricated pumping station is [28,29]:

N =
π

30
Tn (6)

where T—torque, N—m; n—rotational speed, r/min.

2.4.3. Uniformity of Flow Velocity Distribution

The uniformity of axial velocity distribution Vzu of the section at the impeller inlet
reflects the water inlet quality of the impeller, and the closer Vzu is to 100%, the more
uniform the water inlet of the impeller is, and its calculation formula is as follows [30]:

Vzu =



1 − 1

va

√√√√
[

n

∑
i=1

(vai − va)
2

]
/n



× 100% (7)

where Vzu—uniformity of flow velocity distribution at impeller inlet, %; Va—arithmetic
mean of axial flow velocity at impeller inlet; Vai—axial velocity of each calculation unit at
impeller inlet, m/s; n—number of calculation units at impeller inlet.

3. Energy and Internal Flow Characteristics Analysis

In this paper, the numerical calculation results under different flow conditions are
extracted to analyze the flow field characteristics inside the centrifugal prefabricated pump-
ing station. The numerical calculations are divided into 12 flow conditions, which are
11.31 m3/h (0.33Qd), 16.96 m3/h (0.50Qd), 22.62 m3/h (0.67Qd), 28.27 m3/h (0.83Qd),
33.93 m3/h (1.00Qd), 39.58 m3/h (1.17Qd), 45.24 m3/h (1.33Qd), 50.89 m3/h (1.50Qd),
56.55 m3/h (1.67Qd), 62.20 m3/h (1.83Qd), 67.86 m3/h (2.00Qd), 73.51 m3/h (2.17Qd), and
79.17 m3/h (2.33Qd); design flow working condition is Qd = 33.93 m3/h.

3.1. Energy Characteristics Analysis

The numerical calculation results of the centrifugal prefabricated pumping station at
different flow rates are extracted, and the head and efficiency of centrifugal prefabricated
pumping station are calculated by Equations (4)–(6), followed by drawing the energy char-
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acteristic curve of the centrifugal prefabricated pumping station. The energy characteristics
are shown in Table 1 and Figure 4.

Table 1. Energy characteristics data table.

Flow Rate Q (m3/h) Head H (m) Efficiency η (%)

11.31 (0.33Qd) 10.50 45.05
16.96 (0.50Qd) 10.33 55.28
22.62 (0.67Qd) 9.91 59.77
28.27 (0.83Qd) 9.39 63.22
33.93 (1.00Qd) 8.66 63.96
39.58 (1.17Qd) 7.77 61.78
45.24 (1.33Qd) 6.84 60.36
50.89 (1.50Qd) 5.91 57.54
56.55 (1.67Qd) 4.93 53.17
62.20 (1.83Qd) 3.94 47.15
67.86 (2.00Qd) 2.92 39.18
73.51 (2.17Qd) 1.90 28.97
79.17 (2.33Qd) 0.57 9.98
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Figure 4. Energy characteristic curve at different flow rates. 

The calculation results of the energy characteristics of the centrifugal prefabricated 
pumping station show that the efficiency of the prefabricated pumping station increases 
with the flow rate under the small flow rate condition (Q = 11.31~33.93 m3/h), and at the 
flow condition 0.33Qd (Q = 11.31 m3/h), the centrifugal prefabricated pumping station en-
ters the flow instability condition (saddle zone effect area), and this phenomenon can be 
obviously found through the head, the head increases less from 0.50Qd to 0.33Qd, and the 
slope of growth here is close to 0 from the head curve and reaches the maximum value at 
the design condition (Qd = 33.93 m3/h) with the maximum efficiency value of 63.96% and 
the head is 8.66 m. The head at the starting point of the saddle area is 10.50 m, which is 
1.21 times the design head, indicating that the operable head range for small flow is small 
and the operable head range for large flow is wide. Under the high flow rate condition (Q 
= 33.93~79.17 m3/h), the efficiency decreases gradually with the increase in flow rate. The 
slope of the efficiency curve change increases with increasing flow rate. When the flow 
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Figure 4. Energy characteristic curve at different flow rates.

The calculation results of the energy characteristics of the centrifugal prefabricated
pumping station show that the efficiency of the prefabricated pumping station increases
with the flow rate under the small flow rate condition (Q = 11.31~33.93 m3/h), and at the
flow condition 0.33Qd (Q = 11.31 m3/h), the centrifugal prefabricated pumping station
enters the flow instability condition (saddle zone effect area), and this phenomenon can be
obviously found through the head, the head increases less from 0.50Qd to 0.33Qd, and the
slope of growth here is close to 0 from the head curve and reaches the maximum value at
the design condition (Qd = 33.93 m3/h) with the maximum efficiency value of 63.96% and
the head is 8.66 m. The head at the starting point of the saddle area is 10.50 m, which is
1.21 times the design head, indicating that the operable head range for small flow is small
and the operable head range for large flow is wide. Under the high flow rate condition
(Q = 33.93~79.17 m3/h), the efficiency decreases gradually with the increase in flow rate.
The slope of the efficiency curve change increases with increasing flow rate. When the flow
rate is between 21.0~48.0 m3/h, the prefabricated pumping station is in the high-efficiency
zone (the high-efficiency zone is defined as the range of flows where the efficiency of
the optimal efficiency point decreases by 5%); at this time, the pumping station device
efficiency is around 58.0~63.0%. The head curve of the prefabricated pumping station

144



Water 2022, 14, 2705

gradually decreases with the increase in flow, from 10.50 m to 0.57 m, and the efficiency
curve is parabolic with the increase in flow; the head curve is approximately straight with
a small change in slope.

Based on the post-processing of the numerical calculation results, the uniformity of
flow velocity at the impeller inlet of pump 1 and pump 2 is calculated by Equation (7). The
uniformity of flow rate is shown in Table 2 and Figure 5.

Table 2. Uniformity of impeller inlet flow rate at different flow rates.

Flow Rate Q (m3/h)
Water Pump 1 Impeller Inlet

Flow Rate Uniformity (%)
Water Pump 2 Impeller Inlet

Flow Rate Uniformity (%)

11.31 (0.33Qd) 68.55 66.05
16.96 (0.50Qd) 70.55 73.03
22.62 (0.67Qd) 73.93 74.74
28.27 (0.83Qd) 74.59 75.40
33.93 (1.00Qd) 74.70 75.57
39.58 (1.17Qd) 74.61 75.52
45.24 (1.33Qd) 74.65 75.55
50.89 (1.50Qd) 74.70 75.61
56.55 (1.67Qd) 74.74 75.66
62.20 (1.83Qd) 74.77 75.70
67.86 (2.00Qd) 74.79 75.72
73.51 (2.17Qd) 74.79 75.70
79.17 (2.33Qd) 74.78 75.67
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Figure 5. Uniformity of impeller inlet flow rate under different working conditions.

As can be seen from Figure 5, the variation pattern of flow uniformity with increasing
flow rate at the impeller inlet of pump 1 and pump 2 is essentially the same. Under the
small flow rate condition, the uniformity of flow velocity at the impeller inlet increases
with the increase in flow rate, and when the flow rate reaches 0.83Qd (Q = 28.27 m3/h),
the uniformity of flow velocity at the impeller inlet remains basically the same with the
increase in flow rate. Overall, the uniformity of flow velocity at the impeller inlet of pump 2
is greater than that of pump 1; at the design working condition (Qd = 33.93 m3/h), the
uniformity of flow velocity at the impeller inlet of pump 1 is 74.70%, and that of pump 2
is 75.57%, with a difference of 0.87%, which is caused by the different uniformity of flow
velocity at the impellers of pump 1 and pump 2 due to bias flow. When the flow condition
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is less than 0.83Qd (Q = 28.27 m3/h), the uniformity of flow velocity at the impeller inlet
decreases significantly, which indicates that the unevenness of the flow pattern inside the
prefabricated barrel of the centrifugal prefabricated pumping station increases at this time
and cannot provide a better impeller inlet water flow pattern.

3.2. Analysis of Internal Flow Characteristics

In the numerical calculation results of the centrifugal prefabricated pumping station,
six working conditions of 0.33Qd, 0.67Qd, 1.00Qd, 1.33Qd, 1.67Qd, and 2.00Qd are selected
for the analysis of the flow field inside the prefabricated pumping station, and in order to
better depict the flow field inside the prefabricated pumping station, four characteristic
sections as shown in Figure 6 are selected for analysis in this paper. The A1 section is the
horizontal cross section at the impeller inlet of the submersible centrifugal pump, A2 is the
cross section at the center of the precast barrel inlet, A3 is the horizontal cross section at the
highest liquid level of the precast barrel, and A4 is the vertical cross section at the center of
the precast barrel.
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Figure 6. Schematic diagram of centrifugal prefabricated pumping station cross-section.

The velocity and streamline distributions of A1–A4 sections of centrifugal prefabri-
cated pumping stations at 0.33Qd, 0.67Qd, 1.00Qd, 1.33Qd, 1.67Qd, and 2.00Qd flow condi-
tions are shown below.

Cross-section A1 flow velocity and streamline distribution is shown in Figure 7. It can
be seen from Figure 7 that in the small flow conditions, the prefabricated barrel inlet side
flow velocity is less than the outlet side, the impeller inlet flow velocity distribution is also
uneven, the flow velocity alternates between multiple velocity classes at the impeller inlet,
and there is a flow stratification effect, pump 1 and pump 2 in the middle of the water flow
streamlines parallel to each other, in the prefabricated barrel along the water flow direction
to see the left and right sides of the wall have vortex, and near the pump 2 vortex area is
larger than near the pump 1, the coupler waterward surface on both sides of the vortex
also exists, the vortex at the wall is mainly caused by the backflow of the water impacting
to the back wall of the prefabricated barrel, and the backflow at the coupler is caused by
the local structural features blocking the water. Under the high flow condition, the flow
velocity at the impeller inlet is distributed periodically, the flow velocity distribution in
the prefabricated barrel is more dispersed, the streamline is disorderly, the vortex area on
both sides of the prefabricated barrel wall increases compared with the low flow condition,
and the area of the vortex area for flow conditions is about twice as large as for small
flow conditions.
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Cross-section A2 flow velocity and streamline distribution is shown in Figure 8. It can
be obtained from Figure 8 that the inlet is a high-speed water flow area, which is fan-shaped
diffusion near the inlet of the prefabricated barrel, and the flow velocity decreases in a
gradient, with the increase in the flow rate, the speed at the inlet is accelerated, and the
fan-shaped diffusion area becomes larger. There are vortices on both sides of the inlet and
both sides of the barrel wall, and the vortices on both sides of the inlet gradually move
to the center of the prefabricated barrel with the increase in flow, and the streamlines in
the center of the prefabricated barrel are parallel, and there are streamlines intersecting at
pump 1 and pump 2, and the distribution of streamlines is more disorderly. Analyzed from
the change in working conditions, the vortices at the inlet and sidewall both increased with
the increase in flow rate. Analyzed from the position, the vortex on both sides of the inlet
has basically the same area compared to each other, indicating that the bias flow does not
affect the upstream flow pattern, so the symmetry is better. The area of vortex area near
pump 2 is larger than that near pump 1, indicating that there is an obvious bias flow inside
the prefabricated barrel.

Cross-section A3 flow velocity and streamline distribution is shown in Figure 9. It can
be obtained from Figure 9 that there is a low-velocity zone at the side wall of the precast
barrel wall, which is mainly due to the side wall effect, and there are three low-velocity
zones in the center of the precast barrel, which is mainly due to the existence of flanges in
these three places (as shown in Figure 6). There are vortices on both walls of the precast
barrel, the area of the vortex region is small compared to the A1 and A2 cross sections.
Analyzed in terms of the change in working conditions, and the area of the vortex zone
increases with the increase in the flow rate. With the increase in flow rate, the velocity
distribution in the prefabricated barrel changed obviously, producing a crescent-shaped
high-speed zone on the inlet side and multiple irregular high-speed zones on the outlet
side, and the streamline in the prefabricated barrel was disordered. When analyzed in
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terms of location, the area of the vortex zone near pump 2 is still larger than that near
pump 1, which is also caused by the bias flow effect in the prefabricated barrel.
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Cross-section A4 flow velocity and streamline distribution is shown in Figure 10. It 
can be obtained from Figure 10 that the water flow in the inlet and outlet pipes is a high-
speed zone, and under the low flow condition, there are vortices on the upper and lower 
sides of the inlet, and there are many small vortices at the upper and lower sides of the 
outlet. Under the high flow condition, the velocity at the water inlet decreases in a gradi-
ent toward the center of the prefabricated barrel, and the vortex at the water inlet moves 
toward the center. The vortex on the upper side of the prefabricated barrel inlet is gradu-
ally smaller than the vortex on the lower side, and the velocity and streamline in the pre-
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Cross-section A4 flow velocity and streamline distribution is shown in Figure 10. It can
be obtained from Figure 10 that the water flow in the inlet and outlet pipes is a high-speed
zone, and under the low flow condition, there are vortices on the upper and lower sides
of the inlet, and there are many small vortices at the upper and lower sides of the outlet.
Under the high flow condition, the velocity at the water inlet decreases in a gradient toward
the center of the prefabricated barrel, and the vortex at the water inlet moves toward the
center. The vortex on the upper side of the prefabricated barrel inlet is gradually smaller
than the vortex on the lower side, and the velocity and streamline in the prefabricated
barrel are more chaotic. From the analysis of the change in working conditions, with the
increase in flow rate, the velocity of water at the inlet is accelerated, and the vortex structure
at the inlet becomes larger and pushes it to move to the center continuously, which affects
the flow field at the center of the prefabricated barrel. Analysis from the position of, due to
the influence of the flange structure, the flow of water above the outlet pipe is disturbed,
and the vortex is generated.
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Prefabricated pumping station wall pressure distribution is shown in Figure 11. From
Figure 11, the pressure on the inlet side of the prefabricated barrel of the prefabricated
pumping station gradually decreases with the increase in the flow rate until the maximum
flow rate of 2.00Qd; only a small part of the high-pressure area exists on the upper side
of the inlet and the upper side of the prefabricated barrel. Prefabricated pumping station
prefabricated barrel outlet side pressure with the flow rate increases, the low-pressure area
gradually decreases; until the maximum flow rate of 2.00Qd, the low-pressure area basically
does not exist. In the centrifugal pump outlet connection pipeline, with the increase in
flow, the low-pressure area becomes larger, mostly concentrated in the elbow of the double
pump sink pipe. As the flow rate increases, the low-pressure area also appears on the
waterward side of the centrifugal pump motor. Prefabricated barrel pressure distribution is
not uniform, mainly in the inlet and outlet side is not consistent, along the inlet and outlet
water axis, the symmetry of the left and right sides is slightly better, but also not completely
symmetrical, can also be found in the phenomenon of partial flow.
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Figure 11. Prefabricated pumping station wall pressure distribution diagram. (a) 0.33Qd, (b) 0.67Qd, 
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inet. The total length of the test bench is about 5 m, the diameter of the pipe is 100 mm, 
and the whole is a circulating system. The whole test bench is made of acrylic material to 
achieve transparent visualization and to be able to clearly observe the flow pattern of wa-
ter inside the centrifugal pumping station. Figure 12 shows the sketch of the centrifugal 
prefabricated pumping station test bench, Figure 13 shows the three-dimensional model 
of the centrifugal prefabricated pumping station test bench, and Figure 14 shows the phys-
ical drawing of the centrifugal prefabricated pumping station test bench. The flow rate is 
measured by an electromagnetic flowmeter (ZEF-DN100, range 0~120 m3/h, accuracy 
±0.5%), and the flow pattern is captured by a high-speed camera (OLYMPUS i-SPEED 3, 
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(c) 1.00Qd, (d) 1.33Qd, (e) 1.67Qd, and (f) 2.00Qd.

4. Experiment Equipment, Test and Result Analysis
4.1. Test Bench Introduction

Centrifugal prefabricated pumping station test bench has the following parts: Round
prefabricated barrel, Back-flow tank, Submersible centrifugal pump, Coupler, Inlet and Out-
let pipes, Electromagnetic Flow meter, Pipeline pump, and PLC frequency control cabinet.
The total length of the test bench is about 5 m, the diameter of the pipe is 100 mm, and the
whole is a circulating system. The whole test bench is made of acrylic material to achieve
transparent visualization and to be able to clearly observe the flow pattern of water inside
the centrifugal pumping station. Figure 12 shows the sketch of the centrifugal prefabricated
pumping station test bench, Figure 13 shows the three-dimensional model of the centrifugal
prefabricated pumping station test bench, and Figure 14 shows the physical drawing of
the centrifugal prefabricated pumping station test bench. The flow rate is measured by
an electromagnetic flowmeter (ZEF-DN100, range 0~120 m3/h, accuracy ±0.5%), and the
flow pattern is captured by a high-speed camera (OLYMPUS i-SPEED 3, working range
2000 fps full resolution, accuracy ±1 µs).

In this test, the centrifugal pump 3 was first adjusted to the rated speed n = 2900 r/min,
and then the flow rate of the inlet of the prefabricated pumping station was adjusted to
the design flow rate (Qd = 33.93 m3/h) by controlling the pipeline pump 6, and then the
high-speed camera was used to take pictures of the internal flow state of the integrated,
prefabricated pumping station.
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4.2. Analysis of Experimental Results

In this paper, a high-speed camera is used to photograph the internal flow pattern of
the prefabricated barrel under the design flow condition (Qd = 33.93 m3/h), and a tracer red
line is used to show the water flow to obtain pictures of the internal flow of the centrifugal
prefabricated pumping station at different moments under different orientations.

Flow pattern of prefabricated pumping station. is shown in Figure 15. From Figure 15,
it can be seen that the tracer line on both sides of the barrel wall oscillates with the flow of
water. The direction of oscillation is from the outlet to the inlet, which is consistent with the
direction of streamline in the numerical calculation results. At the intake, the tracer line can
be seen to swirl with the water flow on both sides, which indicates that there is a backflow
at the intake, and a vortex is generated. The internal flow characteristics are similar to
those of the numerical calculation; the experimental study of flow pattern visualization
is a verification of the numerical calculation results. The large variation in the position
of the tracer red line under different moments and the large oscillation also indicate the
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turbulence of the flow pattern in the prefabricated barrel of the centrifugal prefabricated
pumping station and the inconsistency of the flow line.
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5. Conclusions

This paper takes centrifugal prefabricated pumping station as the research object;
numerical calculation of different working conditions under double pumping operation
conditions and analysis and discussion of internal flow characteristics of prefabricated
pumping station are carried out. An acrylic visualization prefabricated pumping station
test bench was built to verify the numerical calculation results of centrifugal prefabricated
pumping station by experimentally filming the internal flow pattern of the prefabricated
pumping station, and the main conclusions are as follows.

(1) The calculation shows that the maximum value is reached at the design working
condition (Qd = 33.93 m3/h); the maximum efficiency value is 63.96%; the head is 8.66 m;
the head at the starting point of the saddle area is 10.50 m, which is 1.21 times of the design
head; the operable head range for small flow is small; and the operable head range for large
flow is wide. The efficiency of the prefabricated pumping station in the high-efficiency
zone is 58.0~63.0%, corresponding to the flow range of 0.62Qd~1.41Qd (21.0~48.0 m3/h).

(2) Through the numerical calculation, it can be obtained that the impeller inlet flow
uniformity increases with the increase in flow rate, and it is basically maintained at the
same value from 0.83Qd to 2.33Qd. The impeller inlet flow uniformity of pump 2 is greater
than that of pump 1. At the design working condition (Qd = 33.93 m3/h), the impeller inlet
flow uniformity of pump 1 is 74.70%, and that of pump 2 is 75.57%. The inlet flow fields of
the pumps on both sides are not consistent. When the flow condition is less than 0.83Qd
(Q = 28.27 m3/h), the uniformity of flow velocity at the impeller inlet increases significantly
and cannot provide a better impeller inlet flow pattern.
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(3) Through the numerical calculation of velocity and pressure cloud diagrams as
well as the experimental flow analysis, it can be obtained that the centrifugal prefabricated
pumping station has a serious backflow phenomenon at the inlet, and multiple vortexes are
generated. As the flow rate increases, the vortex structure at the inlet expands and moves
to the central area, which has a negative impact on the flow field in the central area. The
flow pattern in the prefabricated barrel was unstable, and there was a partial flow on the
left and right sides.

6. Suggestions

This paper reveals the energy characteristics and internal flow field of centrifugal pre-
fabricated pumping stations under double pump operation conditions through numerical
calculation and experimental analysis. However, because of the limited page, the research
work has achieved certain results, but there are still many problems that can be studied
and need to be further expanded and deepened in future work. In the future, we will start
the multi-disciplinary optimization design of centrifugal prefabricated pumping station
with multiple working conditions, and the research results of this paper can provide the
basis for the optimization design of centrifugal prefabricated pumping station.
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Abstract: This study investigated the influence of the change in blade tip clearance on the internal
flow characteristics of a vertical axial flow pump. Taking the actual running vertical axial flow
pump of a pumping station as the research object, based on the SST k-ω turbulent flow model,
the numerical simulation technology was used to study the effects of different tip clearances on
the pressure, turbulent kinetic energy, Z–X section pressure and flow state of the impeller at the
middle section. Furthermore, the impact of clearance layer tip leakage was also analyzed. Unsteady
calculations of flow characteristics under the design conditions were performed. The research results
showed that the variation trend of the pressure in the impeller was basically the same under different
tip clearance values. With the increase in the clearance value, the pressure gradient along the water
inlet direction of the blade decreased and the leakage vorticity increased. Observing the leakage
vorticity distribution of the gap layer under the flow condition of 0.6Q0, it was found that when
the tip clearance was smaller than 1 mm, the leakage flow was small and easily assimilated by the
mainstream, and the leakage flow and mainstream had a certain ability to compete, which caused
adverse effects on the performance of the pump device. The pressure pulsation characteristics
showed that the leakage flow caused by the tip clearance caused a high-frequency distribution, and
the clearance obviously influenced the pressure pulsation characteristics.

Keywords: tip clearance; vertical axial flow pump; whole channel numerical simulation; pressure
pulsation; leakage vortex

1. Introduction

In the areas along the rivers in China, in order to meet the requirements of water
transfer and irrigation, there are many vertical axial flow pumping stations [1,2]. These
axial flow pumping stations have the characteristics of large flow and low lift [3], have
been widely used in the eastern route of the South-to-North Water Diversion Project, and
have achieved great social and economic benefits [4]. In the design of the vertical axial
flow pump, due to the way water is pumped [5] and in order to prevent the impeller from
scraping and colliding with the pump casing when the impeller rotates at high speed, it is
necessary to leave a certain gap between the top of the impeller blade and the pump casing,
which is the tip clearance. When the impeller is working, there is a pressure difference
between the working surface and the back of the blade, and the existence of the pressure
difference will lead to the generation of a leakage flow at the clearance position at the top
of the blade. The interaction between the leakage flow and the main flow not only affects
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the pump performance but also induces abnormal vibration and noise, and even causes
safety hazards and affects the normal operation of the pumping station [6].

Domestic and foreign experts and scholars studied the influence of tip clearance flow
laws and the performance of impeller machinery. Zhang Desheng et al. [7] studied the
pressure difference distribution, leakage, tip leakage vortex intensity and inlet axial velocity
distribution in the tip clearance area of an inclined flow pump under different tip clearances.
Shi Weidong et al. [8] used the SMPLEC algorithm to simulate different clearances under
different working conditions and analyzed the axial velocity and circulation distribution
of an impeller outlet in detail. Zhang et al. [9] revealed the gap flow field structure and
leakage vortex evolution of a semi-open centrifugal pump by changing the gap according to
the numerical calculation of the whole flow channel of the semi-open impeller centrifugal
pump. Li Hui et al. [10] used the delayed detached vortex method to simulate a dynamic
blade with a tip clearance and then studied the turbulent characteristics of the leakage
area through the turbulent kinetic energy distribution and Lumley triangle. Then, the
POD decomposition method was used to decompose the flow field in the leakage area,
and finally, the loss analysis of the tip leakage flow was carried out. Lu Jinling et al. [11]
carried out a full flow channel numerical simulation of a semi-open centrifugal pump
using Fourier transform (FFT) to convert the time domain value of each monitoring point
to a frequency domain value and analyzed the correlation mechanism between leakage
vortex trajectory and blade load, as well as the spectral characteristics of the leakage vortex.
Li et al. [12] studied the internal flow characteristics of the tip clearance of tubular turbines
under off-design conditions and analyzed the pressure and velocity vector distribution
of the internal flow field in the tip clearance, as well as the axial velocity and turbulent
kinetic energy distribution characteristics in the tip clearance. Liu et al. [13] observed
the development and trajectory of the leakage vortex by changing the tip clearance and
performed a spectral analysis. When the tip clearance increased from 0 mm to 10 mm, the
maximum amplitude of the pressure pulsation in the impeller increased sharply. Due to the
increase in leakage flow, the main frequency increased from 145 Hz to 184 Hz. Kan et al. [14]
used a standard k-epsilon turbulence model to simulate the flow characteristics of a self-
developed helical axial flow pump. Pressure, streamline and turbulent kinetic energy
analyses of the leakage flow (TLF) in a helical axial flow pump were undertaken, revealing
the effect of tip clearance on the flow behavior and boosting performance of a helical axial
flow pump. Shen et al. [15] used a computational fluid dynamics method to study the effect
of different tip clearance widths on the tip flow dynamics and main flow characteristics
of axial flow pumps. The distribution 0.7Q (BEP) of turbulent kinetic energy, average
axial velocity and average vorticity at a specific flow rate was analyzed, and it was found
that the flow structure of the tip vortex and its transmission strongly depended on the
tip gap width. The efficiency and head of the pump both increase the energy loss as the
tip clearance increases. Feng Jianjun et al. [16] studied the pressure pulsation of an axial
flow pump under different tip clearances and proposed a new method to determine the
pressure pulsation of the grid node in a pump based on pressure statistics. It was found
that the existence of a tip clearance enlarged the pressure pulsation from the hub to the
rim of the impeller. Li Yibin et al. [17] studied the pressure pulsation characteristics of
different tip clearance regions of a diagonal flow pump under the condition of a small flow
rate, and the influence on the transient operation stability of the diagonal flow pump was
revealed. Through the analysis of the pressure pulsation spectrum, the internal relationship
between the RTC and the pressure pulsation in the vicinity of the tip clearance area was
understood. The results show that selecting an appropriately small RTC can improve the
overall hydraulic performance of the oblique flow pump. Zhang Hua et al. [18] studied
the influence degree and mechanism of the blade tip clearance on the internal and external
characteristics of the centrifugal pump, a special adjustment mechanism for the blade tip
clearance was designed, and the external characteristics test and a pressure pulsation test
were carried out at the same time. The results show that the ratio of the tip clearance to
the average diameter of the impeller should be between 0.13% and 0.22%. This provides
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a reference for the vibration and noise reduction of a semi-open screw centrifugal pump.
Li Rennian et al. [19] studied the influence of the tip clearance on the inlet pressure pulsation
characteristics of the diagonal flow pump, where the results show that with the increase of
the tip clearance, the lift of the diagonal flow pump decreases gradually. The amplitude of
pressure pulsation in the mainstream area of the impeller inlet is small, while the amplitude
of pressure pulsation in the near-wall area is large. The larger tip clearance can reduce
the pressure pulsation amplitude at the impeller inlet, which is beneficial for improving
the operation stability of the model oblique flow pump. Li Yaojun et al. [20] studied the
unsteady flow characteristics of the axial flow pump rim area under different tip clearances,
where the results showed that when the tip clearance increased from 0.001D2 to 0.003D2, the
pump head and efficiency decreased by 6.2% and 5.6%, respectively. When the clearance
value is greater than 0.001D2, the primary leakage vortex in the rim clearance developed
to the front face of the adjacent blade and a large number of secondary leakage vortices
are generated in the clearance area. Guelich, J. and Ulanicki, B. et al. [21,22] studied the
efficiency and power characteristics of a pump group, which were simulated by changing
the Reynolds number and considering the constant or variable speed of the pump.

In this study, a full flow channel numerical calculations were carried out for the vertical
axial flow pump [23], and the influence of the tip clearance change on the total pressure,
turbulent kinetic energy distribution, Z–X section pressure, flow state, and the leakage flow
and leakage volume of the gap layer were analyzed in detail. Numerical simulations of the
unsteady flow in the axial flow pump with different tip clearance sizes were carried out
to study the effect of the clearance size on the leakage vortex shape of the rim clearance
and to analyze the pressure pulsation characteristics of the clearance layer to obtain the
optimal blade rim. The variation law of the side and inlet and outlet pressure pulsations
with different rim gap sizes theoretically revealed the gap flow field structure and leakage
flow evolution of the vertical axial flow pump with a changing gap. This provides reference
significance for more efficient operation and management of vertical axial flow pump
stations [24,25].

2. Numeral Calculations
2.1. Vertical Axial Flow Pump Parameters and Research Plan

This study took a vertical bidirectional axial flow pump station as the prototype for
the 3D modeling. The pump station adopted the 2500ZLQ-20-3.0 vertical axis open axial
flow pump produced by a factory. The designed flow rate of the pump was Q0 = 20 m3/s,
the impeller diameter was 2.50 m, the number of impeller blades was 3, the number of
guide blades was 7, the specific speed was 1250 and the impeller speed was 150 r/min.

In order to study the change in the internal flow characteristics of the pump under
different clearance sizes and to ensure that the external characteristics of the prototype
pump remained unchanged, the method of turning the impeller was adopted [26]. Four
different tip clearances (d = 1 mm, 2.5 mm, 3.5 mm, 5 mm) were selected to simulate the
flow under five working conditions. Through comparative analysis, the internal flow of
vertical axial flow pump with different tip clearances was expounded. Figure 1a below is
the flow chart of the research plan. Figure 1b is the tip clearance diagram of the vertical
axial flow pump.
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Figure 1. (a) Research program flow chart. (b) Three-dimensional schematic diagram of the tip clearance.

2.2. Mesh Subdivision

As shown in Figure 2a, the physical model of the computational domain in this study
included the inlet section, the impeller section, the guide vane section and the outlet section.
Considering the control of the overall number of mesh elements and the number of effective
nodes, a hexahedral mesh was used for the divisions and the impeller section was refined
to control the mesh quality.

Since the mesh size and quality have an important influence on the calculation results,
by adjusting the mesh size of the impeller blade surface and the rim clearance area, the
design flow conditions of the pump under different mesh schemes when the tip clearance
was d = 2.5 mm were compared. The efficiency of the pump was compared with the test
results, and a mesh-independent analysis was conducted. As shown in Table 1, the pump
head and efficiency calculated using grid schemes A, B and C were basically the same.
Considering the economy of numerical calculation, grid scheme B was adopted in this
study. With different tip clearances, the total number of computational domain grids was
about 1.3× 107; the global mesh and impeller vane mesh are shown in Figure 2b.
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Table 1. Grid independence.

Plan
Total

Number of
Grids

Efficiency
Test Value

/%

Efficiency
Calculated Value

/%

Efficiency
Relative Error

/%

Head Test
Value

/m

Head
Calculated

Value/m

Head Relative
Error

/m

A 10,697,069 61.61 64.25 4.29 1.90 1.9283 2.79
B 13,422,014 61.61 63.72 3.42 1.90 1.9003 1.31
C 15,342,176 61.61 63.34 2.81 1.90 1.8916 0.83

2.3. Governing Equations and Turbulence Model Selection

The internal flow of a pump is unsteady viscous flow, which can be described using
Navier–Stokes equations [27]. The Reynolds-averaged Navier–Stokes (RANS) method
was used to decompose the various characteristic variables of the turbulent flow into
time-averaged Reynolds equations and fluctuating values, and then the turbulent viscosity
coefficient was introduced to establish the turbulent model. For a general incompressible
Newtonian fluid, the following control equations are used.

The mass conservation equation, also called the continuity equation, is as follows:

∂ρ f

∂t
+∇ ·

(
ρ f v
)
= 0

Momentum equation:

∂ρ f v
∂t

+∇ ·
(

ρ f vv− τf

)
= f f

where t is time, ff is the volume force vector, ρf is the fluid density, v is the fluid velocity
vector and τf is the shear force tensor given by

τf = (−p + µ∇ · v)I + 2µe
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where p is the static pressure, µ is the dynamic viscosity and e is the velocity stress tensor:

e =
(
∇v +∇vT

)

The numerical simulation and experimental results showed that under the optimal
conditions, the predicted external characteristic curve of the SST k-ω turbulence model
was in good agreement with the experimental curve, where the head error was 4.688% [28].
Therefore, the SST k–ω was selected as the turbulence model to conduct the numerical
simulation of the whole flow channel in the computational domain of the axial flow pump,
where k is the turbulent kinetic energy, and the transport equation is:

ρ
∂(k)
∂t

+ ρ
∂

∂xj

(
Ujk
)
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Pk − β′ρkω

ω is the turbulent dissipation rate, and the related equation is

∂(ρω)
∂t + ∂

∂xj

(
ρUjω

)
= ∂

∂xj

[(
µ + µt

σω

)
∂ω
∂xj

]
+

α ω
k Pk − βρω2 + 2(1− F1)ρ

1
σ

ω2 ω
∂k
∂xj

∂ω
∂xj

In this formula, Uj is the vector velocity (m/s), Pk is the turbulent generation rate and
µt is the turbulent viscosity (m2/s).

2.4. Boundary Conditions and Arrangement of the Pressure Fluctuation Monitoring Points

The boundary conditions in this study were the velocity inlet and free outlet. The
flow at the pump outlet was fully developed. The impeller speed was n = 150 r/min
and the rotor–stator dynamic–static interface was a frozen rotor. The wall of each flow
component adopted a smooth non-slip wall, The impeller surface and hub surface were
set as moving walls without heat transfer, and the convergence accuracy was 10−4. In
the unsteady calculations, the time step was 1/40 of the impeller rotation period of 0.4 s,
and the sampling time was 8 impeller rotation periods. Detailed parameters are shown
in Table 2.

Table 2. Parameter settings for the constant and unsteady calculations.

Calculated Parameters Settings Calculated Parameters Settings

Flow assumption Incompressible Static–static interface GGI
Simulation type Steady Dynamic–static interface Frozen rotor

Inlet boundary condition Quality inlet Wall condition No slippage
Outlet boundary condition Pressure outlet Wall function Scalable wall function

Impeller speed 150 r/min Convergence accuracy 10−4

Flow assumption Incompressible Impeller speed 150 r/min
Simulation type Transient Static–static interface GGI

Time Step 0.01 s Dynamic–static interface Transient rotor stator
Total time 0.32 s Wall conditions No slippage

Inlet boundary condition Quality inlet Wall function Scalable wall function
Outlet boundary Condition Pressure outlet Convergence accuracy 10−4

In order to analyze the pressure fluctuation characteristics of a blade near the flange
side, as well as the inlet and outlet, under the influence of different flange clearance leakage
flow, the pressure fluctuation monitoring points were arranged as shown in Figure 3.
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3. Calculation Results and Analysis
3.1. Head–Flow Curve and Head–Efficiency Curve

Figures 4 and 5 give the head–flow curve and the efficiency–flow curve under different
clearances, respectively, where the YJ values represent the sizes of the different tip clearances
in units of mm.

The test situation represented the head when the gap was 1 mm and evaluated the
relationship between the efficiency and flow rate. It can be seen from Figure 4 that the test
head value was generally higher than the numerical simulation head value, and decreased
with the increase in the flow rate. However, when the flow rate increased, the drop rate was
larger than the numerical model head, and there was a cross-over with the numerical model
head value. The gap between the test and simulation was only about 0.2 m. Figure 5 shows
that the efficiency of the test was lower than the simulation efficiency under the condition
of a small flow rate, but the efficiency growth rate was larger than the simulation value. At
0.6Q0, the test efficiency gradually intersected with the simulation efficiency and began to
exceed it. At 0.9Q0, the efficiency gap between the test and the simulation was the largest,
reaching less than 2%. It shows that the efficiency gap was within the controllable range,
and the numerical simulation was basically consistent with the experimental situation.

This shows that the digital–analog calculation was closer to the actual situation. It
can be seen from Figure 5 that there was no linear correlation between the drop in the lift
and the increase in the clearance. In the process of increasing the clearance from 1 mm to
5 mm, with the increase in the clearance, the change in the lift and efficiency was relatively
small. When the gap was small, the leakage was small; the leakage was very small relative
to the mainstream, and the impact on the mainstream was negligible, making the efficiency
higher. It can be seen from Figure 5 that with the gradual increase in the gap, the leakage
had a certain influence on the mainstream and the influence on the flow field increased,
which caused the head and efficiency drops to be significantly larger. When the clearance
continued to increase (referring to the 3.5 mm–5 mm stage), the leakage volume also
continued to increase, but the increase in the tip clearance was moderate compared with
the previous one. The difference in leakage flow was limited; therefore, the drop in the
head and efficiency was also smaller than before.
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3.2. Effect of Clearance Variation on Total Pressure Distribution of Impeller Middle Section

Figure 6 shows the total pressure distribution of the middle section of the impeller
under different tip clearances. It can be seen from Figure 6 that the pressure changed in
the same trend under different tip clearances. The diffusion and the pressure at the outlet
were small, and the degree of pressure diffusion was relatively uniform in this section,
but at the edge of the front end of the impeller, affected by the gap leakage vortex, a local
high-pressure area appeared. There were high-pressure areas on both the working face
and the back of the blade, which were mainly due to the existence of the tip clearance. The
high-pressure fluid on the working face of the blade passed through the tip clearance and
directly acted on the back of the blade. With the increase in the clearance value, the pressure
gradient along the water inlet direction of the blade decreased. As the leakage vorticity
increased, the work done by the water on the blade decreased. When the tip clearance
increased from 1 mm to 5 mm and the tip clearance was small, the leakage vorticity was
small, and it was easier to generate a local high pressure at the edge of the inlet direction.
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When the tip clearance value was large, the high-pressure fluid crossed the gap. It acted on
the back of the blade, which reduced the workability of the water flow for the blade.
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3.3. Effect of the Clearance Variation on the Turbulent Kinetic Energy Distribution in the Middle
Section of Impeller

Figure 7 shows the distribution of the turbulent kinetic energy in the middle section
of the impeller under the design conditions. It can be seen from the figure that the area
with a large turbulent kinetic energy was concentrated at the edge of the impeller, and
the turbulent kinetic energy was particularly large near the tip of the blade. This was
because the high-pressure fluid leaked from the gap and crossed the working face to the
back to form a mixing loss zone. This affected the normal flow of the fluid in the flow
channel, where a region of high turbulent kinetic energy was created. In the four different
tip clearance cases, the tip leakage flow increased with the increase in the tip clearance
size, and the extreme value of the leakage flow increased when the turbulent kinetic energy
region increased. Combined with the analysis of the total pressure distribution in the
middle section of the impeller in Figure 6, it can be seen that the pressure gradient in the
flow channel along the water flow direction was reduced and the influence of the leakage
flow changed, resulting in the formation of unstable turbulent pulsations inside the flow
channel. The interaction of fluid molecules, friction and collisions aggravated the internal
energy loss of the fluid such that a part of the internal energy was converted into heat
energy and conducted out, thereby reducing the efficiency of the pump device.
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3.4. Effect of the Gap Change on the Pressure and Flow State of the Z–X Section

Figure 8 shows the pressure distribution of Z–X section with different tip clearances
under the design conditions. It can be seen that under different tip clearance values, high-
pressure fluid entered from the bottom inlet, passed through the impeller guide vane in
turn and flowed out from the upper outlet. The total pressure of the Z–X section increased
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gradually along the inlet direction and reached the maximum at the outlet, and there was a
local high-pressure area at the outlet section of the impeller. The total pressure fluctuation at
the inlet position of the impeller was not obvious. When the high-pressure fluid reached the
blade working face, the isobaric line began to change significantly and was accompanied
by large fluctuations. The pressure fluctuations were mostly concentrated in the impeller
channel, which intensified the instability of the fluid flow. It can also be seen from Figure 8
that the pressure of the blade’s working face was significantly greater than that of the back
surface, and even the pressure of some regions was close to zero at the back surface of the
blade. This was because the high-pressure fluid near the tip clearance of the impeller blade
working face side leaked to the back of the blade through the clearance, and the working
efficiency of the blade was reduced, which showed the trend of pressure reduction on the
back of the blade.
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As shown in Figure 9, due to the existence of the tip clearance, there was a significant
backflow at the top of the impeller blade, flow around the outlet, flow pattern disorder and
so on. The flow entered the impeller, and with the increase in tip clearance, the backflow in
the impeller channel increased significantly. When the clearance was small, the leakage
was small, resulting in a large pressure difference on both sides of the blade, which led to
the formation of a flow vortex in the impeller passage. With the gradual increase in the tip
clearance, the leakage increased, causing part of the fluid gathered in the working face to
cross the clearance to form backflow. The larger the clearance was, the more backflow there
was. By observing the above figure, it can be seen that the backflow caused by a certain
gap (Figure 9b) could make the fluid flow smoother, which was sufficient to demonstrate
that a certain gap (Figure 9b) could improve the flow pattern of the impeller channel.

Water 2022, 14, 1652 10 of 18 
 

 

a local high-pressure area at the outlet section of the impeller. The total pressure fluctua-
tion at the inlet position of the impeller was not obvious. When the high-pressure fluid 
reached the blade working face, the isobaric line began to change significantly and was 
accompanied by large fluctuations. The pressure fluctuations were mostly concentrated 
in the impeller channel, which intensified the instability of the fluid flow. It can also be 
seen from Figure 8 that the pressure of the blade’s working face was significantly greater 
than that of the back surface, and even the pressure of some regions was close to zero at 
the back surface of the blade. This was because the high-pressure fluid near the tip clear-
ance of the impeller blade working face side leaked to the back of the blade through the 
clearance, and the working efficiency of the blade was reduced, which showed the trend 
of pressure reduction on the back of the blade. 

 

(a) d = 1 mm (b) d = 2.5 mm (c) d = 3.5 mm (d) d = 5 mm 

Figure 8. Pressure distribution of the Z–X section under the design conditions. 

As shown in Figure 9, due to the existence of the tip clearance, there was a significant 
backflow at the top of the impeller blade, flow around the outlet, flow pattern disorder 
and so on. The flow entered the impeller, and with the increase in tip clearance, the back-
flow in the impeller channel increased significantly. When the clearance was small, the 
leakage was small, resulting in a large pressure difference on both sides of the blade, 
which led to the formation of a flow vortex in the impeller passage. With the gradual 
increase in the tip clearance, the leakage increased, causing part of the fluid gathered in 
the working face to cross the clearance to form backflow. The larger the clearance was, the 
more backflow there was. By observing the above figure, it can be seen that the backflow 
caused by a certain gap (Figure 9b) could make the fluid flow smoother, which was suffi-
cient to demonstrate that a certain gap (Figure 9b) could improve the flow pattern of the 
impeller channel. 

 

(a) d = 1 mm (b) d = 2.5 mm (c) d = 3.5 mm (d) d = 5 mm 

Figure 9. Velocity distribution of the Z-X section under the design conditions. 

3.5. Influence of Clearance Change on Tip Leakage of Clearance Layer 
Figures 10 and 11 show the relative velocity vectors and leaky vortex 3D shapes un-

der different tip clearances at a 0.6𝑄 flow rate. When the tip clearance was 1 mm, the 

Figure 9. Velocity distribution of the Z-X section under the design conditions.

3.5. Influence of Clearance Change on Tip Leakage of Clearance Layer

Figures 10 and 11 show the relative velocity vectors and leaky vortex 3D shapes under
different tip clearances at a 0.6Q0 flow rate. When the tip clearance was 1 mm, the leakage
of the tip head relative to other positions was large and the pressure difference between the
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working face and the back of the blade was also the largest. Since the tip clearance was very
small relative to the impeller diameter and the collision between the leakage flow and the
pump shell caused loss, the actual leakage flow was a small part relative to the mainstream
and had little effect on the flow. Under the influence of the mainstream after the formation
of the leakage flow, the leakage flow was mixed into the mainstream. The pump device
had good performance under this small tip clearance.
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As the tip clearance gradually increased, the leakage also gradually increased. Com-
pared with Figure 11a, a relatively obvious leakage flow was formed in Figure 11b. At this
time, the influence of the leakage flow on the mainstream also increased, but the leakage
flow at this time was still relatively small and was still mixed into the mainstream, and thus,
the leakage vortex disappeared. As the tip clearance was further expanded to 5 mm, the
leakage volume was further increased and the leakage vortex intensified. The leakage flow
and the mainstream had a certain ability to resist and interact. In the encounter position, the
entrainment phenomenon occurred, resulting in the intensification of the vortex in the flow
channel. At this time, the larger tip clearance had a negative impact on the performance of
the pump device and caused concomitant damage to the blade.

3.6. Characteristics of the Pressure Pulsation in the Tip Clearance Region

In order to further reveal the influence of the tip clearance on the flow characteristics in
the rim area of the vertical axial flow pump under the design conditions, the time domain
and frequency domain characteristics were analyzed by monitoring the pressure pulsation
characteristics in the tip clearance area. The amplitude of the pressure pulsation was
described by the relative value of the double-amplitude peak-to-peak value of the mixing
frequency in the time domain, and the spectral characteristics of the pressure pulsation
were obtained by using the fast Fourier transform (FFT). In order to improve the frequency
resolution of the FFT analysis, the sampling time was continuously calculated for four
cycles, starting from the fourth impeller rotation cycle, and the static pressure data of the
monitoring points in these four cycles were collected to analyze the flow field spectrum. The
amplitude of the pressure pulsation was represented by the pressure pulsation coefficient
Cp, which is expressed as follows:

Cp =
∆P

0.5ρU2

where
U =

πnD
60

In these formulae, ∆P is the difference between the instantaneous pressure and the
average static pressure at the monitoring point (Pa); ρ is the fluid density (kg/m3); D is the
impeller diameter (m); U is the peripheral speed (m/s) and n is the pump speed (r/min).

Table 3 is the amplitude table of the monitoring points at the impeller under different
tip clearances. From the data shown in this table, it can be seen that the main frequency
of the monitoring points at the impeller was a multiple of the rotational frequency of the
impeller. Because of the influence of the periodic rotation of the three blades of the impeller
and the mutual interference of the static flow field at the inlet, the main frequency of most of
the monitoring points at the impeller was the same as the blade frequency. In particular, the
main frequency of the measuring points at the impeller rim and the inlet hub was the blade
frequency. The outlet of the impeller was connected to the inlet of the guide vane; therefore,
in addition to being affected by the main frequency of the impeller, some frequencies were
also affected by the guide vane. Under different tip clearances, with the increase in the
clearance, the amplitude first increased and then decreased, while the change trend of the
position of the inlet and outlet and the axial monitoring position was basically the same;
therefore, the three points at the rim were further analyzed.

Figure 12 shows the pressure pulsation characteristics of the monitoring point P3 near
the impeller inlet for different tip clearances. It can be seen that the pressure pulsation at
the monitoring point of the pressure pulsation at the impeller inlet had a relatively obvious
law, which was similar to a sinusoidal waveform. There was a complete peak and trough
in one cycle. When the tip clearance was small, the pressure variation range was large
because the impact of the leakage flow was large under the same working conditions.
When the tip clearance was small, there were many complex high-frequency components
in the frequency domain. Since P3 was located at the leading edge of the tip, the pressure
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here was affected by the direct work done by the blade and also by the leakage flow, which
caused the flow here to be more stable. It was complicated and exacerbated the instability
of the flow.

Table 3. Amplitudes of the monitoring points at the impeller when the clearances were 1, 2.5, 3.5
and mm.

Location Point Number Main Frequency (Hz) Amplitude

Three points of impeller rim clearance
P1 2.5 0.00345
P2 2.5 0.00683
P3 5.0 0.00817

Circumferential three points of impeller inlet
P4 7.5 0.00345
P5 2.5 0.00393
P6 2.5 0.00631

Three axial points at the impeller rim
P7 2.5 0.00540
P8 2.5 0.00271
P9 17.5 0.00340

Circumferential three points of impeller outlet
P10 7.5 0.00715
P11 17.5 0.00928
P12 17.5 0.01403

Three points of impeller rim clearance P1 2.5 0.00322

P2 2.5 0.00689

P3 2.5 0.01339

Circumferential three points of impeller inlet P4 7.5 0.00259

P5 2.5 0.00390

P6 2.5 0.00655

Three axial points at the impeller rim P7 2.5 0.00556

P8 2.5 0.00223

P9 17.5 0.00381

Circumferential three points of impeller outlet P10 7.5 0.00800

P11 7.5 0.01643

P12 17.5 0.01342

Three points of impeller rim clearance P1 2.5 0.00374

P2 2.5 0.00733

P3 2.5 0.01285

Circumferential three points of impeller inlet P4 7.5 0.00285

P5 2.5 0.00406

P6 2.5 0.00664

Three axial points at the impeller rim P7 2.5 0.00571

P8 2.5 0.00233

P9 17.5 0.00376

Circumferential three points of impeller outlet P10 7.5 0.00834

P11 7.5 0.01673

P12 17.5 0.01316

Three points of impeller rim clearance P1 2.5 0.00395

P2 2.5 0.00751

P3 2.5 0.01189
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Table 3. Cont.

Location Point Number Main Frequency (Hz) Amplitude

Circumferential three points of impeller inlet P4 7.5 0.00290

P5 2.5 0.00402

P6 2.5 0.00627

Three axial points at the impeller rim P7 2.5 0.00553

P8 2.5 0.00234

P9 17.5 0.00364

Circumferential three points of impeller outlet P10 7.5 0.00848

P11 7.5 0.01679

P12 17.5 0.01257
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Figure 12. Pressure pulsation characteristics of the tip inlet edge point P3. Figure 12. Pressure pulsation characteristics of the tip inlet edge point P3.

Figure 13 shows the pressure pulsation characteristics of the monitoring point P2
in the middle of the blade tip. It can be seen that the four different blade tip clearances
showed similar regular changes, but the amplitudes were slightly different; its frequency
domain characteristics also had complex components, but they were not as chaotic as the
inlet end, and the middle of the blade tip was affected by the periodic rotation of the blade
and leakage flow.

Figure 14 shows the pressure pulsation characteristics of the monitoring point P1
at the tip outlet. It can be seen that the regularity was not as obvious as before in the
case of different tip clearances since there were no obvious periodic peaks and valleys,
showing a certain amount of randomness; its frequency domain also had a large number
of high-frequency parts, but it was not as good as the inlet and the middle of the tip, and
as the tip clearance increased, the high-frequency part decreased, which was caused by
interference from the leakage flow.
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4. Conclusions

(1) As the tip clearance increased, the lift and efficiency decreased, but there was no
linear relationship between the degree of the decrease and the change in the clearance.
Furthermore, in the process of increasing the flow rate, the difference in the head under
the size of the tip clearance first decreased and then increased, but the difference in the
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head under the condition of a small flow was larger than that under the condition of a
large flow. In the relationship between the efficiency and flow rate, from a small flow
condition to a large flow condition, the efficiency first increased and then decreased,
forming a saddle region, and the pump performance dropped sharply after the flow
rate exceeded the design condition.

(2) In the Z–X section, there was an obvious backflow at the top of the impeller blade,
and there was a flow around the outlet and flow pattern disorder. When the gap
value was 2.5 mm, a certain amount of reflux caused the fluid flow to be smoother,
indicating that a certain gap could improve the flow pattern of the channel.

(3) Under different tip clearance values, the variation trend of the pressure in the impeller
was basically the same. However, the pressure fluctuation changed obviously at the
flange clearance, and the pressure fluctuation amplitude was from 0.00322 to 0.01339.

(4) The pressure pulsation characteristics showed that the axial flow pump showed strong
unsteady characteristics under the design conditions. The leakage flow caused by
the tip clearance aggravated the flow instability and had a significant impact on the
pressure pulsation characteristics in the clearance area.
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