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Abstract: In tidal two-way contra-rotating units, significant differences in performance often occur
when arranging the front and rear impellers, which requires an optimized design of the impellers.
To solve this problem, by reducing the blade inlet and outlet angles, the impact of different blade
angles on the performance of two-way pump-turbines and the internal flow was explored, and
the effects of the blade inlet angle of the impellers on the performance of the counter-rotating
pump were obtained. Afterward, the streamline and vorticity of the two-stage impeller at different
angles were analyzed. The results show that different blade angles will have a certain impact on
the internal flow of the two-way pump—turbine. Different blade outlet angles have a significant
impact. The variation in different inlet blade angles is not significant for the vorticity changes in
the front impeller and rear impeller. In addition, changes in the outlet blade angle will have an
impact on the location of LE impact water of the rear impeller, which in turn affects the contours
of vorticity of the rear impeller near LE, which also means that the vorticity in this area is mainly
dominated by the vortex stretching term.

Keywords: two-way pump-turbine; blade angle; vortex characteristics; streamline analysis

1. Introduction

With the increasing awareness of the adverse effects of fossil fuels on the environment,
people are currently interested in looking for and producing sustainable energy alterna-
tives [1-3]. As is well known, the coverage of the Earth’s ocean reaches approximately 71%,
while land only accounts for approximately 29% of the total area. With the increasing level
of technology, human exploration has gradually shifted from land to a broader ocean, which
contains enormous energy. Marine energy is an energy source with strong predictability
and high development, which has aroused great interest in the scientific community. Ocean
energy mainly includes salt difference energy, tidal energy, temperature difference energy,
wave energy, and current energy [4].

The bidirectional operation mode of tidal units can provide relatively continuous
power, with strong adaptability to the power grid, and can operate at peak loads. Due to
the higher efficiency, compact structure, stable performance curve, and great anti-cavitation
performance of the counter-rotating unit [5], the application of counter-rotating technology
in tidal power plants is expected to effectively improve the performance of the unit and
provide more potential energy for the next step of power generation, while fully leveraging
the advantages of power generation.

In recent years, many scholars have conducted research on the counter-rotating unit.
Cao et al. studied the influence of blade geometry and load distribution on cavitation
characteristics [6]. Clarke et al. developed a new type of counter-rotating tidal turbine,
whose novelty includes two counter-rotating rotor blade groups that directly drive an
open ocean permanent magnet generator [7]. Muis et al. compared the performance of
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a single rotor and two opposing rotating rotor turbines and found that both turbines can
operate with relatively high efficiency [8]. Shigemitsu et al. conducted experiments and
performed a numerical analysis to study the performance of small water turbines and found
that their efficiency was very high, and they can maintain high efficiency within a wide
flow range, while the performance of the secondary rotor is lower under partial flow [9].
Huang et al. studied the vorticity distribution of oblique-flow jet propulsion pumps under
three operating conditions and found that the development of cavitation enhances the
generation of vortices and the instability of flow within the propulsion pump [10]. Guo et al.
applied an improved Zwart cavitation model to study the tip leakage vortex cavitation
of a water jet propulsion pump, revealing the tip leakage flow and tip leakage vortex
cavitation characteristics under different cavitation conditions [11]. Kan et al. used the
entropy production method to analyze the high energy loss regions within key components
in an axial-flow pump and investigate the variation in energy loss during the transition
process of a bidirectional axial-flow pump [12].

In counter-rotating machinery, the direct interaction between the two-stage impellers
can lead to complex flow structures within the unit. When designing contrarotating
machinery, it is necessary to consider the influence of the wake of the primary impeller on
the performance and pressure interaction of the secondary impeller, which is also the design
focus of such machinery [13]. Toru et al. discussed the flow behavior of counter-rotating
axial-flow pumps, including blade loads, tip clearance leakage vortices, and the interaction
between wake and blades [14]. The study by Momosaki et al. shows that near the leading
edge of the secondary impeller blade, the fluid flows smoothly along the back of the blade
towards the tip clearance area and ultimately forms a strong tip clearance leakage vortex.
Blocking caused by the tip clearance leakage vortex may lead to a decrease in the head
of the secondary impeller under certain operating conditions [15]. De Zhang et al. found
that after designing the specific speed of the secondary impeller, the blocking effect caused
by leakage vortices at the blade tip inside the secondary impeller was reduced [16]. The
study by Furukawa et al. shows that due to the low blade load, even under non-design
flow rates, counter-rotating axial-flow pumps can achieve high efficiency and cavitation
performance [17]. Linlin Cao et al. found that the area where cavitation first occurs in
a counter-rotating axial-flow pump is the tip area of the secondary impeller. There is a
strong interaction between the two-stage impellers, and the performance of the unit can
be improved by optimizing the speed of the two-stage impellers [18]. Later, Linlin Cao
and others redesigned the secondary impeller with the method of speed optimization
to improve the anti-cavitation performance of the unit, reduce the interaction between
impellers and inhibit secondary flow [19]. However, there is still limited literature on the
influence of angle on reverse rotation pump turbines.

In this study, by calculating different schemes for adjusting the blade angle of the
impeller, the effects of the blade angle of the impellers on the performance of the counter-
rotating pump were obtained. Afterward, the streamline and vorticity of the two-stage
impeller at different angles were analyzed.

2. Research Model
2.1. Pump Parameters

In this paper, the asymmetric blade design method was adopted, and the same two-
stage impellers were designed. The front and rear impellers for the same hydraulic model
have a mirror relationship, which can ensure the consistent performance of the forward
and reverse working conditions, that is, meet the requirements of two-way operation. The
design parameters of the pump include the flow Q = 100 m?®/h, head H = 1.8 m, and rotation
speed n = 1450 r/min.

The impeller blades in this paper are S-shaped airfoils. As shown in Figure 1a, the
velocity triangle between the two-stage impellers is given. And Figure 1b shows the blade
airfoil angle on different contour planes Ba, Bp, Bc, Ba, and Be. In this study, the inlet angle
of the front impeller is 7, the outlet angle of the front impeller is fp, the inlet angle of
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the rear impeller is 8,1, and the outlet angle of the rear impeller is B,,. Due to the mirror
arrangement of the front and rear impellers, the value of the outlet angle of the front
impeller By, is equal to the value of the inlet angle of the rear impeller ;1.
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Figure 1. Blade airfoil angles. (a) the velocity triangle; (b) the blade angle on different contour
planes [20].

In order to further reveal the law of different blade angles of the impeller on the
performance of the two-way pump-turbine in pump mode, as well as the changes in the
performance of the two-stage impeller, six impeller blade angle schemes are designed in
this paper, as shown in Table 1. In Table 1, B; is the inlet angle, and B, is the outlet angle.

Table 1. Schemes of different outlet angles.

Number 1 2 3 4 5 6
Bia 15.5° 11° 10.5° 10°
Bib 18.5° 14° 12° 12.5°
Inlet blade angles Bic 22.5° 16.5° 14° 15°
Bia 28° 21° 18° 19.5°
Bie 37° 30° 26° 28°
Boa 12° 12° 12.5° 12.5°
Bab 14.5° 13.8° 14.5° 14.5°
Outlet blade angles Bac 19° 17.2° 18° 18.5°
Bod 27.5° 23.5° 26.5° 28.5°
Boe 50° 43.5° 53.5° 62.5°

2.2. Experimental Methods

Figure 2 is the actual impeller. Figure 3 shows the schematic of the experimental
setup [20]. In addition, relevant measuring instruments as shown in Table 2. The total
measurement uncertainty consists of two parts: random uncertainty and system uncertainty.
The total measurement uncertainty is equal to the measurement uncertainty values of each
independent component squared first, added together, and then square rooted; the equation
is as follows:

e = v0.52 +0.22 4 0.052 + 0.52 = +0.74%
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Figure 2. Impeller mold.
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Figure 3. Schematic of the experimental setup [20].

Table 2. Detailed parameters of equipment.

Project Type Accuracy
1 Pressure transmitter WT3000 0.2%
2 Electromagnetic flowmeter KEFC +0.5%
3 Photoelectric tachometer DT2243C +0.05%
4 Three-phase multifunction energy meter BK8E +0.5%
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2.3. Numeral Calculation Methods
2.3.1. Calculation Model

Figure 4 shows the domain of the hydraulic components of the two-way pump-turbine.
It should be noted that the rotation axis of the two-stage impeller is collinear, but there are
different rotation directions.

Rear Rear Flow direction
Outpipe  Diffuser Impeller Mid-pipe  —

{ i W e | / -
Front Front Suction
Impeller  Diffuser

Figure 4. Domain of the hydraulic components.

2.3.2. Meshing

STAR CCM+ is a new generation CFD solver developed based on computational
continuum mechanics algorithms and used for meshing and solving components. As
shown in Figure 5, when the number of grids exceeds 5.2 million, head change in the
two-way contra-rotating axial-flow pump is less than 0.1% [20]. Figure 6 shows the
calculation grids. As shown in Figure 6b, mesh refinement is applied to the inlet and
outlet edges of the guide vane and impeller blades to ensure a more accurate restoration
of the actual shape of the relevant area when converting the geometric domain into a
mesh and to reduce model loss caused by low mesh accuracy.

1.75 -
1.74

—

E 173

1.72 4

171 T T T T T T
1 2 3 4 5 6 7 8

Grids numbers (million)

Figure 5. Grid number of the test pump.
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Figure 6. Calculation grids. (a) Assembly grids; (b) The detail grid of impeller and diffuser.

2.3.3. Calculation Settings

In this study, the inlet of the calculation domain is set as the normal speed inlet, while
the outlet is set as the average static pressure. Since cavitation calculation is not involved,
the outlet pressure is set to the default value of 0 Pa. The fluid medium in the calculation is
clean water at 25 °C, assuming it is incompressible, with a density of 997.561 kg/ m? and
a dynamic viscosity of 8.8871 x 10~ Pa-s. The no-slip boundary conditions and smooth
wall are used.

2.3.4. Calculation Method

In this paper, steady-state calculation and a realizable RNG k-¢ two-layer turbulence
model are adopted. The realizable k—¢ model adopts a new transport equation for turbulent
dissipation rate ¢ [21], and the calculation of turbulent vortex viscosity y; is as follows:

He = PcyfukT 1)

1

- - NN = :
Cu{4+ V6 cos[} cos 1(\/3(—%5*)3)]5 S:STW:W

fu ()
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where C, is the model coefficient with a value of 0.09, fﬂ is the damping function, T is the
turbulence time scale, S is the average strain rate tensor, W is the average vortex tensor,
and I is the unit tensor.

The vorticity equation of the flow in the Navier-Stokes equation is as follows [22]:

Dw

ﬁt + sza

- (a-v)ﬁ—a(v-ﬁ) +vf’:2,v” ®)

where w represents the vorticity, u represents the velocity, v represents the kinematic

Dw

viscosity, V is the Hamiltonian operator, represents the variation in vorticity caused

‘Dt
by fluid transport over time, (w~V) u represents vortex stretching, w (V- u) represents

vortex dilatation, w

represents barotropic torque, and vV2w represents the viscous
diffusion. Considering the non-compressibility of the fluid and relatively small viscous
diffusion, the last two terms of the vorticity equation are ignored.
Afterward, the simplified Z-axis component of the vorticity equation is as follows:
Dwy NN N N
= w~V) u) —w (V~u)
Dt ( ( z ‘

= @)
3. Internal Flow Field Analysis
3.1. Performance Test in Pump Mode

Figure 7 is the performance curve of the two-way pump-turbines by experiment and
numerical calculation in pump mode. As shown in Figure 7, there is a slight difference be-
tween experimental results and numerical calculation results. This is because the numerical
simulation calculation did not consider the mechanical loss. Meanwhile, the experimental
pump in this article is consistent with Reference [20], and the difference between the two is
not significant under full flow conditions. Accordingly, the numerical calculation results
are comparatively reliable.

. L 70
2.54 n
-
P L oo
. e
20 - L] . “m.
. - 50
‘m
— L]
= 1.5+ N L 40 <=
= = s
M~ —
—- L =
L 30
1.0 -
T(Sim.) 20
054 = H(Exp)
#(Sim.) ]

o p(Exp.)
1
100 110 120 130 140 150 160 170 180
Q(m“.-"h)

Figure 7. Performance curves in pump mode [20].
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3.2. Performance Analysis on Different Blade Angles

Figure 8 displays the performance curves of various blade inlet angles. Specifically,
Figure 8a shows the Q-n7 curve, while Figure 8b shows the Q-H curve. As shown in
Figure 8a, the outlet blade angle remains unchanged while the inlet blade angle gradually
decreases; it is found that the efficiency of the two-way pump-turbines also decreases with
a decrease in the inlet blade angle. Similarly, the difference in water head between different
inlet angle schemes is about 1% compared to Scheme 1 in Figure 8b.
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Figure 8. Performance curves of different blade inlet angles. (a) The Q- curve of different blade inlet
angles; (b) the Q-H curve of different blade inlet angles.

Figure 9 displays the performance curves of various blade outlet angles. Specifically,
Figure 9a shows the Q-n curve, while Figure 9b shows the Q-H curve. As shown in
Figure 9a, the efficiency point of Scheme 6 is biased toward high-flow operating conditions,
while the efficiency trend of Scheme 4 and Scheme 5 is similar. In Figure 9b, there is no
significant difference in head changes between different outlet angles.
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Figure 9. Performance curves of different blade outlet angles. (a) The Q- curve of different blade
outlet angles; (b) the Q-H curve of different blade outlet angles.

In order to determine the impact of different blade angles on the performance of the
two-way pump-turbines, a detailed analysis was conducted on the head and efficiency of
each impeller.

Performance curves of different front and rear blade inlet angles are shown in
Figures 10 and 11. The Q-7 curve is shown in Figures 10a and 11a, and the Q-H curve is
shown in Figures 10b and 11b. As shown in Figure 10, the change pattern of the Q-H
curve of the front impeller in different schemes is basically consistent. Additionally, as



Processes 2023, 11, 1552

9 of 14

the inlet blade angle decreases, the head of the front impeller increases in an approxi-
mately linear manner, and the efficiency of the front impeller also increases. Then, the
performance changes in the rear impeller are significantly different from those of the
front impeller. When the outlet blade angle is constant, the efficiency of the rear impeller
decreases with the decrease in the inlet blade angle in Figure 11b, while the head of the
rear impeller decreases. Comparing Figures 10 and 11, the head of the front and rear
impeller were relatively alike. The efficiency of the rear impeller is much lower than that
of the front impeller.

0.0 18]
775 174
75.0 1.6
s 15
2.5 e
70.0 4 1.3
67.5 12
65.0 E L1
— 55.0 o = 10
= 625 09]
= 60.0 4 0.8 ]
575 0.7
22 0.6 4
55.0 4 05
525 —e—0-(1) 049 —a—Q-H (1)
so0] —*—0n(2) 3 1 —=—0HQ
a5] 00 01] ——OHQ)
T — wl———————7—
90 95 100 105 110 115 120 125 130 135 140 90 95 100 105 110 115 120 125 130 135 140
Q(m’/h) Q (m’/h)
(a) (b)

Figure 10. Performance curves of front impeller for different blade inlet angles. (a) The Q-7 curve of
front impeller for different blade inlet angles; (b) The Q-H curve of front impeller for different blade
inlet angles.
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Figure 11. Performance curves of rear impeller for different blade inlet angles. (a) The Q- curve of
rear impeller for different blade inlet angles; (b) The Q-H curve of rear impeller for different blade
inlet angles.

Performance curves of different front and rear blade outlet angles are shown in
Figures 12 and 13. The Q- curve is shown in Figures 12a and 13a, and the Q-H curve is
shown in Figures 12b and 13b. As shown in Figure 12, the change patterns of the Q-H curve
and the Q-5 curve of the front impeller in different outlet angles are basically consistent.
Similar to the decrease in the inlet blade angle of the front impeller, as the outlet blade
angle decreases, the head of the front impeller increases in an approximately linear manner,
and the efficiency of the front impeller also increases. Then, as shown in Figure 13, the
performance change trend of the rear impeller for different blade outlet angles is also
similar to that for different inlet angles.
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Figure 12. Performance curves of front impeller for different blade outlet angles. (a) The Q-1 curve of
front impeller for different blade outlet angles; (b) The Q-H curve of front impeller for different blade
outlet angles.
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Figure 13. Performance curves of rear impeller for different blade outlet angles. (a) The Q-7 curve of
rear impeller for different blade outlet angles; (b) The Q-H curve of rear impeller for different blade
outlet angles.

When the inlet angle remains unchanged and the outlet angle decreases (the inlet angle
of the rear impeller decreases), this mainly affects the performance of the rear impeller,
leading to changes in the performance of the two-way pump-turbines. This is due to the
improved flow angle of the inlet liquid of the rear impeller, resulting in a reduced flow rate
and reduced losses.

Therefore, it is necessary to focus on considering the impact of changes in blade outlet
angle on the two-way pump-turbines impeller.

3.3. Streamline Analysis

In this study, the tip leakage vortex flow is not considered, and the flow pattern of the
two-stage impellers is studied. Different flow patterns impact the hydraulic performance
and internal flow characteristics of fluid machinery [23]. Figure 14 shows the span surface
of the impeller, in which Span 1 is span = 0.6.
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Span 1

Figure 14. Span surface.

Figure 15 shows the streamline diagram of different schemes on Span 1 of the two-way
impeller. In Figure 15, (a—c) are impeller inlet angle Scheme 1-3, and (d—f) are impeller outlet
angle Scheme 4-6, respectively. As shown in Figure 15, the rear impeller has relatively high
flow velocity, concentrating at the leading edge (LE) of the rear impeller, thereby resulting
in a high-speed area. The area of higher velocity accumulation was observed in the suction
surface (SS), which is close to the TE of the rear impeller. It was found that the high-speed
area near the TE of the rear impeller with a smaller inlet angle is significantly larger than
that with a larger inlet angle.

Figure 15. Streamline diagram of different schemes on Span 1 of two-way impeller. (a) The Scheme 1;
(b) The Scheme 2; (¢) The Scheme 3; (d) The Scheme 4; (e) The Scheme 5; (f) The Scheme 6.

However, as the outlet angle decreases, the area of the high-speed region also decreases.
When the outlet angle of the front impeller is reduced, the impact near the LE of the rear
impeller is mitigated.

3.4. Vorticity Analysis

The vortex characteristics of the impeller under different blade angles were studied.
Figure 16 is the vorticity of different schemes on Span 1 of the two-way impeller. In
Figure 16a—c, a significant difference is not observed in the contours of vorticity around the
impeller, which means that the change in the inlet blade angle of blades mainly affects the
vorticity caused by blade tip leakage. As shown in Figure 16ef, as the blade outlet angle
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decreases, the vorticity region on the PS of the front impeller decreases significantly, and
the vorticity area near the LE of the rear impeller also decreases significantly. This is due to
the position of the LE impact water of the rear impeller changing.

Vortex -
1x 10° SN
667x 104 . 'Po ’
%, %
po)
3.33x 10¢ 0//
C.
>
0
—3.33x 104!

—6.67x 10*

—1x10°

Figure 16. Each term of the vorticity equation on Span 1 of two-way impeller. (a) The Scheme 1;
(b) The Scheme 2; (¢) The Scheme 3; (d) The Scheme 4; (e) The Scheme 5; (f) The Scheme 6.

By analyzing each term of the vorticity equation of each impeller in detail, the perfor-
mance of the two-stage impeller was further studied. Due to the insignificant changes in
vorticity among different schemes, the following analysis will be conducted on Scheme 4.

Figures 17 and 18 show each term of the vorticity equation on Span 1 of the front
impeller and rear impeller in Scheme 4. Comparing the figures in Figure 17, the vorticity
in this area is mainly dominated by the vortex stretching term, which means that the
vortex deformation here is relatively severe. In addition, there is also significant vorticity
in LE, which is generated by LE impact water of the impeller. There is a region with a
small value of vorticity near PS in LE, which is a continuation of the vortex caused by
impact downstream and gradually dissipates in the flow. Comparing Figure 17a,b, there is
only a slight difference near the blade. The contours of the vorticity caused by the vortex
stretching term are mainly located near the blade surface and in the wake near the TE of
the front impeller.

Day w ((@-v)u), ;’7 G (V)

Dt _ A ;
1x 10° LE /)| g!x1 | 1x 10° A
/
I6 67x 100 |6.67x 10¢ 6.67% 10* /’,
3.33% 104 3.33x 104 '/
3.33% 10¢ PS x /
0 0
0
SS
—3.33x 10¢ —3.33x 10* —3.33x 10¢ /
= —6.67x 10* //
—6.67% 10¢ / I 6.67% 100 ’ I .‘(1
— 1% 10° TE ~ 1% 10° —Ix 105 | N
4
g & A -2 b A -2 ¢ Vi

Figure 17. Each term of the vorticity equation on Span 1 of the front impeller. (a) The distribution of
the vorticity on Span 1; (b) The contours of the vortex stretching term on Span 1; (¢) The contours of
the vortex dilatation term on Span 1.
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Figure 18. Each term of the vorticity equation on Span 1 of the rear impeller. (a) The distribution of
the vorticity on Span 1; (b) The contours of the vortex stretching term on Span 1; (¢) The contours of
the vortex dilatation term on Span 1.

Due to the large distance between Span 1 and the tip clearance area, the change in
vorticity caused by tip clearance leakage cannot be observed. At this time, the vorticities
are mainly caused by the flow separation, which is caused by water impacting the LE of
the rear impeller of the two-stage impeller and vortices formed by the wake of the TE of
the front impeller. There is a region with a small value of vorticity near the blade surface
in Figure 18c, which means that the vortex stretching term still dominates the vorticity
transport equation at this time.

In summary, different inlet blade angles will have a certain impact on the internal flow
situation of the two-way pump-turbine. The variation in different inlet blade angles is not
significant for the vorticity variations in the front impeller and rear impeller. In addition,
changes in the outlet blade angle will have an impact on the location of LE impact water of
the rear impeller, which in turn affects the vorticity profile of the rear impeller near LE.

4. Conclusions

By calculating different schemes for adjusting the blade angle of the impeller, the
effects of the blade angle of the impellers on the performance of the counter-rotating pump
were obtained. The law of blade angle variation in a bidirectional water pump turbine was
obtained, and the internal flow phenomenon of the front and rear impellers was studied:

(1) When the inlet angle remains unchanged and the outlet angle decreases (the inlet
angle of the rear impeller decreases), it reduces the inlet flow rate and loss of the rear
impeller, affecting the performance of the rear impeller and causing changes in the
performance of the two-way pump-turbines.

(2) Compared to each term of the vorticity equation on different spans of the two-stage
impeller, the vorticity in this area is mainly dominated by the vortex stretching term,
which means that significant vorticity in LE of the rear impeller is generated by LE
impact water of the rear impeller.

(3) Different blade angles will have a certain impact on the internal flow situation of the
two-way pump-turbine. The variation in different inlet blade angles is not significant
for the vorticity variations in the two-stage impeller.

In this paper, by reducing the blade inlet and outlet angles, the impact of different
blade angles on the performance of two-way pump-turbines and the internal flow situation
is explored, and the effects of the blade inlet angle of the impellers on the performance of
the two-way pump-turbine were obtained. Afterward, the streamline and vorticity of the
two-stage impeller at different angles were analyzed.
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