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ABSTRACT

To investigate the influence of structural parameters on the performances and internal flow characteristics of par-
tial flow pumps at a low specific speed of 10000 rpm, special attention was paid to the first and second stage
impeller guide vanes. Moreover, the impeller blade outlet width, impeller inlet diameter, blade inclination angle,
and number of blades were considered for orthogonal tests. Accordingly, nine groups of design solutions were
formed, and then used as a basis for the execution of numerical simulations (CFD) aimed at obtaining the effi-
ciency values and heads for each design solution group. The influence of impeller geometric parameters on the
efficiency and head was explored, and the “weight” of each factor was obtained via a range analysis. Optimal
structural parameters were finally chosen on the basis of the numerical simulation results, and the performances
of the optimized model were verified accordingly (yet by means of CED). Evidence is provided that the increase in
the efficiency and head of the optimized model was 12.11% and 23.5 m, respectively, compared with those of the
original model.
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Nomenclature

H Head (m)

0 Flow rate (m%h)

a Impeller blade outlet width (mm)
b Impeller inlet diameter (mm)

z The number of blades (slice)

o The blade number (slice)

n Pump efficiency (%)

N
P

Specific speed
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1 Introduction

A partial flow pump, also known as a tangential pump, is considered a high-speed pump when its speed
exceeds 3600 r/min. Its overcurrent components differ from those of ordinary centrifugal pumps. This new
type of pump was developed based on innovative theories [1,2]. A partial flow pump is a low specific speed
pump with a small flow rate and high lift. Compared with a centrifugal pump, it has several advantages such
as compact structure, superior component interchangeability, longer lifespan, reliable operation, smaller axial
force, and flatter head curve. Partial flow pumps are widely used in aerospace, fertilizer, pharmaceutical, and
petrochemical industries [3,4]. They are mainly used for petrochemicals and aerospace applications, and the
transported liquid’s properties have a significant impact on the pump’s operation and performance, such as
specific gravity, viscosity, and concentration. When the medium’s specific gravity increases, the pump’s shaft
power increases. As the viscosity and concentration increase, the same flow rate results in a shorter distance
transported by the pump, resulting in a decreased pump head. Although the constant head characteristic of
partial flow pumps makes changes in medium viscosity and density insignificant on the head, high-speed
pumps handling denser media such as petroleum can lead to accidents in high-speed shaft bearings during
operation. Through extensive experimental research, researchers have proposed specific corrective
measures to make partial flow pumps suitable for oil extraction and transportation [5—8].

Barske and Turton developed the fundamental design theory for tangent pumps through extensive
research and pointed out that partial flow pumps, like conventional centrifugal pumps, follow Turton’s
equation. However, unlike conventional centrifugal pumps, in the impeller of a partial flow pump, the
liquid rotates around the radius in a concentric rotational motion based on energy, and the impeller and
fluid maintain a rigid relationship. When the liquid in a single flow channel connects to the diffuser along
the tangential direction, it is discharged [9,10]. Ueda et al. [11] investigated the impact of impeller blade
number on pump performance through simulation and experimentation. They found that as the number of
blades increases, the flow velocity fluctuations in the pump decrease in frequency, and the flow path
becomes smaller, leading to an increase in losses within the pump. Knyazeva explored the basic hydraulic
characteristics of partial-flow pumps and determined the correlation between the changes in energy
parameters and the kinematic viscosity of the liquid by numerical calculations [12]. Lee et al. [13]
investigated the flow characteristics of partial flow pumps with small flow rates and high heads and
studied the effect of the throat area on the pressure distribution within the pump. They also optimized the
design of the pump structure based on their findings. Yu [14] investigated the flow characteristics of
partial flow pumps by maintaining a constant head. It was found that as the flow rate increases, the
impeller diameter and specific speed also increase, while the head coefficient y decreases. By keeping the
flow rate of the partial flow pump constant, it was observed that increasing the throat diameter leads to
improved pump efficiency and helps avoid significant decreases in the head caused by flow fluctuations.
Li et al. [15] investigated the head characteristic curve of high-speed partial flow pumps as well as the
factors that lead to hump phenomena. The research found that neither impeller diameter nor nozzle
diameter has a significant effect on eliminating hump characteristics while adding an orifice plate at the
outlet of the impeller can effectively address the issue. Yang et al. [16] utilized CFD technology to
investigate the influence of throat nozzle area on the performance characteristics of partial flow pumps. It
was found that when the throat nozzle area varied between 0.7 dt and 1.3 dt, the head remained
essentially unchanged. Furthermore, the operating range of the pump expanded as the nozzle area
increased, and the efficiency of the partial flow pump was directly correlated with the size of the throat
nozzle area. Yang et al. [17] conducted a numerical simulation to investigate the impact of the number of
blades and the outer diameter of the impeller on the performance of the partial flow pump. The research
showed that the number of blades in the partial flow pump is inversely proportional to the head, while the
outer diameter of the impeller has a quadratic relationship with its head.
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In summary, current research and analysis on partial flow pumps have been conducted to some extent.
Some scholars have explored the influence of certain structural parameters, such as impeller diameter, volute
throat area, and clearances between the impeller and volute casing, on the flow characteristics within the
pump. However, the focus of these studies has been primarily limited to single-stage partial flow pumps,
which consist of assembled impellers and volute casings. The object of this study is a 14-stage low-
specific-speed partial flow pump with a maximum speed of 10000 r/min, which has an impeller and guide
vane assembly structure. Currently, there is little research on the optimization of impeller structural
parameters for this type of pump. Therefore, in this paper, four factors including the outlet width (a) of
the impeller blades, the inlet diameter () of the impeller, the inclination angle (&) of the impeller blades,
and the blade number (z) are selected as experimental factors for impeller optimization design. The
orthogonal test method is used to optimize the impeller design with the head and efficiency of the partial
flow pump as the optimization objectives. The obtained optimization results are analyzed, and an ideal
target model with both high efficiency and head is derived.

2 Pump Model and Orthogonal Test Scheme

2.1 Model and Parameters

The axial and radial dimensions were limited to 406 and 92 mm, respectively, in the actual application.
The pump consisted of 14 stages with a design head height of 1000 m, a flow rate of 1.25 m’/h, and an
efficiency of 46.83%. Table 1 provides the main geometric parameters of the high-speed multistage
partial flow pump. To enhance optimization efficiency, the modeling simulation and orthogonal testing
focused on the first and second stages of the multistage pump. Figs. 1 and 2 illustrate the model structure
and impeller structure, respectively. The obtained influence law of each parameter on the pump
performance reflects their impact on the multistage pump’s overall performance.

Table 1: Main structural parameters of partial flow pumps

Parameters Numerical
O/(m*/h) 1.25
Head/m 1000
Number of impeller stages 14
n/(r/min) 10000

g 3.82
Impeller blade outlet width a/mm 2.8
Impeller inlet diameter //mm 28

Blade inclination angle o/(°) 81.3
Number of blades z/slice 8

/\}\)\\\\\\I\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\'&\\\\\\\\\\\\\\\\\\ \‘\\\% 4
dse ////’ 7%
27

LLIT, FTIIIE, (LTI LL, CTIPTI2, TIAL LR, PLLZA Y Y 2 N 2 22N r//////

\’7//4??*. ;/\l\\“;» l*‘;/gl; %l . T l:‘z;l\: ;\I\S f///

Figure 1: Assembly drawing of high-speed multistage partial flow pump



1206 FDMP, 2024, vol.20, no.6

Figure 2: High-speed multistage partial flow pump impeller structure

2.2 Orthogonal Test Scheme
2.2.1 Test Purpose

(1) Investigate the influence of geometric parameters of partial flow pump impellers on the efficiency
and head at the rated operating point.

(2) Propose an optimal design solution for a partial flow pump with a flow rate of QO = 1.25 m*h, head of
H = 1000 m, rotational speed of » = 10000 r/min, and specific speed of n; = 3.82.

2.2.2 Test Factors and Test Scheme

A thorough analysis was carried out to investigate the impact of various structural parameters on the
performance of the partial flow pump. Four parameters, namely impeller blade outlet width (a), impeller
inlet diameter (b), blade inclination angle (o), and number of blades (z), were chosen as orthogonal
experimental factors. Each factor was set at 3 levels in order to meet the compact design requirements of
the partial flow pump structure. Specifically, the impeller blade outlet width was set at 1, 2, and 3 mm,
the impeller inlet diameter was set at 26, 30, 34 mm, the blade inclination angle was set at 60°, 70°, and
80°, and the number of blades was set at 6, 8, and 10. The level table for the experimental factors can be
found in Table 2.

Table 2: Partial flow pump orthogonal test parameter level table

Factors A B C D
Level a (mm) b (mm) o (°) z (slice)
1 1 26 60 6

2 2 30 70 8

3 3 34 80 10

Nine sets of orthogonal tests were conducted, where appropriate parameter combinations were
determined based on the selected orthogonal test factors and factor levels to generate an orthogonal table,
as shown in Table 3. In this table, the letters A, B, C, and D represent impeller blade outlet width (a),
impeller inlet diameter (b), blade inclination angle (a), and number of blades (z), respectively.
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Table 3: Partial flow pump orthogonal test scheme

Schemes a b o z

1 A B, C, D,
2 A B, Cs D,
3 A B; C, D;
4 A, B, Cs D;
5 A, B, C, D,
6 A, B; C, D,
7 As B, C, D,
8 As B, (o D;
9 Aj B; Cs D,

3 Numerical Simulation

The three-dimensional model of the partial flow pump was meshed using the ICEM software in the
ANSYS platform. In particular, a hexahedral structured mesh was applied to the impeller while the
impeller blade area was locally refined. The remaining components of the overflow were set as an
unstructured mesh. Moreover, a boundary layer was defined for all mesh models to minimize
computational errors [18,19]. To ensure the accuracy of numerical simulations and minimize the number
of grids for improved work efficiency, a grid independence analysis was conducted on the computational
domain grid model, considering the efficiency and head simulation accuracy of the ultra-low specific
speed magnetic pump, as well as the time required for computer numerical simulation. Six different scale
mesh schemes were set for all calculation domains to obtain the optimal mesh number for the numerical
simulation of pump models. Numerical simulations were performed on the six schemes under the rated
flow condition, and the relationship between efficiency data and grid number was comprehensively
compared and analyzed. The mesh model with no significant change in efficiency with increasing number
of grids was selected as the best combination. As shown in Fig. 3, efficiency gradually increases with the
increase in grid number, and the number of grids greatly affects efficiency when the grid number is less
than that of scheme 5. When the number of grids continues to increase, the hydraulic efficiency of the
pump no longer changes significantly with the change in the number of grids. Therefore, the mesh
combination of scheme 5 was chosen for subsequent numerical simulation analysis, and the specific mesh
model is illustrated in Fig. 4.

a7 r 46.48

46
asr 44.41
44 r 43.33
43 +
4215
42F
41r
40 F
39
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Number of grids / (million)
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Figure 3: Grid independence verification



1208 FDMP, 2024, vol.20, no.6

Figure 4: Mesh of impeller and guide vanes

The ANSYS CFX 2020R2 software was utilized to conduct simulations and analyses of nine different
test scenarios. The boundary conditions for the model were set based on actual application scenarios.

For all computational domains, the fluid within the impeller was defined as a rotating domain, while
other domains such as the inlet section, guide vanes, and outlet section were defined as stationary
domains. To ensure smooth data transfer between independent computational domains and to replicate the
actual working conditions of the pump, a moving-stationary interface was established at the connection
between the stationary and rotating domains. Additionally, a stationary-stationary interface was set up at
the connection between two stationary domains. The no-slip wall condition was applied to all convective
wall surfaces. The rotating domain was defined with the z-axis as the rotation axis, and the rotational
direction of the impeller was determined using the right-hand rule. The rotational speed of the domain
was set to 10000 r/min. In terms of the inlet boundary condition, the computational domain’s inlet was
designated as a pressure inlet with the inlet pressure equivalent to standard atmospheric pressure. On the
other hand, the outlet was configured as a mass flow outlet with a mass flow rate of 1.25 m*h. The rotor
rotation is set to 3° per time step in this study. Combined with the rotational speed calculation, each time
step corresponds to a duration of 0.00005 s. The maximum number of iterations is set to 2000 steps. In
numerical computations, the residual values are used as a criterion to determine convergence. The
average residual convergence tolerance is set to 1 x 107 [20]. During the iterative calculations, if the
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computation fails to converge, it is necessary to modify control parameters or adjust the grid of the
computational domain. The governing equations, including the second-order upwind discretization
scheme, are employed to discretize the continuity equation, momentum equation, turbulent kinetic energy
equation, and turbulent dissipation rate equation. The finite volume method is utilized to discretize the
governing equations, and the coupling between velocity and pressure is achieved using the SIMPLEC
algorithm [21].

The conservation laws of fluid flow can be described by a set of governing equations composed of the
mass equation, momentum equation, and energy equation. In this study, the fluid inside the pump is assumed
to be incompressible, and the heat transfer process is neglected during the calculation. Therefore, the energy
equation is omitted, and the mass equation and momentum equation serve as the fundamental governing
equations for the fluid flow inside the pump. Considering the rotation of the fluid around the pump axis,
the incompressible mass equation and momentum equation in the rotating coordinate system are as
follows [22]:

Vu=0 6]
V.(puu) = =V, + V. +s 2)
§==2pQxu—pQx(Qxr) 3)

where u is the relative velocity of the fluid, 7 is the stress tensor, s is the source term, £ is the angular velocity,
r is the position vector.

In this study, a full-flow channel simulation of a high-speed multistage partial flow pump is performed
using the standard k-epsilon (k-¢) turbulence model, which is widely used in CFD. The standard k-¢
turbulence model assumes that the turbulent viscosity is isotropic, i.e., the ratio of Reynolds stress to
deformation rate is the same in all directions. In the standard k-¢ turbulence model, the turbulent viscosity
U 1s defined as [23]:

He = pC,u? “4)

where C,, is the empirical coefficient with a value 0f 0.09, ¢ is the turbulent kinetic energy dissipation rate, & is
the turbulent kinetic energy.

The constraint equation for turbulent kinetic energy dissipation rate ¢ and the control equation for
turbulent kinetic energy k are as follows:

O(pkp; 0 ok| e
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1 J J
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P, is the pressure generation term caused by the velocity gradient, and its mathematical expression is as
follows:

_(Ou;  Ou;\ Ou;
Pk—ﬂt<a)g+a—)q>a—)cj (7

The parameters in the equation are empirical coefficients, where o, =1, 0, = 1.3, ¢; = 1.44, and ¢, = 1.92.

The numerical simulation can be obtained from the partial flow pump inlet and out-let pressure
parameters, from which the pump head can be calculated using the formula shown in Eq. (8). According
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to the action of fluid in the partial flow pump on the impeller wall torque, pump inlet and outlet pressure, and
flow parameters, the partial flow pump operating efficiency can be calculated using Eq. (9) [24]:

H — (Poutp; Pin) (8)
g =520 ©

where P;, is the pump inlet pressure, P,,, is the pump outlet pressure, p is the fluid density, g is the
gravitational acceleration, T is the impeller wall torque, w is the angular velocity.

According to the orthogonal test design scheme in Table 2, the hydraulic model of each scheme was
established. The numerical simulation of each scheme model was conducted under the same working
conditions to obtain the efficiency # and head H data under the rated working conditions. The numerical
calculation results were post-processed according to the above calculation method, and the efficiency and
head results of the nine test schemes are shown in Table 4.

Table 4: Orthogonal test results of high-speed multistage partial flow pump

Schemes a b a z n (%) H (m)
1 Aq B, C; D, 54.65 121.61
2 Ay B, Cs D, 51.57 123.23
3 Ay B; G D; 43.95 110.47
4 A, B, Cs D3 57.11 145.02
5 A, B, C D, 57.44 140.17
6 Ay B; C D, 4438 121.26
7 As B, C D, 49.14 127.27
8 Aj B, (O D; 45.87 114.86
9 Az B; Cs D, 38.62 111.96

4 Orthogonal Test Results

An extreme difference analysis was performed on the efficiency # and head H results of each test group
to analyze the influence of four test factors on the performance of partial flow pumps. The aim was to identify
the main parameters that affect the performance of partial flow pumps and ultimately determine the optimal
combination of parameters. The range analysis of efficiency # is presented in Table 5.

( 3
K;=>E
=
3 (10)
k=33 E

1
\ R= kimax - kimin

-
Il

where E; is the value of a factor, K is the sum of the values of j horizontal factors, &; is the mean value of each
factor, and R is the range.
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Table 5: High-speed multistage partial flow pump efficiency range analysis table

Level a b o z
K; 1 1.5017 1.6087 1.4491 1.5072
2 1.5890 1.5488 1.5054 1.4509
3 1.3363 1.2696 1.4726 1.4689
k; 1 0.5006 0.5362 0.4830 0.5024
2 0.5297 0.5163 0.5018 0.4836
3 0.4454 0.4232 0.4909 0.4896
Optimal level 2 1 2 1
R 0.0842 0.1130 0.0188 0.0187

Note: K, k;, and R in the range analysis table are defined in Eq. (10) [25].

Table 4 shows that the impeller inlet diameter (b) has the greatest impact on the efficiency, the blade
outlet width (a) is second, the blade inclination angle (o) and the number of blades (z) have a similar
effect on the partial flow pump efficiency effect, and the impact efficiency is relatively small, i.e.,
Rb > Ra > Rz > Ra. The relationship between partial flow pump efficiency # and the 4 test factors is
shown in Fig. 5. The partial flow pump efficiency increases and then decreases as the blade outlet width
increases. The pump efficiency gradually decreases as the impeller inlet diameter increases, with a less
significant decrease when the inlet diameter increases from 26 to 30 mm, and a more significant decrease
from 30 to 34 mm. The blade inclination angle increases, causing the efficiency to rise first and then fall,
but the efficiency change is small. The efficiency decreases first and then increases as the number of
impeller blades increases, and the change is smoother.

0.58
0.5297 0.5362
0.5163
0.53 0.5018 0.5024
— 0.483 _g._0.4909 0.4836
£ .48 [0.5006 /\0 \,4
= 4454 0.4896
04232
0.43
0.38
1 2 3 1 2 3 1 2 3 1 2 3
a b o Z

Figure 5: Relationship between efficiency and various factors

High-speed multistage partial flow pump head H extreme difference analysis as shown in Table 6. Based
on the extreme difference value R shows that the impeller blade outlet width (a) on the head H influences the
most, followed by the impeller inlet diameter (), blade inclination angle (&) on the head H, and impeller
blade number (z) on the head H, i.e., each parameter for the head H influence in the order Ra > Rb > Ro. > Rz.

The relationship between head H and the 4 factors is shown in Fig. 6. When the blade outlet width (a) is
increased, the amplitude of the head H change increases.
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Table 6: High-speed multistage partial flow pump head range analysis table

Level a b o z
K; 1 355.3071 393.9002 357.7268 373.7438
2 406.4509 378.2598 3779119 371.7480
3 354.0916 343.6895 380.2108 370.3577
k; 1 118.44 131.30 119.24 124.58
2 135.48 126.09 125.97 123.92
3 118.03 114.56 126.74 123.45
Optimal level 2 1 3 1
R 17.45 16.74 7.49 1.13

140

135

115

110

Figure 6: Relationship between the head and each factor

When the pump outlet flow rate Q is constant, the fluid flow rate decreases as the impeller inlet diameter
(b) increases, lowering the pump head H. Head H increases with the increase of blade inclination angle (o),
and head H rise amplitude is larger for blade inclination angle (a) from 60° to 70° stage. However, from the
70° to 80° stage, the head H rise amplitude is smaller, showing a slowly rising trend. An increase in blade
number (z) makes the head show a slow decline trend.

Combining the above analysis, the specific levels of each of the 4 parameters are determined as follows:

(1) For the blade outlet width (a), level 2 is optimal when efficiency # is the selection criterion; level 2 is
also optimal when pump head H is the selection basis; from the relationships between efficiency #, head H,
and the factors, it can be seen that with an increase in blade outlet width (a), a trend of first increasing and
then decreasing is observed. When the outlet width is selected as level 2 to obtain the maximum, the blade
outlet width (@) selected level 2, corresponding to the value of 2 mm;

(2) When the efficiency # and pump head H are used as the selection criteria, the best level for the
impeller inlet diameter () is 1. As the impeller inlet diameter (b) increased, the efficiency # and head H
tended to decrease. Therefore, impeller inlet diameter (b) selects level 1 as the best level, corresponding
to a value of 26 mm;

(3) For the blade inclination angle (a), the best level was 2 when the efficiency # was the basis for
selection, and when the pump head H was the basis for selection, level 3 was the best. Blade inclination
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angle (a) from horizontal 2 changed to horizontal 3, i.e., blade inclination angle («) changed from 70° to 80°,
the head H only raised 0.77 m, and efficiency # reduced by 1.09%. Therefore, careful consideration of
efficiency # and head H, blade inclination angle (o) chooses horizontal 2, that is, take the value of 70°;

(4) For the number of blades (z), with efficiency # as the selection basis, Level 1 is the best, and with the
pump head H as the selection basis, Level 1 is the best. Therefore, the number of blades (z) chosen level 1,
that is, the number of impeller blades (z), takes the value of six.

In summary, the design values of the four parameters of the high-speed multistage partial flow pump
were determined by the orthogonal test method: blade outlet width ¢ = 2 mm, impeller inlet diameter
b = 26 mm, blade inclination angle a = 70°, and the number of blades z = 6. This combination, now
referred to as scheme 10, was not included in the previously described nine sets of orthogonal schemes.
Modeling, meshing, and numerical simulations were conducted for Scheme 10.

5 Performance Comparison before and after Optimization

5.1 Comparison of Pump Performance

The optimal solution obtained from the orthogonal experiment, designated as Solution 10, was subjected
to numerical analysis and compared with the performance of the prototype pump. The comparison of the
optimization model and the prototype pump’s structural parameters is presented in Table 7, while the
comparison of their characteristic curves is illustrated in Fig. 6.

Table 7: Comparison of impeller structure parameters between the original model and the optimized model

a b o z
Original model 2.8 28 81.3
Optimization model 2 26 70

The comparison of the curves in the figure, reveals that the head of the optimized model is lower than the
head of the prototype pump when the flow rate is less than 0.8 times the rated flow rate. The working
conditions in this range deviate from the rated working conditions to a greater extent. Thus, the
optimization effect is not obvious. When the flow rate was 0.8 times the rated flow rate and above, the
head of the optimized model was higher than that of the prototype pump, and the maximum value
occurred at the rat-ed flow rate. Since the partial flow pump is a constant head pump, its outlet pressure is
less affected by the change in flow rate, and the prototype pump and the optimized model head
fluctuation range are maintained within 10%. As seen in Fig. 7, when the flow rate is 0.6 times the rated
flow rate and above, the efficiency # of the optimized model is higher than that of the prototype pump.
The difference between the efficiency n and head H of the prototype pump and the optimized model is
smaller when the flow rate is the rated flow rate, the optimized model can get the optimal effect, and the
head H is increased by 23.5 m. The efficiency # was increased by 12.11% compared to the original model.

5.2 Comparison of Pressure Distribution

The internal flow field data of the partial flow pump were obtained by postprocessing the numerical
simulation results to analyze the flow mechanism of the internal flow field. A comparison of the impeller
pressure fields is shown in Fig. 8. It shows the pressure cloud of the impeller section of the prototype
pump, while it shows the pressure cloud of the impeller section of the optimized model. It can be seen
that before and after the optimization of the impeller section pressure distribution gradient change law,
part of the flow pump straight vane is driven by the shaft to the fluid rotation work. The mechanical
energy transferred by the rotating shaft into fluid kinetic energy and pressure potential energy along the
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radial direction from the impeller center to the impeller edge pressure gradually increased, the minimum
pressure at the impeller inlet, and the maximum pressure at the impeller outlet. Compared with the pre-
optimized model, the low-pressure area was reduced, the high-pressure area was increased compared with
the prototype pump, and the head and efficiency were improved.
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Figure 7: Comparison of the characteristic curves before and after optimization

Pressure(Pa)
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Figure 8: Comparison of pressure distribution before (left side) and after optimization

Increasing the pressure at the inlet improved the cavitation inside the pump. It can be seen from the two
sets of pressure clouds that the pressure gradient at the inlet and outlet of the optimized impeller is
significantly larger than that of the prototype pump. This indicates that the head of the optimized model
is higher than that of the prototype pump, which is consistent with the conclusion that the head and
efficiency of the optimized model are higher than those of the prototype pump obtained in this study.
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5.3 Comparison of Streamline and Velocity Distribution

Fig. 9 shows the velocity distribution and internal fluid flow line distribution between the prototype
pump and the impeller section of the optimized model. The fluid before entering the impeller and out of
the impeller has the absolute velocity of zero non-rotating fluid. Owing to the rotation of the impeller and
the inertia of the fluid, the relative motion between the impeller and the fluid, that is, the fluid in the
impeller between the two blades, forms the direction of rotation and the opposite direction of rotation of
the impeller vortex. The generation of this vortex is directly related to the finite number of blades, which
decreases the degree of clamping of the blades to the fluid. Its vortex vector is parallel to the axis; thus, it
is called an axial vortex.

Figure 9: Comparison of streamline and speed distribution before (left side) and after optimization

The optimized model impeller blade number is less than that of the prototype pump, and the blade scale
between the two impellers is slightly increased. However, the number of vortices in the pump is reduced, and
the performance loss caused by the pump operation is reduced. The increase in the number of blades reduces
the pump’s internal fluid flow range, and the static pressure conversion is insufficient to lead to a lower pump
efficiency. Therefore, for the model selected in this study, the appropriate reduction in the number of blades
positively impacts pump performance improvement.

The optimized model blade inclination angle is smaller than the prototype pump so that the fluid flow
around the blade is less disturbed. We can see that the optimized model blade working surface flow line is
more uniform and smoother distribution than the proto-type pump, resulting in less energy loss and improved
pump efficiency. Combined with the velocity distribution cloud, the prototype pump within the blade around
the fluid velocity is large. Moreover, the impact loss for the blade is relatively large, the optimization model
blade around the velocity is small, and the gradient is small, implying that improving pump efficiency has a
significant impact.

5.4 Comparison of Turbulent Kinetic Energy

The turbulent kinetic energy of the impeller cross-section under the rated conditions of the prototype
pump and the optimized model are shown in Fig. 10. It can be seen that for the partial flow pump,
turbulent energy mainly exists at the vane working surface, the impeller guide vane connection, and the
impeller inlet. The larger the value of turbulent energy, the wider the distribution area, the greater the
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energy loss, and the greater the impact on the pump performance. According to the analysis of the internal
flow field flow lines of the partial flow pump, the internal flow lines of the optimized model are more uniform
and smoother than those of the prototype pump. The gradient of the internal fluid velocity distribution is
small, and the velocity impact at the impeller blades is smaller. Thus, the turbulent kinetic energy
distribution area of the optimized model is less than that of the prototype pump, and the turbulent kinetic
energy intensity is lower, resulting in less energy loss. Thus, the efficiency of the optimized model is
improved.

Turbulence Kinetic Energy(u’/s")
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Figure 10: Comparison of turbulent kinetic energy distribution before (left side) and after optimization

6 Conclusions

In this study, the influence of each impeller geometry parameter on the performance of partial flow
pumps was explored in detail by applying an orthogonal test method to the optimal design of high-speed
partial flow pumps. Through the orthogonal test of nine groups of design solutions, the importance of the
influence of 4 factors on the performance of a partial flow pump was analyzed. The influence of 4 factors
on the performance of a partial flow pump was obtained. The following best combination of parameters
was obtained to realize the optimal high-speed partial flow pump design: an impeller blade outlet width
a =2 mm, impeller inlet diameter » = 26 mm, blade inclination angle a = 70°, and number of blades z = 6.

The optimized model was obtained by modeling the optimal combination of parameters, and numerical
simulations and post-processing of the optimized model were performed. The optimization results of the
optimized model are validated by comparing the external characteristic curves, impeller pressure
distribution, impeller internal flow and velocity distribution, and turbulent kinetic energy distribution of
the original and optimized models. The efficiency # of the optimized model is improved by 12.11%, and
the head H is increased by 23.5 m compared with that of the original model, which provides a reference
for the subsequent structural optimization of partial flow pumps.
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