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Abstract: The impeller vane exit placement angle has a critical role in the flow characteristics of the
fluid inside the lobe, thus having a profound effect on the overall pump performance. The purpose
of this study is to investigate the effect of the impeller exit angle on the operating characteristics of
a high-speed well submersible pump, and the numerical calculation results of the original model
are in good agreement with the experimental results. In this paper, five different impeller vane exit
angles, namely 10◦, 15◦, 20◦, 25◦ and 30◦, are selected for numerical analysis based on the original
model, and the flow conditions of 0.6 Q, 1.0 Q and 1.4 Q are analyzed for each angle. The results show
that the impeller vane exit placement angle not only affects the static pressure distribution, velocity
distribution and streamline distribution within the impeller and guide vane, but also has a significant
effect on the head curve, power curve and efficiency curve of the well submersible pump. As the
flow slip inside the impeller of high-speed well submersible pumps intensifies, the large impeller
outlet angle will cause the power of the impeller to increase linearly with the flow rate, thus reducing
the pump efficiency. In the low-flow and high-flow conditions, a small outlet angle of 10◦ will make
the efficiency of high-speed submersible pumps higher than in other conditions, and these findings
can provide some reference for the optimal design of high-speed submersible pumps.

Keywords: impeller blade outlet placement angle; numerical simulation; pump performance; internal
flow field

1. Introduction

With the rapid development of agricultural modernization, well submersible pumps
are widely used in farm irrigation and sprinkler irrigation [1]. According to the data given
by the construction of water conservancy projects in 2022, the effective irrigated area of
farmland in China is 1.037 billion mu, accounting for 54% of the arable land area. Ground-
water used for irrigation is a valuable underground resource with high development value.
In addition, well submersible pumps are also widely used in oil production and geothermal
utilization [2]. As well, submersible pumps are the core equipment for pumping low-level
fluids [3], and so the market has also placed higher demands on their performance in recent
years [4–6]. Due to the superiority of well submersible pumps in pumping underground
fluids, more and more scholars have conducted research on well pumps [7]. With the
help of theoretical analysis, numerical simulation and experimental measurement, much
detailed and in-depth research has been conducted for the optimal design of impeller and
guide vane parameters of well submersible pumps [8], which has enriched the theoretical
basis of well submersible pump design and made a useful exploration in improving the
design method of submersible pumps and improving the hydraulic performance of pumps.

The selection of the impeller outlet placement angle of the submersible pump is closely
related to the internal flow field distribution of the diffuser [9], which becomes the key to
the performance of the well submersible pump. The impeller vane outlet placement angle
will directly affect the hydraulic efficiency of the whole pump, and how to set the impeller
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vane outlet placement angle has become a key issue of concern to enterprises and scholars,
and is also the main focus of this research paper. Therefore, this paper will take different
impeller vane outlet angles as the research scenario for supplementary research, focusing
on the analysis and study of how the pump performs under different impeller vane outlet
angles, in order to explore the influence of the impeller vane outlet angle on the overall
efficiency of well submersible pumps, and put forward countermeasure suggestions to
provide the basis for more in-depth research.

For the selection of impeller inlet and outlet parameters of submersible pumps, a
large number of scholars at home and abroad have carried out relevant research. There
has been much research, mainly from the analysis of diffuser structure parameter changes
and air inlet structure perspective, based on setting different parameters of the import
and export scenario theoretical approach, with scholars carrying out qualitative research
on the import and export diffuser structure parameter changes. It is confirmed that the
angle of the diffuser and the angle of the vane inlet have a great influence on the efficiency
and head of the well submersible pump. The following areas are specifically included.
Neverov et al. [10] focused on the selection and analysis of impeller inlet and outlet
parameters of pumps by analyzing the experimental results of impeller inlet and outlet
parameters, and found that the hydraulic performance of submersible pumps is influenced
by the impeller inlet and outlet parameters. Siddique et al.’s [11] CFD method was used to
study the centrifugal pump by changing the impeller inlet and outlet angles in the shape of
the impeller radial surface, and it was found that the input power can be reduced and the
head of the centrifugal pump can be increased by changing the impeller inlet and outlet
angles. Firatoglu et al. [12] studied the effects of the number of stages, impeller outlet
width and vane outlet placement angle on the performance of well submersible pumps.
They investigated these using a combination of CFD and experimental methods, and it
was found that the impeller vane outlet placement angle had a significant effect on the
pump performance. Arocena et al. [13] conducted a numerical study of the performance of
submersible pumps. The prediction of backflow, vortex formation and cyclonic flow caused
by off-design conditions was investigated using CFD simulations to verify the pump head,
efficiency, flow rate and other characteristics derived in different inlet structure designs.
The performance degradation of TDH predicts a change in both the hydraulic phenomena
and the characteristic curve of the pump. Qingshun et al. [14] modeled and simulated five
different guide vane blade inlet angles, and the results show that the guide vane blade inlet
angle has a large effect on efficiency and maximum flow rate.

Based on the above analysis, scholars have conducted simulation and experimental
research based on different techniques to improve the overall performance of submersible
pumps by improving their key components [15–17], but the research on the influence of the
impeller outlet angle of well submersible pumps on the pump performance is not detailed
enough. Therefore, this paper selects different impeller vane outlet angles to analyze their
effects on the performance of well submersible pumps, in order to provide some reference
for the optimal design of well submersible pumps. This paper is aimed at researching the
impact of the well submersible pump impeller vane outlet angle on pump performance and
other issues of research that have a certain theoretical significance and practical significance.
This paper will conduct an in-depth analysis of well submersible pumps, and the results
will expand the scope of research on well submersible pumps and enrich the research on
the influencing factors of well submersible pump performance. The results of the study
will help the government and enterprises to gain a deeper understanding of the factors
affecting the performance of well submersible pumps, and will propose solutions to the
problem of loss of performance of well submersible pumps to help the current studies of
well submersible pumps and to help develop strategies to manage the problem.
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2. Numerical Simulation Methods
2.1. Computational Models

In this paper, a centrifugal pump with a speed n = 6000 r/min was selected to study
the effect on pump performance, and the main design parameters of this centrifugal pump
are shown in Table 1.

Table 1. Main design parameters of the centrifugal pump.

Design Parameters Takes Values

Rated point head 22 m
Rated point flow 13 m3/h

Impeller inlet diameter 40 mm
Impeller outlet diameter 80 mm

Impeller outlet width 9.5 mm
Blade wrap angle 108◦

Blade exit placement angle 22◦

Diameter of guide lobe inlet 85.2 mm

The commercial 3D software UG12.0 [18] was used to model all calculation domains
in the numerical calculation. And in order to consider the influence of the leakage of the
mouth ring gap on the pump performance, the full-flow field numerical calculation is used,
as shown in Figure 1. The calculation domain includes the inlet section, impeller, pump
chamber, diffuser, outlet section, where the gap portion of the oral ring includes two parts,
and the anterior and posterior chambers. In order for the flow to develop more fully, the
length of the inlet and outlet sections of the calculation domain are extended by four times
the diameter of the inlet and outlet pipes, respectively.
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Figure 1. Schematic diagram of the full-flow field water domain 3D model of the well sub-
mersible pump.

2.2. Grid Division

In this paper, the commercial software ANSYS-ICEM is used for meshing each compu-
tational domain. Because this article mainly studies the influence of single-factor changes
in structural parameters in the impeller on pump performance and internal flow field,
we adopt structured grids for the impeller part and encrypt the leading and trailing edge
parts of the blade. The overall computational domain grid is shown in Figure 2, where the
number of grid cells is 541,482, the grid type is a hexahedral mesh and the number of nodes
is 93,469.The efficiency, head and power are used as indicators for the grid irrelevance test,
the global grid size is used to control the grid density, and the grid quality of the calculation
domain is ensured by refinement of the local style, as can be seen from Table 2. Considering
the calculation time and calculation accuracy, the global grid size of 1 mm is used for the
numerical calculation.
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Figure 2. Schematic diagram of the main computational domain grid model.

Table 2. Analysis of grid independence.

Case Global Maximum
Mesh Size/mm

Number of
Elements Efficiency/% Head/m Power/kW

1 2 3,302,394 54.1 56.22 3.68

2 1 4,395,402 53.5 56.31 3.73

3 0.5 14,853,198 53.3 56.25 3.74

2.3. Calculation Scheme and Boundary Conditions

Numerical calculations were performed using ANSYS-CFX 17.0 software (Pittsburgh,
PA, USA). The standard k-ε turbulence model is used for the turbulence model. The
computational impeller domain is set to the rotational domain, and all other computational
domains are set to the stationary domain. The frozen rotor method is used for data transfer
to the intersection between the stationary and rotational domains. In order to consider
the influence of the impeller cover on the flow, the other inner wall surfaces in the pump
chamber, excluding the contact with the impeller outlet surface, are set as rotating wall
surfaces. A roughness of 10 µm is set for each calculation domain surface to take into
account the influence of the material on the internal flow characteristics of the pump. The
boundary conditions are set to pressure inlet and mass outflow. The reference pressure is
set to a standard atmospheric pressure, and the residual convergence accuracy is set to 10−4,
with a no-slip boundary condition and standard wall surface function for convergence
accuracy. The schematic diagram of the import and export boundary conditions is shown
in Figure 3.
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2.4. Identification of Test Factors

This paper focuses on the effect of the impeller blade outlet placement angle on the
pump performance. The impeller blade exit angle is the blade leaf-type exit side tangent
line and the impeller outer edge of the same point made by the tangent line angle, as shown
in Figure 4. The blade exit placement angles set in this paper are 10◦, 15◦, 20◦, 25◦ and
30◦, and the three flow conditions of 0.6 Q, 1.0 Q and 1.4 Q are used to study the effect of
different vane outlet angles on the performance of submersible pumps.
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3. Analysis of Numerical Simulation Results
3.1. Experimental Verification
3.1.1. Practical Experimental Control

In order to verify the correctness of the numerical simulation method used, the original
model was tested experimentally using a turbine flowmeter DN100 type, with 0.5 accuracy,
to collect the flow points of the medium-ratio submersible well pump. The schematic
diagram of the two-dimensional setup of the experimental bench is shown in Figure 5.
During the test, the pump inlet line valve was kept fully open, and the flow condition
points were collected through the turbine flow meter on the outlet line. Table 3 shows the
results of the pump performance tests. Since the actual speed of the pump during the test
was 6000 r/min, the pump outlet pressure was much higher than the inlet pressure, and
the inlet pressure was set to 0 Kpa during the test because the pressure gauge range was
larger and the negative inlet pressure was smaller.

Water 2023, 15, x FOR PEER REVIEW  6  of  20 
 

 

 

Figure 5. Schematic diagram of the pump test bench setup. 

Table 3. Pump performance experimental results. 

Q/(m3/h) 
Inlet Pressure 

/kPa 
Outlet Pressure/kPa  H/m  P/kW  η/% 

0  0  1304  22.21  0.60  0.00 

2.02  0  1260  21.46  0.71  20.24 

4.01  0  1200  20.45  0.79  34.39 

6.01  0  1129  19.25  0.87  44.27 

8.06  0  1066  18.16  0.94  51.83 

10.01  0  982  16.75  0.98  57.07 

12.01  0  870  14.83  0.99  59.76 

14.05  0  729  12.45  0.97  59.88 

16.03  0  566  9.66  0.91  55.98 

18.06  0  393  6.73  0.85  47.44 

20  0  231  3.98  0.72  34.51 

A comparison of the experimental performance of the pump and the calculated per-

formance of the numerical simulation is shown in Figure 6. In order to reflect the external 

characteristic change curve from the shut-off point to the maximum flow condition during 

the pump test completely, five flow condition points are taken in the numerical calcula-

tion, namely 0.6 Q, 0.8 Q, 1.0 Q, 1.2 Q and 1.4 Q. The comparison shows that the results of 

the numerical simulation experiment and the actual operation experiment have approxi-

mately the same curve changes in the whole operating condition range of the pump, and 

accurately predict the trend of the pump’s external characteristics curve. This shows that 

the method of the numerical simulation experiment adopted in this paper is feasible and 

has practical research significance. This further ensures the accuracy of the design solution 

to study the effect of the impeller blade outlet placement angle on pump performance by 

numerical simulation. 

Also, the pump used in this paper is a three-stage centrifugal pump, because the pri-

mary impeller of a three-stage centrifugal pump is more affected by the initial conditions 

of different fluid flows and pressures. The three-stage impeller is affected by the first two 

stages of the impeller and the outlet over-flow fluid, which, like the first-stage impeller, 

does not restore the smooth flow field in the pump well. Therefore, in this paper, the sec-

ondary impeller is selected for the impeller internal flow field analysis. 

Figure 5. Schematic diagram of the pump test bench setup.



Water 2023, 15, 2774 6 of 20

Table 3. Pump performance experimental results.

Q/(m3/h)
Inlet Pressure

/kPa
Outlet

Pressure/kPa H/m P/kW η/%

0 0 1304 22.21 0.60 0.00
2.02 0 1260 21.46 0.71 20.24
4.01 0 1200 20.45 0.79 34.39
6.01 0 1129 19.25 0.87 44.27
8.06 0 1066 18.16 0.94 51.83

10.01 0 982 16.75 0.98 57.07
12.01 0 870 14.83 0.99 59.76
14.05 0 729 12.45 0.97 59.88
16.03 0 566 9.66 0.91 55.98
18.06 0 393 6.73 0.85 47.44

20 0 231 3.98 0.72 34.51

A comparison of the experimental performance of the pump and the calculated per-
formance of the numerical simulation is shown in Figure 6. In order to reflect the external
characteristic change curve from the shut-off point to the maximum flow condition during
the pump test completely, five flow condition points are taken in the numerical calculation,
namely 0.6 Q, 0.8 Q, 1.0 Q, 1.2 Q and 1.4 Q. The comparison shows that the results of the
numerical simulation experiment and the actual operation experiment have approximately
the same curve changes in the whole operating condition range of the pump, and accurately
predict the trend of the pump’s external characteristics curve. This shows that the method
of the numerical simulation experiment adopted in this paper is feasible and has practical
research significance. This further ensures the accuracy of the design solution to study the
effect of the impeller blade outlet placement angle on pump performance by numerical
simulation.
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Also, the pump used in this paper is a three-stage centrifugal pump, because the
primary impeller of a three-stage centrifugal pump is more affected by the initial conditions
of different fluid flows and pressures. The three-stage impeller is affected by the first two
stages of the impeller and the outlet over-flow fluid, which, like the first-stage impeller,
does not restore the smooth flow field in the pump well. Therefore, in this paper, the
secondary impeller is selected for the impeller internal flow field analysis.
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3.1.2. Initial Model Impeller and Diffuser Flow Field Distribution under Different
Flow Conditions

It is clear from Figure 7a–c that the working surface of the blade is more evenly
distributed in terms of pressure and velocity flow line compared with the back of the blade.
This is because, when entering the impeller internal flow field, the more fitted the impeller
blade exit placement angle of the fluid into the flow rate is, the closer it will be to the blade
work surface flow, leading to the formation of a relatively stable laminar flow environment.
However, in the back of the blade, due to the faster loss of fluid, the blade attachment state
will be formed after the blade is not connected with each other separation area, and these
areas of the flow rate and pressure are different from the design value of the impeller, as
the original has been maintained in the blade above the high-pressure fluid flowing into a
low-pressure, slow-speed area, thus producing the corresponding energy loss that is the
separation loss. The separation loss is closely related to the impeller blade exit angle setting,
and, after adjusting, the impeller blade exit angle constantly adapts to the actual working
conditions to obtain a more stable impeller internal flow field.
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Similarly, in the diffuser section, the analysis in Figure 7d–f shows that, in the outlet of
the diffuser, because the liquid has just obtained a large amount of kinetic energy from the
rotation of the impeller, in contact with the stationary diffuser, the instantaneous velocity
change is large, so a large pressure is generated in the diffuser internal flow field, but
the velocity distribution value is small and the flow line can be seen to produce a large
turbulence area and a higher vortex position. This paper analyzes this phenomenon based
on the relevant design basis of the pump, and finds that the inlet section of the diffuser
is influenced by the impeller blade exit angle, and the diffuser inlet angle of the impeller
blade exit angle can make the fluid flow out of the impeller into the internal flow field
of the diffuser to reduce the velocity loss significantly, so that the pressure and velocity
distributions of the internal flow field of the diffuser are smooth and even. In summary,
this paper found that the impeller and diffuser internal flow fields, and even affect the
performance of the entire pump, are very important factors, as is the impeller blade exit
angle, as, if the exit angle is set too small, it will be difficult for the fluid to obtain the kinetic
energy provided by the impeller, and, if the exit angle is set too large, the fluid will face
a faster diffusion rate when entering the impeller internal flow field, resulting in large
separation losses. And, an unreasonable impeller vane outlet placement angle will affect
the liquid flowing into the diffuser and the inlet velocity, resulting in turbulence in the
internal flow field of the diffuser, a vortex phenomenon, and increased energy loss, which
will reduce the efficiency of the pump.

Therefore, in this paper, the analysis of the flow field inside the impeller is carried out
by changing the angle of the impeller blade exit angle, which has a direct influence on the
flow field, under the premise of controlling the above variables in unison. Determining a
stable and uniform, non-rotating, non-turbulent vortex flow field inside the impeller that
best suits the actual ideal state will ensure stable and efficient operation of the impeller and,
ultimately, will improve the overall efficiency of the centrifugal pump.

4. Analysis and Discussion
4.1. Effect of Different Blade Exit Placement Angles on External Characteristic Curves

Figure 8 shows the effect of different blade placement angles on the external charac-
teristic curves of head and efficiency. From the figure can be seen that, in the small flow
conditions, the smaller the blade outlet angle is, the higher the head is, and, in the large
flow conditions, the larger the blade outlet angle is, the higher the head is. It can also be
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found from the graph that, when the vane placement angle is 25◦, the well submersible
pump has a high head in a wide range.
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It can be seen from Figure 8 that, when the impeller outlet angle is small, the efficiency
is higher in the entire flow range. Analysis of the reason shows that this is mainly due to
the well submersible pump and to the limitations of the well diameter: the inner pump
casing is generally cylindrical, and, when the impeller speed is high, the impeller outlet
water flow will have a large slip angle. That is, the actual impeller outflow angle will be
less than the blade outlet resting angle, resulting in the blade outlet resting angle being
larger when the relative slip is more serious.

Figure 9 shows the effect of different blade placement angles on the power external
characteristic curves. From the figure it can be seen that the effect of the blade exit placement
angle on the power is greater with the 20◦, 25◦ and 30◦ impeller exit placement angles of
power than 10◦ and 15◦, where the impeller blade exit placement angle is higher. The main
reason is that the impeller vane outlet placement angle is set relatively large, to a certain
extent to increase the pump outlet flow. At this time, in order to provide a corresponding
energy supply to overcome the greater resistance to fluid flow, it is necessary to provide
greater power to the pump. From the figure it can also be seen, when the blade exit angle is
small and the flow rate increases, the power will appear to first increase and then reduce the
phenomenon. Analysis of the reason shows that this is mainly due to the blade placement
angle being small, which will cause the turbulent flow of water and vortex generation, and
the formation of the backflow phenomenon inside the pump body, resulting in the impeller
consumption power increase.
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Table 4 shows the comparison of head, efficiency and power of the well submersible
pump when the vane placement angles are 10◦ and 25◦, respectively, and from Table 4 it
can be seen that the small vane outlet placement angle can affect single-stage power and im-
prove the efficiency of high-speed pumps. Therefore, our work will provide some reference
for researchers to study the optimal design related to high-speed submersible pumps.

Table 4. Comparison of submersible pump performance under two different vane outlet place-
ment angles.

Power/kW Efficiency/% Head/m

Flow Rate Conditions 10◦ 25◦ 10◦ 25◦ 10◦ 25◦

0.6 Q 1.01 1.08 43.4 40.4 20.64 20.62

1.0 Q 1.12 1.21 53.8 52.4 17.1 17.9

1.4 Q 1.13 1.26 55.8 54.1 12.7 13.8

4.2. Internal Flow Field Analysis

Figures 10–12 show the static pressure distribution clouds at the second-stage impeller
cross section under 0.6 Q, 1.0 Q and 1.4 Q operating conditions, respectively. All show a
gradual increase in pressure along the radial direction of the impeller to the outside. In
other words: the impeller has a low pressure in the inlet area and a high pressure in the
outlet area. It can be seen from Figure 11 that the impeller static pressure gradient increases
and then decreases with the increase of impeller blade outlet placement angle under the
0.6 Q working condition. The 1.0 Q flow condition and the 1.4 Q high-flow condition in
Figure 12a show the same trend as the low-flow condition in Figure 13, and the magnitude
of the change is more obvious. Accordingly, it can be seen that the impeller blade outlet
placement angle has a certain influence on the pressure distribution of the internal flow field
of the impeller. Under the small-flow condition of 0.6 Q, it can be seen by the comparison
between the working surface of the blade and the back of the blade that, when the blade
exit angle is set to 10◦, the distribution of the impeller internal flow field static pressure
distribution cloud is more uniform, and, under the 1.0 Q flow condition, it can be seen in
the Figure 12a graph that the internal flow field pressure distribution is more even when
the blade exit angle is 25◦. However, under high-flow conditions, when the impeller blade
outlet placement angle is set to a large angle of 20◦ or more, the high-pressure area of
the impeller internal flow field is widely distributed, the low-pressure area generated in
the inlet area is smaller, and the pressure distribution of the impeller internal flow field is
smoother. This paper has found that this is because, when the flow conditions are small,
the impeller’s blade exit speed is low, and the rotation speed of the impeller center is
also low. Therefore, the outlet placement angle should be set smaller to avoid problems
such as reduction of the impeller flow coefficient and impeller stall speed. When the flow
conditions become larger, there is a need to adjust the impeller blade outlet placement
angle, in order to increase the impeller outlet channel area, to ensure that the flow channel
has sufficient through capacity to avoid the flow being too large, resulting in flow-channel
blockage or flow instability.

On the other hand, it is evident from the guide lobe portion of Figures 10b, 11b and 12b
that a very obvious low-pressure area forms in the inlet area of the diffuser, which is due to
the fluid in the impeller, after the acceleration into the diffuser, being restricted by the inlet
geometry inside the diffuser, so that the fluid in contact with the diffuser of the instant flow
is met with a certain resistance, and then produces a pressure drop. This is not conducive
to the smooth distribution of pressure in the flow field inside the diffuser. The impeller
outlet placement angle will have an important influence on the pressure distribution inside
the diffuser. The pressure distribution on the diffuser shows a general trend of gradually
increasing from the inlet to the outlet, reaching the highest at the diffuser outlet. Different
blade outlet placement angles will change the low-pressure area of the diffuser inlet area,



Water 2023, 15, 2774 12 of 20

and from Figure 12 it can be seen that, with the increase of the placement angle, the low-
pressure area of the diffuser inlet position gradually reduces, causing the internal hydraulic
loss of the diffuser to reduce. At the same time, by comparing the static pressure clouds of
the diffuser under different flow conditions under 0.6 Q, 1.0 Q and 1.4 Q, it can be found
that, the smaller the impeller outlet placement angle is, the more serious the influence on
the static pressure clouds of the diffuser under high-flow conditions is. It can be seen from
Figure 13 that, when the impeller’s outlet resting angles are 10◦ and 15◦, a more serious
low-pressure area is generated inside the diffuser. A serious hydraulic loss is generated,
which is the reason for the sudden increase in power in Figure 9 under low-flow conditions
when the outlet resting angle is 10◦.
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Figure 13. 0.6 Q impeller and diffuser velocity flow line distributions.

The velocity and streamline distributions at the second-stage impeller cross section
under 0.6 Q, 1.0 Q and 1.4 Q operating conditions are shown in Figures 13a, 14a and 15a,
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respectively. As can be seen from the diagram in Figure 14, when the blade outlet placement
angle is 10◦, more obvious low-speed zones are seen in the impeller inlet leading edge and
impeller outlet position, and there is secondary flow from the flow line distribution, which
can be found in the low-speed zone, and these problems may lead to impeller vibration.
As the blade placement angle increases, the low-speed zone inside the runner will shift
from the back area of the blade to the working surface area of the blade, and it can also
be found that the location of the low-speed zone will move from the outlet position to the
inlet position. And it can be found that, with the increase of the blade exit placement angle,
the low-speed region inside the impeller runner will be further reduced. Analysis of the
secondary impeller velocity streamline distribution clouds in Figures 14 and 15 shows that,
with the change of the blade exit placement angle, there will be obvious changes in the
impeller runner, while the increase of the exit placement angle can make the velocity cloud
distribution at the impeller exit position more uniform.

The velocity and streamline distribution at the cross section of the second-stage diffuser
under 0.6 Q, 1.0 Q and 1.4 Q operating conditions are shown in Figures 13a, 14a and 15a,
respectively. As can be seen from Figure 14b, the effect of different blade exit placement
angles on the internal flow field of the diffuser is relatively large. Specifically, under small-
flow conditions, when the blade placement angle is 10◦, the internal velocity field of the
diffuser has an obvious low-pressure area, and the internal low-speed area of the diffuser
is close to the position of the working surface of the diffuser. At the same time, it can be
found that the velocity gradient is larger in the diffuser exit area, and with the increase
of the impeller blade exit placement angle. It can be found that the velocity gradient in
the region of the inlet position of the diffuser matching the impeller increases significantly,
and analysis of the reason shows that this is mainly due to the fact that the inner casing
of the well submersible pump is cylindrical, in the impeller outlet position there is an
obvious slippage phenomenon, and that when the impeller outlet placement angle is
large this will produce a large impact loss. With the increase in traffic, further analysis of
Figures 14b and 15b reveals that, as the flow rate increases, the low-speed zone inside the
diffuser will gradually decrease, and the velocity distribution inside the diffuser will be
more uniform. The same can be found when the impeller blade exit angle increases: and
the impeller matching diffuser inlet area velocity gradient will also increase, and the loss
increases. This is consistent with the conclusion of the data from the external characteristic
curve in Figure 9, resulting in a monotonic linear increase in power with flow for larger
angles of placement, while a smaller angle of placement will appear as the flow changes
with the power, and the power will essentially tend to level off.
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5. Conclusions

In this study, a combined approach of numerical simulation and experimental analysis
was employed to investigate the external characteristic curves and internal flow fields of



Water 2023, 15, 2774 19 of 20

multi-stage well submersible pumps by varying the outlet angle of five groups of impellers
under corresponding boundary conditions. Through rigorous analysis, the following
conclusions have been derived.

The numerical simulation results presented in this paper demonstrate that the selected
impeller blade outlet angles of 10◦, 15◦, 20◦, 25◦ and 30◦ exert a notable influence on the
hydraulic performance of centrifugal pumps. Examining the head-flow curve reveals that
smaller blade outlet angles result in higher head values under low-flow conditions, while
larger outlet angles lead to increased head values under high-flow conditions. Analyzing
the power-flow curve reveals a saturation power phenomenon with smaller impeller
blade outlet angles, whereas larger angles exhibit a monotonically increasing trend with
increasing flow rates. Moreover, examining the efficiency-flow curve for high-speed well
submersible pumps indicates that smaller impeller blade outlet angles yield higher pump
efficiency. Compared with a blade exit angle of 25◦, using a small blade exit angle of 10◦

will result in an increase of 7.4%, 2.6% and 3.1% for small-flow case 0.6 Q, rated-flow case
1.0 Q and high-flow case 1.4 Q, respectively.

Analyzing the static pressure distribution within the impeller reveals that the impeller
blade outlet angle significantly affects the internal static pressure distribution. As the outlet
angle increases, the impeller’s static pressure gradient initially rises and then declines.
Notably, under high-flow conditions, the impeller’s internal flow field exhibits a wider
distribution of high-pressure areas and a smaller generation of low-pressure areas in
the inlet region, resulting in a smoother pressure distribution throughout the impeller.
Consequently, large impeller outlet angles are recommended for high-flow pumps to
ensure optimal outflow performance.

Examining the velocity flow field distribution within the impeller, it becomes evident
that the impeller blade outlet angle notably impacts the distribution of velocity flow
lines, particularly in the diffuser’s inlet area, where the velocity gradient is significantly
influenced. Increasing the impeller blade outlet angle leads to a higher velocity gradient in
the diffuser’s inlet area, further exacerbating diffuser losses.

In conclusion, this study provides comprehensive insights into the influence of im-
peller blade outlet angles on the performance characteristics of well submersible pumps.
The findings highlight the importance of selecting appropriate outlet angles to optimize
hydraulic performance, efficiency and pressure distribution within the impeller. These
results contribute to the design and operation of well submersible pumps, enabling en-
gineers to make informed decisions for achieving superior performance and efficiency
in various applications. Further research can build upon these findings to explore ad-
ditional factors impacting pump performance and refine design strategies for enhanced
operational outcomes.
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