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In this article, a typical mixed-flow pump was adopted as the research object to
investigate the influence of the inlet structure within the impeller on the
performance and internal flow patterns of the mixed-flow pump. First, three
different blade inlet structure cases, which are forward bending, straight, and
backward bending, were proposed and modeled separately. Second, the
performance of mixed-flow pumps featuring different cases was carefully
compared and analyzed. The results show that the inlet structure of the blades
has a small impact on the head of the mixed-flow pump. However, it has a
significant impact on the efficiency and shaft power of the pump at the rated flow
condition. Among them, the performance of the straight and backward bending
cases is significantly better than that of the front bending case. At the same time,
the accuracy of the numerical results was verified by the experimental results.
Finally, the internal flow and hydraulic loss laws with different inlet structures were
deeply studied. It is found that the case of forward bending will cause the media to
strike the middle of the inlet edge of the blade first and then generate a secondary
flow along the inlet edge. The secondary flow will induce stronger media
crowding at the inlet side near the shroud and hub. Due to the large curvature
of the shroud and hub at the position of intersection with the inlet side of the
blade, media crowding induces flow interference of the media on each span of the
impeller channel. This ultimately leads to increased flow losses within the impeller
and diffuser, reducing the hydraulic performance of the mixed-flow pump. This
finding clarifies the influence mechanism of the inlet side geometry of the inlet
blade on the performance and internal flow of the mixed-flow pump, which can
provide a theoretical basis for improving the performance of the mixed-
flow pump.
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1 Introduction

The specific speed of the mixed-flow pump is larger, which makes it easier to obtain
higher hydraulic efficiency. This is why they are applied in many fields, such as the chemical
industry, water conservancy, and agriculture (Li et al., 2020; Yang et al., 2021; Kan et al,
2022). At the same time, many use environments also put forward higher requirements for
their performance and operation stability (Yang et al., 2022a; Yang et al., 2023). Therefore,
researchers have carried out several studies to improve its performance and operational
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stability (Li et al., 2021; Yang et al,, 2022b; Ji et al., 2023). A large number
of studies have shown that the geometric structure of the impeller blades
of a mixed-flow pump has a very significant impact on pump
performance (Tan et al,, 2017; Ji et al, 2021). Wu et al. (2015) made
the flow structure in the impeller channel more uniform by geometrically
correcting the outlet side of the impeller blades of the mixed-flow pump,
which significantly widened the flow range of the mixed-flow pump and
improved its hydraulic efficiency under high-flow conditions. Based on
numerical simulation and experiments, Bing and Cao (2014) explored in
detail the influence of position parameters at the inlet and outlet of the
blade on the hydraulic loss and performance of the mixed-flow pump. It
is found that reducing the blade angle on the blade trailing edge is
conducive to reducing the absolute velocity in the outlet area, which, in
turn, reduces the hydraulic loss in the region and improves the hydraulic
efficiency of the mixed-flow pump. Bing and Cao (2013) also took
multiple geometric parameters of the impeller blade as independent
variables at the same time, carried out a large number of numerical
simulations, and conducted performance tests on the case with better
performance. It is found that the hydraulic performance of the mixed-
flow pump can be effectively improved by combining different geometric
parameters of the blades to carry out a large number of numerical
simulations, but this work requires a lot of computational resources and
time. Tan etal. (2018) investigated the influence of tip position and shape
of mixed-flow pump blades on tip leakage and performance of the
mixed-flow pump, and proposed the structure of a T-shaped tip. This
structure can not only improve the hydraulic efficiency of the pump but
also significantly reduce the pressure fluctuation intensity at the blade tip
clearance.

Among the parameters of the mixed-flow pump blade, the
parameters of the leading edge were found to have a significant
impact on the pump performance and operation stability. Zhu et al.
(2019) optimized the symmetric leading-edge shape of the mixed-flow
pump based on a genetic algorithm and numerical simulation. The
results show that the fine-tuning of the blade inlet side section can
significantly improve the cavitation performance without affecting the
efficiency and head of the pump. Kim et al. (2022) investigated the effect
of the transition surface shape from the working surface to the back
surface at the inlet side of the blade on the flow structure within the
impeller of a mixed-flow pump in the non-cavitation state versus the
cavitation state. It was shown that the transition surface shape of the
square shape induces significant flow separation and vortex generation
in the non-cavitation state. In the cavitation state, the greater the
ellipticity of the transition connection between the working surface
and the back surface, the stronger its anti-cavitation performance.
Brennen (2011) studied the influence of the sharp degree of the
blade inlet edge shape on the performance of the mixed-flow pump
under non-cavitation and cavitation conditions. It is found that the
sharper the shape of the blade inlet edge, the better the performance of
the mixed-flow pump. However, when the inlet edge is too sharp, there is
a risk of being left out of focus because of the shutter. Tao et al. (2018)
similarly carried out research on the influence of inlet side structures
with different shapes on the cavitation performance of the pump at rated
flow. It is found that the shape of the leading edge of the blade will
strongly affect the flow separation, pressure drop, and cavitation of the
medium, and the prediction of the low-pressure region at the position of
the leading edge can be used as a critical assessment index for the pump
cavitation performance. Ardizzon et al. (1995) studied the influence of
the blade leading-edge attack angle on medium flow. The influence of
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the incident angle of the medium on the cavitation performance of the
pump was discussed. It was found that the flow mode and local pressure
peak of the medium were the most closely related parameters to the
cavitation performance.

Scholars have already recognized that the geometric structure of
the blade inlet edge has a significant impact on the pump
performance and operation stability. However, the existing
research mainly focuses on the influence of the blade leading-
edge shape on pump cavitation performance, while the influence
of the inlet edge shape on pump performance has not been found.
Based on the research method of combining numerical calculations
and experimental verification, this paper studies the influence of the
inlet edge shape on the performance and internal flow structure of
the mixed-flow pump in order to provide some help for improving
the performance and operation stability of mixed-flow pumps.

2 Geometry and parameters

The research object of this paper is a small mixed-flow pump
used for water cooling of a large mechanical system. The structure of
the mechanical system limits the outer diameter of the pump body to
no more than 100 mm. So, the maximum radial size of the model
meridian is limited to 90 mm. The design flow of the mixed-flow
pump model is Q, = 30 m*/h. In order to meet the requirements of
the piping arrangement of the mechanical system, the head of pump
H, under the design flow shall not be less than 10 m. The rated
operating speed of the water pump is 7, = 6000 r/min. On this basis,
we can determine the specific speed of the hydraulic model under
the rated flow as follows:

_3.65n,/Q;

ny= S = 355.5. (1)

Due to the high head and efficiency requirements of this
hydraulic model under the rated flow condition, the impeller is
of the meridian closed type, and the pressure chamber adopts the
space diffuser to meet the design requirements. Figure 1 shows the
meridian of the main overflow components of the mixed-flow
pump. Figure 2 shows the hydraulic model of the impeller blade
inlet side of the three geometric structures of the program. The main
dimensions marked in the figure have been listed in Table 1.

3 Numerical modeling
3.1 Mathematical model

NX software is adopted for three-dimensional modeling of the
mixed-flow pump hydraulic system in this paper. As the most
central hydrodynamic components, the blade modeling accuracy of
the impeller and diffuser has a great impact on the accuracy of the
numerical results. Therefore, the method of determining surfaces from
point sets is used for blade modeling of impellers and diffusers. The large
amount of point data in the point set not only ensures the accuracy of
blade modeling but also ensures that the shape of the blade in the
numerical simulation model has a high degree of consistency with that of
the rapid prototyping blade used for testing. For this mixed-flow pump,
its inlet and outlet pipelines in the cooling system are straight pipes, and
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FIGURE 1

Meridian of the main overflow components of mixed-flow pumps.
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FIGURE 2
Three geometric structure cases for the inlet side of impeller
blades.

the inlet and outlet pipe lengths are long. Therefore, the inlet and outlet
pipes in the three-dimensional modeling process are also in the form of
straight pipes, and the length is 10 times the impeller inlet diameter to
ensure the accuracy of the numerical simulation.

3.2 Grids

The use of a structured hexahedron grid in numerical calculation not
only improves the speed of data transmission and thus reduces the time
of numerical simulation but also improves the quality of data
transmission and the convergence of numerical calculation. The grids
used in different numerical calculation cases in this paper are all
hexahedral structured grids which are generated in Ansys TurboGrid
software. At the same time, 15 layers of the boundary layer are arranged
near the solid wall within the calculation domain, and the growth rate of
the boundary layer is set as 1.05. However, at the inlet side of the impeller
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blade, the number of layers of the boundary layer is set to 20 in order to
capture the fine flow structure of the medium. The grid assembly of the
main computational domain and the details of each case are shown in
Figure 3.

In order to further reduce the influence of the grid on the numerical
results, the grid independence analysis was also carried out in this paper.
On the basis of ensuring that the included angles of the edges are greater
than 18°, the performance analysis of the mixed-flow pump in case 2 was
carried out for the change of the single side length of the hexahedral grid
(the maximum control size of the grid). It can be seen from Table 2 that
when the control size of the grid does not exceed 1.8, the fluctuation of
the numerical prediction results of the head and efficiency of the mixed-
flow pump does not exceed 1%. At this time, the influence of the grid on
the results of numerical calculations is small, so 1.8 is chosen as the
control size of the subsequent grid used for numerical calculations.

3.3 Boundary conditions

In order to further improve the accuracy of numerical
calculations, the pre-settings of the numerical cases should take
into account the convergence of the case and the real situation of the
mixed-flow pump. As shown in Figure 4, in order to enhance the
convergence of the numerical case, the boundary conditions in this
paper adopt the inlet total pressure and the outlet mass flow rate.
Because the impeller of the mixed-flow pump is made of precision-
cast stainless steel, its roughness is low, so the solid wall in the
calculation domain is set to no-slip wall, and the roughness is set to
10 um. In addition to the impeller calculation domain being set to
rotate, the other calculation domains are set to stationary. The
impeller and the front and back calculation domains are connected
by the frozen rotor to ensure the accuracy of data transfer. The
convergence accuracy of the numerical calculation is set to 10~ to
ensure the accuracy of the calculation results.

The k-w SST turbulence model has obvious advantages in high-
precision boundary layer simulation, and it has high accuracy in
predicting the flow structure near the wall of the impeller blade. The
resolution of the boundary layer needs to be more than 10 points to
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Grid details of main hydraulic components.

TABLE 1 Geometric specifications of the impeller and the diffuser.

Impeller

Number of blade Z;

Bridge radius of hub ry (mm)

Leading-edge radius of case 1 r; (mm)

Diameter of the shroud Dg (mm) 50 Leading-edge radius of case 3 r; (mm) 15.5
Diameter of the hub Dy (mm) 21.6 Diffuser
Diameter of the outlet D, (mm) 79.19 Number of vane Z, 7
Width of the outlet bo,, (mm) 13 Diameter of outlet outer Do, (mm) 21.6
Impeller diameter D, (mm) 70 Diameter of outlet inner Doy, (mm) 50
Bridge radius of the shroud rs (mm) 8.75

TABLE 2 Grid independence analysis.

Maximum grid size (mm) 24
Number of grids (*10°) 2.9 48 5.7 7.0 9.1
Predicting head (m) ‘ 19.68 ‘ 18.97 1857 | 18.46  18.42
Predicting efficiency (%) ‘ 77.21 ‘ 76.88  76.02 7598 = 75.96

ensure the conditions for the use of the model (Menter, 1994). The
grid used in this paper fully meets the requirements, so the
numerical calculation model used in this paper is the k-w SST
turbulence model. The following two equations are the transport
equations for the turbulent kinetic energy, k, and the turbulence
frequency, w.

The k-equation is represented as follows:

¥+ V. (pUk) =V. |:<‘u+?>Vk:| +Pk+Pkb—ﬁ'pkw. (2)
k

The w-equation is expressed as follows:
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9(pw) _ e w :
T‘}' V. (pU(U)— V. ‘Ll+a—w Vw +(XEPk+wa—ﬁPw.
3

Here, y, is the turbulence viscosity. Py, and P, represent the
influence of the buoyancy forces. P is the production rate of
turbulence.

4 Results and discussion
4.1 Pump performance validation

In order to further ensure the accuracy of numerical calculation
results, performance test verification was carried out in this paper. In
the three cases, the impeller blade inlet side structure in case 2 is a
straight line from the shroud to the hub, which is the most
convenient for the machining accuracy verification of the test
model. Therefore, case 2 is selected to carry out the verification
performance test. The test was carried out on a closed test bench.
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Computational domain model and boundary conditions.
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Test bench system.

The pressure at the inlet and outlet of the mixed-flow pump was
collected using the pressure sensor at the inlet and outlet, and
transmitted to the computer in real time to calculate the pump
head. The real-time flow of the pump is obtained using the
electromagnetic flowmeter, and the shaft power and pump speed
are obtained using the torque meter. Figure 5 shows a sketch of the
experimental system and for the case 2 impeller and diffuser in kind.
The impeller is made of stainless steel by precision casting, and the
diffuser is made of the original physical model of the pump
manufacturer. The production process is the disappearing mold
casting.

Figure 6 shows the comparison between the numerical
prediction results of the model of case 2 and the experimental
results. Under the rated flow condition, the numerically predicted
head is 1.08% higher than the experimental head, and the
1.15% higher than the
experimental efficiency, so the numerically predicted results have

numerically predicted efficiency is

Frontiers in Energy Research 05

Pressure sensor

Inlet valve

high accuracy. The reason that the numerical prediction results are
slightly higher than the experimental results under the rated flow
condition is that there is a small amount of volumetric and
mechanical losses during the experimental process. Under the
small flow condition, the error between the numerically predicted
head and the experimental head remains small. However, the error
between the numerically predicted and experimental efficiencies
increases slightly and reaches a maximum value of 4.24% at 0.6 times
the rated flow condition. At high flow conditions, the predictions of
head and efficiency increase with the increase in the flow rate. At
1.4 times the rated flow condition, the numerical prediction error of
the head reaches a maximum of 1.61m, and the numerical
prediction error of efficiency reaches a maximum of 3.99%. The
main reason for the increased deviation of the numerical prediction
results for the non-rated flow condition compared to the rated flow
condition is the elevated intensity of the unsteady flow in the flow
field. The true head and efficiency of the pump show periodic
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fluctuations, which cannot be reproduced by steady-state numerical

25 simulation. In conclusion, the numerical method in this paper has a
- —0— -a_ ol o small error in predicting the pump performance near the rated flow
condition, and the error in predicting the performance under the
20 - . e e .
L e deviation from the rated flow condition is slightly improved, but the
i prediction error in the full flow range does not exceed 4.5%. Moreover,
cIst 5 S the numerical prediction of head and efficiency in the trend of change
- >
= S N e & g with the test results also maintains a high degree of consistency, and the
2 — Head- 3 - _y . o
B ¢ — o— Head-EXP 2 prediction of the pump’s highest efficiency point is very accurate. In
ot 1303 . o .
summary, the numerical method used in this paper has high accuracy.
—e— Efficiency-CFD
4 o Efficiency-EXP -
5t .
4.2 Comparison of performance under
h ’: % - p %0 different inlet side cases
Flow rate Q/(m*/h)
Figure 7 shows the performance comparison of the mixed-flow
FIGURE 6 . . . .
Comparison of numerical predictions of pump performance with pump under three different impeller blade inlet side cases. It can be
test results. seen from Figure 7A that the pump head of case 1 is higher than that
of the other two cases under small flow and large flow conditions.
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Performance under different inlet side cases
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However, within the range of 0.8 Q,~1.0 Q,, the difference between the
pump heads of case 1 and case 2 is small. The head of case 3 is smaller
than that of the other two cases under full flow conditions. Combined
with the axial projection of each case in Figure 1, it can be seen that the
axial projection area of case 3 is the smallest, so the contact area between
the impeller blade and the medium is the smallest, which is the reason
for its low head. For case 3, the minimum projected area of its axial
plane causes its head to be low, but Figure 7C shows that its axial power
is significantly lower than that of the other two cases under full flow
conditions. Moreover, compared with the other two cases, the
maximum shaft power point shifts to the rated flow point, so it has
better non-overload performance. Comparing the efficiency of the three
cases, it can be seen that the efficiency performance of case 1 is the worst
in the range of 0.6 Q,~1.0 Q,, the efficiency performance of case 3 is the
worst under the condition of large flow (1.4 Q,), and the efficiency range
of case 2 is the largest. Since this mixed-flow pump often operates in the
range of 0.75 Q, ~1.08 Q,, the energy-saving effect of case 2 and case 3 is
significantly better than that of case 1.

4.3 Flow field pattern with a mixed-flow
pump

Figure 8 shows the circumferential flow angle of the medium on
the mid-span of the impeller channel of different cases. Under the

10.3389/fenrg.2023.1292387

condition of a small flow rate, the media flow angle of each case has
an obvious uneven distribution in the circumferential direction, and
the difference between each case is small. The specific performance
is that the media flow angle of the medium near the back of the blade
is significantly smaller than that near the working surface of the
blade. Meanwhile, the uniformity of the medium flow angle in the
circumferential direction of each scheme is significantly improved at
rated flow conditions. However, the distribution difference among
the cases is significantly elevated. Near the back of the impeller
blade, the high media flow angle area of case 1 extends to the
impeller outlet. This indicates that the media at this position has a
secondary flow perpendicular to the mainstream direction.
However, near the working surface of the blade, the media flow
angle distribution of the media and other areas of the channel have
obvious stratification. This may be caused by the impact of the
media at the blade inlet on the blade inlet edge. At the same time, the
secondary flow in the channel caused by the uneven distribution of
the media flow angle in the channel will also induce the uneven
distribution of the impeller outlet flow in the circumferential
direction. It can be seen that the media flow angle in region 2 is
significantly smaller than that in the regions on both sides, which
will lead to stronger “wake-jets” in the medium at the impeller outlet
and, thus, induce a stronger rotor-stator interaction. Compared
with case 1, case 2 and case 3 have a significantly more uniform
circumferential distribution of the media flow angle under rated flow

Casel

Region 2

Case2

Case3

0.60:

FIGURE 8

1400

Circumferential media flow angle on the mid-span of the impeller channel for different cases.
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conditions, which is more conducive to reducing its hydraulic loss
and improving its operation stability.

The velocity gradient distribution in the span direction at the
mid-span position of the impeller channel for different cases is
shown in Figure 9. Under small flow conditions, the overflow area of
the impeller channel is larger than the area required for uniform
media overflow. As a result, there is an obvious interference of the
medium on each span, which is manifested in the presence of a clear
region of high values of the velocity gradient in the first half of the
impeller channel. Among them, the region of high values of the
velocity gradient in case 1 is from the position of the blade inlet and
occupies the entire flow path from the back of the blade to the
working surface. It indicates that in these regions, there is flow

10.3389/fenrg.2023.1292387

interference of the medium in the span direction. Compared to case
1, the influence range of this high-velocity gradient region in case 2 is
slightly reduced, but the flow interference of the medium on each
span is still more obvious. Case 3 is in the region of the smallest
range of influence, and its location is not near the impeller blade inlet
edge but in the middle of the impeller channel near the back of the
blade. This suggests that the shape of the blade inlet edge of case 3 is
effective in reducing the media flow interference on each span. It also
indicates that the high-velocity gradient region in cases 1 and 2 may
be caused by the flow separation between the inlet edge and the
middle position of the flow path. Under the rated flow condition, the
effect of the blade inlet edge structure on the media flow interference
on each span still exists. First, the overall velocity gradient in the flow

Region 3
-

Case3

0.60r

FIGURE 9

Flowfield pattern at the mid-span surface of cavities under different flow conditions.
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channel of case 1 is significantly higher than that of the other two
cases, and case 3 has the smallest overall velocity gradient. At the
same time, there is an obvious flow interference in region 3 between
the spans at the impeller outlet position in case 1. This also shows
that the change in the geometric structure of the inlet side of the
blade not only affects the flow in the impeller channel but also
directly changes the flow pattern of the medium at the outlet of the
impeller, which, in turn, affects the flow structure of the medium in
the diffuser.

In order to further analyze the flow difference of the medium in
the direction from the shroud to the hub, Figure 10 shows the
medium flow rate on the 0.8-span cross section near the shroud and
the 0.2-span cross section near the hub under the rated flow
condition. Combined with the flow interference analysis of each
span in Figure 10, the axial projection diagram of the influence of the
impeller blade inlet structure on the medium flow is drawn. At the
position of the 0.2-span cross section, the influence of the blade inlet
structure on the distribution of medium velocity is very obvious. The
forward curved inlet edge structure in case 1 will cause the medium
to hit the middle of the inlet edge the first time. Because the inlet

“— Main flow
> Secondary flow

Region 4

10.3389/fenrg.2023.1292387

edge has a certain thickness, its crowding out of the medium will
cause the medium to generate a secondary flow along the path of the
dotted line in the schematic diagram. This will inevitably lead to an
increase in the flow on the 0.2 span and 0.8 span cross sections near
the shroud and hub and, thus, strengthen the medium crowding at
the blade inlet near the cover plate. From the velocity distribution
diagram, it can be seen that the 0.8-span cross section of case 1 has
an obvious low-velocity region near the inlet side of the blade, which
is caused by the medium hitting the inlet of the blade. The low-
velocity region is bound to cause more hydraulic losses. In addition,
in case 2, the low-speed area of the scope of the obvious reduction,
this is because the program does not have the above secondary flow.
However, comparing the velocity distributions at the 0.2 span and
0.8 span inlet locations in cases 1 and 2, it can be found that the inlet
crowding phenomenon on the 0.8-span cross section is significantly
stronger than that on the 0.2-span cross section. This is because the
excessive arc curvature of the shroud is smaller, and the change of
the flow direction of the medium is more obvious when it passes
near this position, and flow interference between the spans is more
likely to occur, which leads to hydraulic loss. On the other hand, on

0.2 Span

Case2

0.2 Spang

Case3

FIGURE 10

Media flow rate in the 0.8-span cross section and 0.2-span cross section at the rated flow condition and media flow near the inlet.
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Pressure distribution on the mis-span midline within the chamber.

0.2 span, the large curvature transition section of the rear cover
plate is helpful in preventing inter-span flow interference. In case
3, the medium first hits the inlet side of the blade near the shroud
and hub, which causes the secondary flow in the opposite
direction of case 1. This avoids the superposition of the high-
intensity region of the flow interference between the spans and
the region near the shroud with a smaller curvature. The media
crowding at the inlet side of the blade near shroud is significantly
reduced. At the same time, the case 2 and case 3 impeller outlet
position of the media flow distribution is also significantly more
uniform, which is conducive to reducing the rotor-stator
interaction of the hydraulic system.

The entropy production statistics in the impeller, diffuser,
and overall calculation domains of different cases are shown in
Figure 11. For the impeller calculation domain, the entropy
production of case 1 under 0.8 Q, and 1.0 Q, flow conditions
is significantly larger than that of the other two cases, which is in
good agreement with the previous analysis. In addition, from
Figure 10B, it can be seen that there is also a significant difference
in the hydraulic losses within the diffuser under different inlet
side structures. The previous analysis found that the uneven flow
phenomenon of the medium near the impeller outlet in case 1 is
more obvious, which directly leads to the entropy production
within the diffuser in the working condition range of

Frontiers in Energy Research

0.6 Q,~1.2 Q, that is significantly higher than in the other two
cases. The entropy production statistics of the overall calculation
are shown in Figure 10C, and the difference in entropy
production under the 0.8 Q, working condition of each case is
the largest, which coincides with the results of the efficiency
analysis in Figure 8.

5 Conclusion

The influence of the blade leading-edge structure on the
performance and internal flow pattern of a mixed-flow pump is
studied in this work. Different impeller blade leading-edge cases
which are forward curved, straight, and backward curved are
designed. Numerical calculations are carried out for different
cases. The performance difference of each case is carefully
compared and analyzed with respect to the internal flow
characteristics. As it is shown, the main conclusions can be
extracted as follows:

1) Based on the performance test, the numerical prediction error at
the rated flow condition is less than 1.2%. Meanwhile, the
numerical prediction error is less than 4.5% under off-rated
flow rates. More importantly, the prediction of the performance

10 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1292387

Huo and Zha

change law is quite accurate. Therefore, the numerical method
adopted in this paper ensures a high degree of accuracy.

The forward curvature of the inlet side of the blade induces a
secondary flow of the medium across the span near this location,
which, in turn, leads to a stronger medium crowding that occurs
close to the location of the shroud. This region will overlap with
the region of a greater curvature of the shroud, resulting in
greater hydraulic losses.

3) The unsteady flow described in the second conclusion will also
result in the presence of a significantly uneven flow in the
impeller outlet medium. This will not only increase the flow
losses within the diffusers but will also increase the intensity of
the rotor-stator interaction in the hydraulic system.
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