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Abstract: The bowl diffuser is the main flow component in multistage submersible pumps; however,
secondary flow fields can easily induce a separation vortex in the hub corner region of the bowl
diffuser during normal operation. To explore the flow mechanism of the hub corner separation vortex
and develop a method for suppressing hub corner separation vortices, the lean and sweep of the
diffuser blade were optimized using computational fluid dynamics (CFD) simulations and central
composite design. Diffuser efficiency, static pressure recovery coefficient, and non-uniformity were
selected as the optimization objectives. Details of the internal flow were revealed and the collaborative
response relationships between blade lean/sweep parameter equations and optimization objectives
were established. The optimization results show that a greater pressure difference between the
pressure surface and suction surface (PS-SS) at the inlet can offset transverse secondary flow, whereas
a lower PS-SS pressure difference will cause a drop in low-energy fluid in the diffuser mid-section.
The blade’s lean scheme suppresses the hub corner separation vortex, leading to an increase in
pressure recovery and diffuser efficiency. Moreover, optimizing the sweep scheme can reduce the
shroud-hub pressure difference at the inlet to offset spanwise secondary flow and enhance the
hub-shroud pressure difference at the outlet, thus driving low-energy fluid further downstream. The
sweep scheme suppresses the hub corner vortex, with a resulting drop in non-uniformity of 13.1%.
Therefore, optimization of the diffuser blade’s lean and sweep can result in less low-energy fluid or
drive it further away from hub, thereby suppressing the hub corner vortex and improving hydraulic
performance. The outcomes of this work are relevant to the advanced design of bowl diffusers for
multistage submersible pumps.

Keywords: multistage submersible pump; bowl diffuser; parametric design; secondary flow

1. Introduction

The multi-stage submersible pump is widely used in various fields, mainly owing
to its strong adaptability and easy pressurization [1]. However, complex and changeable
working conditions present strict requirements for operational stability. The impeller and
bowl diffuser are the main components in each stage of the pump. The head can be adjusted
by changing the stage of the pump to meet the requirements of different applications.
However, multi-stage submersible pumps with a bowl diffuser typically suffer from low
efficiency and high operating costs. The bowl diffuser flow channel is curved and the fluid
has a large impact on the inlet. Moreover, pump losses are dominated by the separation
vortex in the hub corner of the diffuser. Therefore, optimization of the bowl diffuser
is crucial to improving the single-stage head and overall working performance of the
multistage submersible pump.

To date, numerous studies on the optimization of impellers and diffusers in pumps
have been published [2,3]. To determine the algebraic relationship between the structural
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parameters of pumps and optimization objectives, data can be more efficiently and accu-
rately analyzed using computational fluid dynamics (CFD) [4-6]. To obtain the optimal so-
lution, CFD simulations are often combined with optimization design methods, such as the
response surface method, neural network simulations, and orthogonal experiments [7-9].
Tong et al. [10] used numerical simulations and the Latin hypercube sampling method to
construct functional relationships among independent variables and optimization objec-
tives. Then, the second-generation genetic algorithm was used to solve the multi-objective
optimization problem for a centrifugal pump. Stel et al. [11] studied the influence of pump
stage on the performance of a multi-stage submersible pump using a CFD method based
on the finite volume approach and investigated the transient flow characteristics in the
pump under different flow rates. Heo et al. [12] compared three approximate models based
on the response surface function (RSF), Kriging response surface, and a neural network for
finding Pareto-optimal solutions which are set in the independent variable domain of the
centrifugal pump.

The approximate model design method has been widely used in pump design [13,14].
Previous approaches could be applied to the optimization of other structural parameters,
such as blade inlet and outlet angle, blade number, and blade thickness. Nonetheless,
optimization techniques to achieve an optimal diffuser design that maximizes performance
and stability of the overall stage are still lacking. Recently, design optimization strategies
have been widely applied in the field of pneumatic fluid machinery, including the design
of blade lean and sweep. A brief review is presented herein.

Rosic et al. [15] analyzed the influence of the stationary blade stacking combination
on turbine performance. Razavi et al. [16] designed transonic rotor blades with different
degrees of sweep and tilt. The blades were optimized using a neural network-based multi-
objective optimization method, with efficiency, operating range, and stage pressure ratio
as the target variables. He et al. [17,18] studied the influence of blade sweep design on
transonic impeller performance through numerical simulations. The results showed that
a forward-swept shroud design reduces the forward load, impact strength, and leakage
vortex. A back-swept hub design suppresses the blade front load and the separation
of secondary flow, thereby reducing losses near the hub. Bagshaw et al. [19] designed
specially shaped cascade end walls with reverse load tilting, which can effectively inhibit
the development of secondary flow in cascades. Goto et al. [20,21] used the color oil film
flow display technology to capture large-scale separation vortices in the suction surface
corner region of the diffuser and showed that the flow separation vortex is a source of
hydraulic losses in the diffuser. Scillito et al. [22] used the large-eddy simulation method to
confirm that axial compressor losses are dominated by the three-dimensional flow region
near the diffuser end wall, two-dimensional laminar flow separation, and the diffuser
outlet wake. The influence of inlet turbulence on sources of loss was further investigated.

In summary, blade lean and sweep design are widely used in compressor and turbine
blades [23,24]; however, these approaches are rarely applied to water pumps, in particular,
the bowl diffuser. The present study aimed to address these limitations by applying
the design ideas and methods used for pneumatic machinery to the bowl diffuser of a
multistage submersible pump. This research provides a scientific basis for follow-up
research on diffuser design optimization.

The remainder of this paper is organized as follows. Section 2 describes the numerical
model and simulation setup. Details of the experimental detection method are presented
in Section 3. In Section 4, optimized designs of the blade lean and sweep of the bawl
diffuser are presented based on the concept of parametric equations. In Section 5, the
influence of various design schemes on the hydraulic characteristics of the diffuser are
discussed and the collaborative response relationship between the parameter equation
and the hydrodynamic performance of the diffuser is established. Section 6 discusses the
effect of various optimization strategies on the hub corner separation vortex in the diffuser.
Finally, the main conclusions of this work are summarized in Section 7.
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2. Numerical Model and Simulation Setup
2.1. Computational Domain

In this paper, a Q80-20 multi-stage submersible pump with a bowl diffuser was
selected as the research object. The basic parameters of the main flow passage parts of the
multi-stage submersible pump are as follows: design flow rate, Q = 80 m®-h~!; single-stage
head, H = 18 m; rotating speed, n = 2850 r/min. The main structural parameters of the
impeller and the bowl diffuser are presented in Tables 1 and 2. Geometric models of the
impeller and bowl diffuser of the multistage submersible pump are shown in Figure 1.

Table 1. The main structural parameters of the impeller.

Parameters Value
Blade number of impeller Z 7
Diameter of inlet d; (mm) 97
Diameter of outlet d, (mm) 134
Width of blade outlet b, (mm) 20
Inlet angle of hub 1 (°) 28
Outlet angle of hub B, (°) 34.2

Table 2. The main structural parameters of the bowl diffuser.

Parameters Value
Blade number of diffuser Zd 8
Diameter of outlet d4 (mm) 95
Axial length e (mm) 152
Inlet angle of hub B3 (°) 13.7
Outlet angle of hub B4 (°) 90
Wrap angle of hub ¢y, (°) 83
Wrap angle of shroud ¢gpoug (°) 60
[mpeller Bowl diffuser

g

\

Figure 1. Geometrical model of the impeller and bowl diffuser.

According to Shi et al. [25], the internal flow characteristics in the second stage of the
pump are basically the same as those in the later stages. Therefore, the following tests
were based on data obtained from the second stage of the pump. To consider all stages,
a large number of grid elements must be generated, which dramatically increases the
calculation time. To balance computation time and numerical accuracy, Zhou et al. [26]
demonstrated that two stages can be used to represent the whole pump system; therefore,
the two-stage pump model was selected for the present work. The three-dimensional
(3D) pump modeling software CFturbo was used to model the whole flow field of the
pump, as shown in Figure 2. The calculation domain is mainly comprised of the inlet
pipe, impeller, bowl diffuser, and outlet pipe. Each stage of the impeller and bowl diffuser
constitutes a pressurization unit, and there are two pressurization units in total. To ensure
fully developed fluid flow and improve the flow field calculation accuracy, the inlet pipe,
outlet pipe, and outlet of the bowl diffuser were extended appropriately.
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l.inlet pipe 2. impeller water 3. bowl! diffuser water 4. outlet pipe 5. pressurization

Figure 2. Multistage submersible pump calculation domain.

2.2. Mesh Generation

The ANSYS ICEM CFD software package was used to generate an unstructured mesh
as the calculation domain. Key regions of the mesh were locally refined. Six grids of various
sizes were selected to verify the grid independence of the calculation domain and ensure a
grid quality greater than 0.3. As seen in Table 3, the simulation results become stable as the
total number of grid elements increases. When the total number of elements is 6.8 million
or higher, further changes in the calculated head and efficiency are very small, suggesting
that the number of grid elements no longer has an effect on the calculation results. To
balance computation time and solution accuracy, the total number of grid elements was
selected as approximately 6.8 million. The generated mesh is shown in Figure 3.

Mesh refined at

(a) (b)

Figure 3. Mesh of impeller and diffuser for multistage submersible pump. (a) Mesh of impeller. (b)
Mesh of diffuser.

Table 3. Influence of the grid number on accuracy.

Parameter N (x10%x10%) H/m n/%
302 33.20 95.04

410 33.04 95.00

value 553 32.86 9491
680 32.74 94.88

837 32.69 94.88

988 32.70 94.88

2.3. Turbulent Model

The standard k- model is based on turbulent kinetic energy (k) transport and turbulent
energy dissipation rate (¢) transport and offers good robustness and economy in predicting
the flow characteristics of most flow fields reasonably and accurately. However, the
standard k- model is prone to errors when calculating flow over a complex curved wall [27].
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To account for the high-speed rotation domain and large variation in curvature of the
wall in the calculation domain of the multi-stage submersible pump, the RNG k-¢ model
proposed by Yakhot et al. [28] was selected, which is suitable for flows with separation [29].
Compared with the standard k-¢ model, the RNG k-¢ model contains an additional time
average strain rate (Ejj) in the reaction mainstream equation of ¢, which can improve the
accuracy for swirl flow and more reasonably deal with flow near the wall [30,31]. The two
transport equations can be expressed, as follows:
The turbulent kinetic energy k transport equation:

d(pku;)  d(pk) 9 e ok
o, T T axj[(y+¢7k)87xj]+l)k_p @
The turbulent energy dissipation rate € equation is:
d(peu;)  d(pe) _ 9 pr, Oe. e,
o ot 87],[(}4 + ;S)aij] + 2 (1P — cope) 2

where k is turbulent kinetic energy, m?/s?; ¢ is turbulent energy dissipation rate, m?/s%; Pk
is the pressure generating term caused by the velocity gradient; ytf is the turbulent viscosity.

2.4. Simulation Setup

ANSYS CFX 17.1 was used to calculate the steady three-dimensional whole flow
field of the model pump under the design conditions. The fluid in the pump was set as
incompressible water. The RNG k-¢ model was selected for the simulation calculations to
satisfy the solution accuracy requirement. The boundary conditions were set, as follows:
the inlet boundary condition was set as pressure inlet and the static pressure as 0 Pa; The
outlet boundary condition was set to the mass flow outlet condition. The adiabatic nonslip
solid wall boundary condition was adopted at the wall and the near wall area was treated
as a scalable wall function.

The steady numerical calculation was carried out across the whole calculation domain
of the multistage submersible pump. The impeller part was considered the rotating domain
and the bowl diffuser part was considered the static domain. The interfaces between the
rotating section and the static section were set as the dynamic and static interfaces, and the
frozen rotor model was used to handle them. The General Grid Interface (GGI) was used
as the grid connection method for dealing with the static interface. The root mean square
(RMS) value for convergence accuracy was set to 5 x 1075.

3. Experimental Pump Characteristics

To verify the simulation method, the head obtained using CFD was compared with
experimental head values in the flow range of 0.8Qd-1.1Qd. The test-bed, shown in
Figure 4, is composed of a flow control device, a data acquisition device, and a data
processing device [32,33]. The flow rate was adjusted by the valve and measured by the
electromagnetic flowmeter.

The comparison of head obtained by experiment and simulation was shown in
Figure 5. The average error between the numerical simulation results and the experimental
results was less than 5%, and the relative error of the head under the design conditions
was 2.7%. Errors between the simulation results and experimental results were within the
allowable range. The results indicate that the simulation calculation can accurately predict
the performance of the multistage submersible pump under the design conditions.
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Figure 4. Testing apparatus [32]. 1. Data acquisition instrument. 2. Frequency inverter. 3. Electro-
magnetic flowmeter. 4. The valve. 5. Computer. 6. Pressure sensor. 7. Pump. 8. Motor.
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Figure 5. Comparison of head obtained by experiment and simulation.

4. Optimization Schemes
4.1. Design of Blade Lean

The coordinate system of the blade inlet profile was established, as shown in Figure 4.
The origin of the coordinate system is defined as the intersection between the blade inlet
edge and the hub. The positive direction of the ordinate axis is from the hub to the shroud
of the diffuser, expressed by the spanwise coefficient Sp;. The circumferential direction is
the positive direction of the abscissa, represented by f (Sp1). The starting angle of any point
at the inlet edge of the blade refers to the angle between the line connecting the point to the
center point and the axial plane with a starting angle of zero, indicated by 6 in Figure 6.

Inlet of blade

Shroud

Figure 6. Blade lean coordinate system and blade leading edge angle of diffuser (from inlet view).

It is assumed that the parabolic equation governing the blade inlet profile is:

f(Sp1) = ao + a1Sp1 + a25p3 3)
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where spanwise coefficient Sp; € [0,1], 0 for the hub and 1 for the shroud; ag, 41, and a, are
the parameters to be optimized. The difference between the starting angle of the hub and
the shroud is referred to as the starting angle difference A9, defined as

AD = GHub - OShroud (4)

where 0y, is the starting angle of the hub at the blade inlet, 8y, = ag; Ospr0u4 is the starting
angle of the shroud at the blade inlet, 8,4 = a9 + a1 + a3, A = a; + a,. The factors and the
levels used in the central composite designs are presented in Table 4.

Table 4. Factors and levels for the central composite design.

Factors
Levels
ag ai az
—1.682 —12.07 —17.73 8.93
-1 -9 —-15 12
0 —4.5 —11 16.5
1 0 -7 21
1.682 3.07 —4.27 24.06

4.2. Design of Sweep

Figure 5 shows the sweep coordinate system in the meridian plane of the diffuser.

The positive direction of the longitudinal axis is defined as the direction from the hub to

the shroud, expressed by the spanwise coefficient Sp,. The axis is the positive direction

of the abscissa, represented by f (Sp;). The origin is the intersection between the hub and

the blade outlet edge. It is assumed that the parabolic equation governing the blade inlet
profile is

f(Sp2) = bo+ b1Spa + b2Sp3 ©)

where Sp, is the spanwise coefficient; Sp; e [0,1], O for hub and 1 for shroud.

As shown in Figure 7, by is located at the edge of the outlet on the hub, b; is located at
the edge of the outlet on the shroud, and b; is located at the edge of the inlet on the hub,
selected as the independent factors. The values are presented in Table 5. The sweep angle
B is the angle between the new outlet edge of the blade and the original outlet edge of the
blade. When the position of the blade outlet edge on the hub remains unchanged and the
position of the shroud moves in the positive direction along the abscissa, f is negative;
when moving in the negative direction along the abscissa, f is positive. Here, the positive
and negative signs indicate direction only.

Table 5. Factors and levels for the central composite design.

Factors
Level
evels by by by
—1.682 —3.05 10.61 —55.36
-1 —1 13 —54
0 2 16.5 —52
1 5 20 —50

1.682 7.05 22.39 —48.64
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Figure 7. Sweep coordinate system and blade sweep angle of diffuser sweep design (from
meridional view).

4.3. Analysis Parameters

Diffuser efficiency 1, static pressure recovery coefficient Cp, and non-uniformity ¢;
were selected to evaluate the hydrodynamic performance of the diffuser before and after
optimization. The diffuser efficiency is # = P/ Pi3. Pt3 is the total pressure at the inlet
of the diffuser and P4 is the total pressure at the outlet of the diffuser. Static pressure
recovery coefficient is Cp = (Psg — Ps3)/ Ps3, Ps3 is the static pressure at the inlet of the
diffuser and Py is the static pressure at the outlet of the diffuser. Cp indicates the potential
for converting kinetic energy into static pressure energy as fluid flows through the diffuser.
An increase in Cp indicates enhanced static pressure recovery ability.

The non-uniformity {; is an index for quantitatively evaluating flow uniformity at
the outlet of the diffuser. The efficiency and operating stability of the pump are inversely
affected by flow uniformity in the diffuser and impeller. As flow uniformity increases at
the outlet of the diffuser, {; decreases; conversely, as the flow becomes less uniform, {;
increases. The formula for calculating the non-uniformity ¢; is

Gi= g [ V= Vi ©
Ai

where Q is the design flow rate; V, is the local axial velocity in the flow section, m/s. Here,
the section is the outlet surface of the diffuser and V,,; is the average velocity at the outlet
surface of the diffuser, m/s.

5. Results
5.1. Response Sutrface of the Blade Lean Optimized Diffuser

Factor g represents the starting angle of the blade on the hub surface, a; is related to
the position of the axis, and a, affects the opening size of the parabola. The influence of
pairs of factors on the response value was analyzed by fixing any one of the three factors ag,
a1, and a; to zero. Figure 8a,b show that the opening of the response surface is downward,
and the trend is consistent when 4, is at a medium level or a; is at a medium level. The
radian of the curve increases when the starting angle on the hub surface is —4.5° (medium
ap), the symmetrical axis moves to hub (high 41), and the opening of parabola decreases
(high a;), which improves the diffuser efficiency. Figure 8c shows that the interaction
between factors a; and a; is significant when ag is medium. The interaction between a; and
ay results in optimal diffuser efficiency when both a; and a, are high.



Machines 2021, 9, 316

9 of 20

Figure 8. Response surface of diffuser efficiency in blade lean optimization (a) a, = 0. (b) a; = 0.
(C) ap = 0.

Figure 9a shows that the static pressure recovery coefficient reaches the optimal value
when q; is above the medium level and a; is at the medium level on the low side. A
medium-high level of ay indicates that the starting angle of the hub at the blade inlet 6
€ (0°, 4.5°). A medium-low level of 4; indicates that the symmetrical axis of the curve
deviates from the shroud, therefore, movement of the symmetrical axial can improve
the conversion rate of kinetic energy to static pressure in the diffuser. Figure 9b shows
that the static pressure recovery coefficient is optimal when 4y is medium level and a5 is
medium-low level. A medium level of ag results in a starting angle of the inlet edge on
the hub of 4.5° and when a; is medium-low, the curve of the inlet edge changes gently as
the static pressure recovery coefficient increases. Figure 9c shows that the static pressure
recovery coefficient reaches the optimal value when 4, is at a medium-low level and a; is
at a medium level. A medium-low level of a; indicates that the symmetry axis of the curve
is inclined towards the shroud and a medium level of a; indicates that the opening size and
bending size of the curve are moderate. Therefore, the static pressure recovery coefficient
of the diffuser will decrease if the inlet edge bends excessively or too gently. Importantly,
the static pressure recovery coefficient is improved when the inlet profile is moderately
bent with an axially symmetrical offset to the shroud.

(a) (b) (©)

Figure 9. Response surface of pressure recovery coefficient in blade lean optimization (a) a; = 0.
(b)a; =0.(c)ag =0.

Figure 10 shows the response surface with non-uniformity. Figure 10a shows that low
levels of ap and a; minimize non-uniformity. When g4y is low, the starting angle of the inlet
edge of the diffuser on the hub is 9°. When a; is low, the axis of the curve moves from
the hub side to the center of the spanwise end, the internal flow uniformity of the diffuser
improves, and non-uniformity decreases. Figure 10b shows that when ay and a; are both at
low levels, non-uniformity is lowest. When 4; is at a medium level, the contour lines of the
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diffuser non-uniformity are evenly distributed, and the variation of the response surface
is relatively gentle. The non-uniformity decreases with decreasing a, but is less affected
by ag. Figure 10c shows that both a; and a; have the lowest non-uniformity at low levels.
When the starting angle on the hub of the inlet side is large, the symmetrical axis of the
inlet profile is at 1/2 of the spanwise direction and the range of starting angles for each
flow surface in the spanwise direction increases. Thus, the internal flow characteristics and
flow uniformity in the diffuser can be improved.

—
T

@ (b)

Figure 10. Response surface of non-uniformity in blade lean optimization. (a) a, = 0. (b) a; = 0.
(c)ap =0.

The factor a; has the largest influence on the diffuser efficiency, followed by a1, and
the influence of 4y is the smallest. The diffuser efficiency increases with the increase of a;
and ay, increasing first and then decreasing with the increase of a9. The influence of factor
a1 on the static pressure recovery coefficient of diffuser is the largest, followed by a,, and ag
is the smallest. The static pressure recovery coefficient increases first and then decreases
with the decrease of the three factors. Moreover, a4; and a, have significant effects on the
diffuser non-uniformity, while ag has little effect on the non-uniformity. When the three
factors are at a low level, the non-uniformity is the lowest, and the outlet uniformity of the
diffuser is the best. The optimal blade lean scheme was obtained by considering the actual
operating conditions of the multi-stage submersible pump and the effects of ag, 41, and a
on diffuser efficiency, static pressure recovery coefficient, and non-uniformity, as shown
in Table 6. The results show that when gy is at the medium level of —4.4, a; has the low
level of —12 and a; has the medium level of 15.16 both the diffuser efficiency and the static
pressure recovery coefficient improve.

Table 6. Optimal solution of blade lean scheme.

ap ay ay n (%) Cp Gi
Blade lean optimized diffuser —44 -12 15.16 95.1 0.1242 0.292
Original diffuser 5 -5 0 94.8 0.1210 0.321

Structural changes to the inlet edge of the blade lean optimized diffuser and the
original diffuser are shown in Figure 11. The inlet edge profile equation and spanwise
distribution of the initial angle are illustrated in Figure 12. The starting angle of the blade
lean optimized diffuser has a curved distribution, and the starting angle of the original
diffuser has a linear distribution. After optimization, the governing equation of the blade
inlet profile is f (Sp1) = —4.4—12Sp + 15.16Sp?, with axis Sp = 0.4. The starting angle of the
hub is —4.4° and the starting angle of the shroud is —1.24°. The efficiency of the optimized
diffuser is 0.32% higher than that of the original diffuser, and the static pressure recovery
coefficient is 2.64% higher. However, the non-uniformity is 9% lower.

Figure 13 shows the static pressure and streamlines in the diffuser outlet section. Static
pressure at the outlet of the blade lean optimized diffuser increases significantly, and the
static pressure recovery coefficient is 2.64% higher than that of the original diffuser. This is
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because the blade inlet profile of the blade lean optimized diffuser changes from a straight
line to a curve, the structure of the leading edge is more in line with the fluid flow trend,
making it difficult to flow off, as shown in Figure 13b. Figure 14 shows the circumferential
velocity distribution along the spanwise wall at the inlet edge of the diffuser. The fluid
velocity at the shroud of the blade lean optimized diffuser is significantly lower than that
of the original diffuser. The blade lean scheme improves the static pressure conversion
capacity of the diffuser and effectively reduces the circumferential velocity component of
the fluid and velocity difference at the leading edge of the diffuser. Therefore, the local
hydraulic loss of the diffuser is reduced and the diffuser efficiency and static pressure
recovery coefficient are improved.

ro
Inlet of blade

ub

(a) (b)

Figure 11. Blade inlet edge profile of diffuser in circumferential view (first row) and inlet view
(second row). (a) Original diffuser. (b) Blade lean optimized diffuser.
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Figure 12. Profiles of inlet edge and spanwise distribution of stacking angle.
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Figure 13. Comparison of static pressure and streamlines at diffuser outlet surface. (a) Original
diffuser and (b) Blade lean optimized diffuser.
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Figure 14. Comparison of pitch-averaged circumferential velocity distribution at leading edge of
diffuser blade.

5.2. Response Surface of the Sweep Optimized Diffuser

As described in Section 4.2, by is located at the outlet edge on the hub, b; is located at
the outlet edge on the shroud, and b, is located at the inlet edge on the hub. One factor, by,
by, or by, was fixed to zero and the influence of the other pair of factors on the response
was analyzed. Figure 15a shows the influence of interaction between by and b; on the
diffuser efficiency when b; is at a medium level. High levels of by and b; resulted in the
optimal diffuser efficiency. Figure 15b shows the effect of interaction between by and by
on the diffuser efficiency when b is at a medium level. Factor b, has a large impact on
diffuser efficiency, which increases when the outlet edge on the hub moves to the outlet of
the diffuser (medium-high b,). Figure 15c shows that the interaction between b; and b, has
a significant influence on diffuser efficiency when by is at a medium level. A medium-high
level of by and a high level of by resulted in the highest diffuser efficiency.

. g, ) = 10 m
~om : < m — MW
LN e 200”0

(a) (b) (©)

Figure 15. Response surface of diffuser efficiency in sweep optimization. (a) b, = 0. (b) b; = 0.
(c) by = 0.

Figure 16a shows that the static pressure recovery coefficient reaches the highest value
when by is low and b is high. When the blade outlet on the hub moves towards the inlet
of the diffuser (low bp) and the blade outlet on the shroud side moves towards the outlet
of the diffuser (high b1), the static pressure recovery capacity of the diffuser improved.
Figure 16b shows that the static pressure recovery coefficient is optimal when by is low and
by is medium. Figure 16c shows that the static pressure recovery coefficient reaches the
highest value when b; is high and b, is medium. The blade outlet edge on the hub moves
towards the inlet of the diffuser (low by) and the blade outlet edge on the shroud moves
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towards the outlet of diffuser (high b;), whereas the position of the blade inlet edge does
not change at medium b, and the static pressure recovery coefficient can be increased.

ul

il
l LT

(a) (b) (©

Figure 16. Response surface of pressure recovery coefficient in sweep optimization. (a) by = 0.
(b) bl =0. (C) bo =0.

Figure 17a shows that non-uniformity decreases when high by interacts with high b;.
The outlet edge of the diffuser moves from the shroud to the hub (high by and b;), which
can improve the flow uniformity in the diffuser. Figure 17b shows that non-uniformity
is relatively low when by is high. Factor b, has no obvious effect on non-uniformity and
provided by moves to a higher level, flow non-uniformity in the diffuser will decrease.
A high level of by is the key to optimizing flow uniformity in the diffuser but does not
improve the static pressure recovery coefficient. Figure 17c shows that flow non-uniformity
in the diffuser is low when b; is high. The change in direction of flow on the inlet side
of the diffuser hub has very little effect on non-uniformity in the diffuser, while moving
the outlet side of the diffuser towards the outlet direction (high by and b;) improves the
flow uniformity.

(a) (b) (©)

Figure 17. Response surface of non-uniform in sweep optimization. (a) by = 0. (b) by = 0. (c) by = 0.

According to the measured data and response surface analysis, the factor b, has the
largest influence on the diffuser efficiency, followed by b, and the influence of by is the
smallest. The diffuser efficiency exhibits an upward trend with increasing b; and by and
an inverted-U trend with increasing b,. The influence of factor by on the static pressure
recovery coefficient of diffuser is the largest, followed by b,, and by is the smallest. The
static pressure recovery coefficient increases with decreasing by, increases slowly with
increasing by, and first increases and then decreases with increasing by. At the same time,
non-uniformity decreases with increasing by and b, whereas changes in b, have very
little effect on flow uniformity. The optimal solution was obtained by considering the
influence of by, by, and b, on diffuser efficiency, static pressure recovery coefficient, and
non-uniformity, as shown in Table 7. The results show that when by has the medium-low
level of 1.5, by has the high level of 20, and b, has the medium level of -52, the diffuser
efficiency and static pressure recovery coefficient can be improved.
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Table 7. Optimal solution of sweep scheme.

bo by b, n (%) Cp e
Sweep optimized diffuser 1.5 20 -52 95.21 0.1245 0.279
Original diffuser 0 14 —52.4 94.8 0.1210 0.321

Figure 18 shows the inlet and outlet profile positions of the original diffuser and the
sweep optimized diffuser on the meridian plane. In the original pump, by = 0, b; = 14, and
by = —52.4. In the sweep scheme, the values are by = 1.5, by = 20, and b, = —52. The position
of the shroud surface at the blade outlet (b) changes greatly. When the shroud edge of the
blade outlet moves towards the outlet of the diffuser, the influence of by on the diffuser can
be clearly observed.

""" Original diffuser
roud Sweep optimized diffuser
Inlet| \ Sp2
Hub
£ (Sp2) Outlet

Figure 18. Comparison of sweep optimized meridional plane and the original of diffuser.

The optimized blade trailing edge extends the diffuser outlet on the shroud side, as
shown in Figure 18. The increased blade trailing edge can better drain the fluid to the
diffuser outlet, whereas there is sufficient time for velocity exchange with the high-speed
main body when the fluid flows through the extended blade trailing edge (Figure 19b),
thereby reducing the velocity gradient and improving flow uniformity at the outlet of the
diffuser. In Figure 19a, low-energy fluid in the original diffuser does not fully mix with
the high-speed mainstream and large differences in velocity lead to increased hydraulic
losses in the diffuser, which affects the outlet flow uniformity. Therefore, the flow inside
the sweep optimized diffuser is more reasonable. Compared with the original diffuser,
flow non-uniformity is reduced by 13.1%.

Figure 19. Comparison of the streamlines of blade outlet edge. (a) Original diffuser. (b) Sweep
optimized diffuser.
6. Discussion

The origin of the hub corner separation vortex can be explained by reference to
Figure 20. The vortex originates from two positions: the inlet of the diffuser, represented by
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A, and the central of the diffuser, represented by B. In region Al, the curvature difference
between the meridian shroud and the hub surface leads to the development of spanwise
differential pressure, driving secondary flow from the shroud to the hub, which scours
the inlet edge, thus forming a spanwise pressure difference, represented by region L. As
the flow develops, swirling flow occurs at the hub in region A2 and rushes against the
transverse pressure gradient towards the PS. In the center of the diffuser (region B1), the
working fluid must flow against the reverse pressure gradient, resulting in an increase in
low-momentum fluid on the hub. Then, the increased amount of low-momentum fluid is
deflected towards the SS under the transverse differential pressure at the hub in region B2.
Finally, a large hub corner separation vortex appears in the corner of the blade, accounting
for about 1/3 of the area of the hub. In a previous study [20], the spanwise secondary flow
from shroud to hub at the trailing edge of the diffuser was shown to scour low-energy fluid,
thereby inhibiting the hub corner vortex. However, our results suggest that low-energy
fluid accumulated on the suction surface cannot overcome the spanwise pressure difference
between the shroud and the hub and can only reverse the flow along the hub surface,
forming a secondary flow angle to suppress the vortex in region B3.

Shroud
\ 15% Axial section

Total Pressure PS
320000

316429 S~
Hmﬁ; Reverse pressure gradient— —
309286 #
05714
02143
208571
205000
201429
287857
- 284286
280714
277143
27351
270000
Pl

\\ Shroud
Blade2 \ A0 Ps Nl
|| 70% Axial section
* \1 ISS
: —s kK
Hub

Figure 20. Onset of hub corner separation depicted by limiting streamlines and total pressure.

To explain the improvement in diffuser efficiency and diffuser uniformity, the span-
wise/transverse pressure difference in the diffuser were quantified, as shown in
Figures 21 and 22. At the inlet of the diffuser, the spanwise pressure difference in the
blade lean optimized diffuser is significantly higher, resulting in enhanced transverse
secondary flow (Figure 21). The spanwise pressure difference in the sweep optimized
diffuser is significantly lower than in the blade lean optimized diffuser; therefore, the trans-
verse pressure difference caused by spanwise secondary flow at the inlet of the diffuser
is weakened. Moreover, both the transverse pressure differences at the inlet of the sweep
optimized diffuser and blade lean optimized diffuser increase (Figure 22), which offsets
the transverse pressure difference and suppresses the hub corner separation vortex.

At the outlet of the diffuser, the spanwise pressure difference at the trailing edge in the
blade lean optimized diffuser is lower than in the original diffuser, as shown in Figure 19,
which is not conductive to improving the diffuser performance. However, the spanwise
pressure difference at the trailing edge in the sweep optimized diffuser is highest; therefore,
low-energy fluid in the corner area becomes caught up in the main flow and is dragged
toward the outlet of the diffuser, thus improving flow uniformity in the diffuser. When the
low-energy fluid at the trailing edge of the diffuser is restrained and the difference between
the mainstream velocity is weakened, mixing losses at the diffuser outlet are reduced and
the hydraulic efficiency of the diffuser is improved.
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Figure 21. Comparison of spanwise pressure difference from hub to shroud of suction surface.

40000 ~
@ Sweep optimized diffuser
® Blade lean optimized diffuser
= 30000 - @  Original diffuser
A
-
-]
(2]
=
£ 20000 -
=
<=
¥
1
E
2 10000 |
[-F]
S
[-»
0 -
n : 1 . i . 1
0.0 0.2 0.4 0.6 0.8 1.0
Inlet Outlet

Flow direction coefficient
Figure 22. Comparison of transverse pressure difference from PS to SS on hub surface.

The reduced low-energy fluid in the center of the diffuser and the spanwise differential
pressure drainage at the trailing edge of the diffuser lead to more uniform outflow. In
Figure 21, the spanwise pressure difference in the center of the diffuser changes from
negative to positive, and the direction is reversed. Therefore, the low-energy fluid originally
returns from the hub to the low-pressure area in the center, which suppresses the corner
separation vortex and improves the outlet flow uniformity in the diffuser. In Figure 22, the
transverse pressure difference in the sweep optimized diffuser is less than in the blade lean
optimized diffuser in the DF stage; however, the reverse pressure gradient in the DE stage
is greater than in the blade lean optimized diffuser. The amount of low-energy fluid in the
center of the diffuser increases and the reduced transverse pressure difference in the center
cannot reduce the amount of low-energy fluid in the suction surface corner. However, the
transverse pressure difference between the PS and SS in the EF stage decreases; therefore,
the reverse pressure gradient in the flow direction decreases and the amount of low-energy
fluid in the corner decreases.

Figure 23 compares the static pressure on the shroud of the diffuser under different
scenarios. The static pressure on the shroud of the blade lean optimized diffuser is higher
than that of the original diffuser, and the increase in static pressure on the PS is more
obvious. Therefore, the blade lean optimized diffuser can convert more kinetic energy
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in the fluid into static pressure energy and the static pressure recovery coefficient of the
diffuser can be improved. The static pressure on the shroud of the sweep optimized diffuser
does not always increase; however, it is higher than those of other diffusers at the stage
of 10-65% flow direction and decreases at the outlet section. The reason for this is that
the flow direction at the outlet of the sweep optimized diffuser changes greatly and the
distance between the working fluid flowing through the diffuser and the trailing edge of
the blade increases. Thus, the static pressure decreases and the static pressure recovery
coefficient of the diffuser does not increase significantly.
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Figure 23. Static pressure comparison around shroud surface of diffuser.

7. Conclusions

Aimed at controlling the hub corner separation vortex and corresponding high hy-
draulic losses in the bowl diffuser of a multistage submersible pump, the diffuser was
optimized in terms of blade lean and sweep. The blade structure can be controlled digitally
and accurately using parametric equations. CFD simulations and central combination tests
were used to optimize different blade lean and sweep schemes. The internal flow field and
static pressure distribution in the diffuser were thoroughly investigated.

At the hub corner of the diffuser, the low-energy fluid induced by spanwise and trans-
verse pressure at the inlet of the diffuser blade overcomes the streamwise pressure gradient
and accumulates in the mid-section of the suction surface. However, the accumulated
low-energy fluid cannot overcome the spanwise pressure difference between the shroud
and the hub, the flow direction is reversed toward the inlet, and the hub corner vortex
forms. Optimization of the blade lean and sweep can improve the transverse pressure in
the diffuser. In particular, the hub-shroud spanwise pressure can be enhanced in order to
drive the low-energy fluid towards the center of the blade, rather than reversing it. This
suppresses the hub corner vortex and improves the hydraulic performance of the diffuser.

In the blade lean scheme, the transverse pressure difference at the inlet of the diffuser
increases, which inhibits the formation of the hub corner separation vortex. However, the
spanwise pressure difference at the inlet of the suction surface increases, and the spanwise
pressure difference at the trailing edge decreases, which does not improve the performance
of the diffuser. Moreover, since the structure of the leading edge of the blade changes and
the fluid flows close to the blade after entering the diffuser, flow separation is difficult to
induce. The fluid kinetic energy and static pressure energy are fully converted, the static
pressure recovery coefficient increases by 2.64% compared with the original diffuser, and
the diffuser efficiency increases by 0.32%. Optimization of blade lean can improve the static
pressure recovery coefficient and diffuser efficiency but does not improve flow uniformity
in the diffuser.
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The sweep scheme can reduce the spanwise pressure difference and transverse pres-
sure difference at the inlet of the diffuser, increase the spanwise pressure difference at
the outlet of the diffuser, inhibit the formation of the hub corner separation vortex, and
improve the flow uniformity of the diffuser. However, the increase in the reverse pressure
gradient in the flow direction of the diffuser limits the improvement in diffuser efficiency.
Sweep design can effectively reduce flow non-uniformity in the diffuser; however, the
influence of the static pressure recovery coefficient is small.
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Abbreviations

Cp Static pressure recovery coefficient
CCD Center composite design

H Head (m)

PS Pressure surface of blade

SS Suction surface of blade

k Turbulent kinetic energy (m?/s?)
Pin Total pressure of pump inlet (Pa)
Pout Total pressure of pump outlet (Pa)
Py Total pressure of diffuser inlet (Pa)
Py Total pressure of diffuser outlet (Pa)
Pg3 Static pressure of diffuser inlet (Pa)
Pgy Static pressure of diffuser outlet (Pa)
0 Density of fluid (kg/m3)

Mt Turbulent viscosity (kg/m-s)

e Turbulent energy dissipation (m?/s?)

$Hub Wrap angle of hub (°)
¢Pshroud  Wrap angle of shroud (°)

0 Starting angle (°)

A6 Starting angle difference (°)

Oxub Starting angle of hub flow surface (°)
Oshroud  Starting angle of shroud flow surface (°)
B Sweep angle of diffuser (°)

n Efficiency of diffuser (%)

Ci Non-uniformity
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