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Abstract: The centrifugal pump is one of the most widely used types of power machinery in the field
of ship and ocean engineering, and the shape of the impeller blade trailing edge has an important
influence on their performance. To reveal the mechanism of the effect of different trailing edges on
external performance, the internal flow of 16 types of impeller blade trailing edges of a centrifugal
pump, consisting of Bezier trailing edges, rounding on the pressure side, cutting on the suction side,
and the original trailing edge is studied by numerical simulation. The reverse flow, shaft power, and
energy loss distribution in the impeller and diffuser along the streamwise direction are analyzed by
calculating them on each micro control body sliced from the fluid domain. The entropy production
theory and ()-vortex identification method are used to display the magnitude and location of energy
loss and the vortex structure. Finally, a static structural analysis of the impeller with different trailing
edges is performed. The results show that different impeller trailing edges can clearly affect the
efficiency of the pump, i.e., the thinner the trailing edge, the higher the efficiency, with the thickest
model reducing efficiency by 5.71% and the thinnest model increasing efficiency by 0.59% compared
to the original one. Changing the shape of the impeller trailing edge has a great influence on the
reverse flow, shaft power, and energy loss near the impeller trailing edge and diffuser inlet but has
little influence on the leading part of the impeller. The distribution of local entropy production
rate, energy loss, and reverse flow along the streamwise direction shows similar rules, with a local
maximum near the leading edge of the impeller due to the impact effect, and a global maximum near
the impeller trailing edge resulting from strong flow separation and high vortex strength due to the
jet-wake flow. Thinning the impeller trailing edge and smoothing its connection with the blade can
reduce the vortex strength and entropy production near the impeller trailing edge and diffuser inlet,
improve the flow pattern, and reduce energy loss, thus improving the pump efficiency. In all models,
the maximum equivalent stress is less than 6.5 MPa and the maximum total deformation is less than
0.065mm. The results are helpful for a deeper understanding of the complex flow mechanism of the
centrifugal pump with different blade trailing edges.

Keywords: centrifugal pump; blade trailing edge; Bezier curve; internal flow; entropy production;
O-vortex identification

1. Introduction

The centrifugal pump, which converts mechanical energy into kinetic and pressure
energy when fluid rotates in an impeller, is one of the most popular and important fluid-
conveying equipment in the field of ocean engineering [1-3]. The impeller plays the most
important role among all pump components [4]. According to Euler’s turbine equation
and the velocity triangle, the performance of the impeller is mainly determined by the inlet
and outlet flow state [5]. Usually, the inflow of the impeller is without pre-swirl, so the
performance of the pump is mainly affected by the outflow of the impeller.

A small change in the blade trailing edge (BTE) can cause a large change in pump
performance [6]; therefore, it is an easy, economical, and effective method to improve
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pump performance. Kikuyama, et al. [6] studied the influence of cutting the BTE on the
performance of a centrifugal pump and found that when the BTE on the pressure side
(PS) was cut with a constant angle, the head would decrease with a small cutting amount,
and then would gradually increase as the cutting amount increased. When the BTE on the
suction side (SS) was cut with a constant angle, the head would always increase with the
increase in the cutting amount. Wu et al. [7] rounded the SS of the BTE of a mixed-flow
pump with different radii. Their results showed that as the radius of the rounding increased,
the head curve became flatter, and the efficiency was improved. The modification of the
BTE effectively improved the head and efficiency for large flow rates. Warda et al. [8]
numerically investigated the effect of different BTE shapes on the performance of a low
specific speed centrifugal pump and showed that a V-cut profile, circular profile, and ellipse
on the PS could reduce the vortex intensity and improve the head and efficiency compared
to an ordinary BTE. Litfin et al. [9] compared the effects of three different BTEs, namely,
the default, straight-cut, and under-filed, on the performance of wastewater pumps by
numerical calculations and experimental studies and analyzed the effects of different BTEs
on the flow losses in different sections of the impeller.

The shape of a BTE can change the distribution of the pressure and velocity at the
impeller outlet and affect the jet-wake structure [10], thus affecting the unsteady pressure
pulsation caused by the rotor-stator interaction, which leads to fluid-induced vibration
and noise [11]. Many scholars have studied the influence of the BTE on the unsteady
performance of a pump. Al-Qutub et al. [12] investigated the effect of a V-shaped cut at the
impeller BTE on the performance, pressure pulsation, and vibration of a double suction
pump and showed that the V-cut BTE could reduce the pressure pulsation and vibration
of the pump with a slight reduction in the head. Gao et al. [11] and Zhang et al. [13]
studied the effect of different BTEs on the performance and pressure pulsation of a low
specific speed centrifugal pump by large eddy simulation. The results showed that an
ellipse on the PS and an ellipse on both sides could clearly increase the pump efficiency
and reduce the pressure pulsation. Cui et al. [14] investigated the effect of different cutting
angles of the straight blade trailing edge on the external characteristics, unsteady flow,
and vibration using numerical and experimental methods, and the results showed that
30- and 45-degree cutting angles can slightly increase the pump head and efficiency and
reduce the pressure pulsation, vibration displacement, and vibration energy in the volute.
Mansour et al. [15] used numerical calculations and a high-speed camera to compare the
effects of a round BTE and trimmed BTE on the performance and flow regime of a single-
phase and air-water two-phase flow in a centrifugal pump, showing that the round BTE
provided better performance than the trimmed BTE in both the single and two-phase flow.
According to the study by Huang et al. [1], cutting the BTE on the PS to reduce the outlet
angle could increase the pump head and efficiency, reduce the velocity in the jet zone of
the PS near the impeller outlet, improve the uniformity of the Euler head distribution, and
reduce the intensity of pressure pulsation. Lin et al. [16] and Lin et al. [17] investigated
the effect of a bionic sinusoidal trailing edge on the pressure pulsation and energy loss of
a centrifugal pump, and their results showed that a reasonably designed bionic trailing
edge can effectively reduce pressure pulsation and internal flow loss. In addition, blade
thickness [18,19] and modification of the blade on the PS [10,20,21] have effects on pump
performance and pressure pulsation. This research shows that a reasonable design can
reduce energy loss, improve the uniformity of velocity and pressure distribution at the
impeller outlet, reduce the secondary flow and suppress jet-wake structure, and improve
internal flow, thus improving pump performance and reducing pressure pulsation and
vibration.

The above studies mainly use lines, arcs, or ellipses to modify the BTE, though it can
be difficult to achieve a flexible and diversified modification, however, the Bezier curve can
easily modify the BTE. The Bezier curve was proposed by Pierre Bezier in 1962 to design
the body of a car [22]. By adjusting the control points, the shape of the Bezier curve can be
easily changed, and the direction of the start and end points can be effectively controlled;
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additionally, it has continuous curvature so that it can be smoothly connected with other
curves. Bezier curves are widely used in engineering applications such as mechanical
design and computer graphics [23]. It can also be used in fluid dynamic designs, such as
airfoil design [24], turbine blade design on the PS and SS [25], and the optimization design
of a pump meridian section [26]. However, to the best of our knowledge, there are no
studies using Bezier curves to modify the BTE of centrifugal pumps. In addition, the effect
of different BTEs on the magnitude and location of energy loss in a pump has rarely been
studied.

Aiming to study the effect of different BTEs on the performance and internal flow of a
centrifugal pump, this paper adopts the Bezier curve, rounding on the PS, or cutting on
the SS to modify the BTE. Firstly, the simulation results are verified by experiments. Then,
the relationships between the efficiency and flow pattern of impeller outlet for different
BTE models at a nominal flow rate are compared by simulation. The reverse flow and
the distribution of shaft power and energy loss within the impeller and diffuser along
the streamwise direction are then analyzed. Entropy production methods and -vortex
identification are used for four typical BTE models to show the magnitude and location
of energy loss and the vortex structure. Finally, a one-way fluid-structure interaction is
used to analyze the strength of the impeller with different BTEs. The findings reveal the
mechanism of the effect of different BTEs on the internal flow in the impeller and diffuser
at a nominal flow rate and can be referred to as the design of the impeller BTE.

2. Geometry Model

In this study, a centrifugal pump with a diffuser is investigated with rated flow rate
Qg = 14 m3/h, rated head Hy = 14 m, rotating speed nq = 2850 rpm, and specific speed
ns = 3.65n-Q%5 /H?7® = 89.6 [27]. The main design parameters are shown in Table 1. To
study the influence of the impeller BTE on pump performance, a 4th-order of Beizer curve,
rounding on the PS of the BTE with different radii, and cutting on the PS of the BTE with
different angles are applied to modify the impeller BTE. There are a total of 16 BTE models,
including the original one.

Table 1. Main design parameters of the centrifugal pump.

Parameters Value
Rated rotating speed n4, r/min 2850
Rated flow rate Qyq, m3/h 14
Rated head Hy, m 14
Specific speed g 89.6
Number of impeller blades, Zi , 6
Number of diffuser vanes, Zj o 7
Impeller inlet diameter D1, mm 48
Impeller outlet diameter D,, mm 116.6
Impeller outlet width by, mm 7.8

As shown in Figure 1a, the 4th-order Bezier curve controlled by five points from
Py-P4 is plotted by Equation (1). Py is the intersection of the PS and the BTE, and P is the
intersection of the SS and the BTE; they can move along the blade surface. To make sure
that the BTE is smoothly connected to the blade surface, P; and P3 can only move along
the tangent direction of Py and P4, respectively. The vertical position of P; is fixed on the
meanline of the blade, and its horizontal position is automatically adjusted so that the BTE
is aligned with the blade length. With the blade length as the zero point and horizontal to
the left as the x positive direction, the shape of the BTE can be controlled by adjusting the x
coordinates of Py, Py, P3, and P4. By making P = P3¢ = P4« = 0 and gradually increasing
the Pgy, M1, M2, M3, and M4 are obtained, which are called Class I (Figure 1b); by gradually
increasing the P4y of M4 and keeping the remaining points unchanged, M5, M6, and M7 are
obtained, which are called Class II (Figure 1c); by gradually increasing the P14 and P3, of
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M7 synchronously, with the remaining points unchanged, M8, M9, and M10 are obtained,
which are called Class III (Figure 1d); the original model is named MO0; the rounding of
the trailing edge of the MO on the PS with different radii lead to M11 and M12, which are
classified as Class IV (Figure le); and cutting the trailing edge of the MO on the SS with
different angles give us M13, M14, and M15, which are called Class V (Figure 1f). The
parameters of all BTE models are shown in Tables 2 and 3.

4 /4 4i;

B(t)= % (.)P,-(lt) t
i—o\! @

= (1—£)*Py +4t(1 — t)°Py 4+ 6£2(1 — t)* Py + 43(1 — £)P3 + £*Py, t € [0,1]
PS Trailng edge Blade length
Po Pl
= — B
X - 0 - \)ZPZ
g | g

N P, Py

(a) 4th order Bezier curve at the trailing edge

PS
M1
—M2
—M3
——M4
SS
(b) Class I
PS
—M4
M5
—Mb6
3S —M7
(c) Class I
PS
—M7
—M8
M9
—M10
SS
(d) Class 111

Figure 1. Cont.
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(e) Class IV

(f) Class V

Figure 1. Shapes of different BTE models.

Table 2. Parameters of the Bezier BTE.

M Pox (mm) P1x (mm) P3x (mm) Py (mm)
1 6 0 0 0
2 8 0 0 0
3 12 0 0 0
4 20 0 0 0
5 20 0 0 6
6 20 0 0 12
7 20 0 0 20
8 20 6 6 20
9 20 12 12 20
10 20 20 20 20

Table 3. Parameters of the rounded PS and cut SS of the BTE.

M Description
0 Original BTE
11 R =20 mm
12 R =30 mm
13 Bos = 40°
14 Ba2s = 60°
15 B2s = 90°

3. Numerical Simulation Setup
3.1. Computational Domain and Meshing

As shown in Figure 2, the computational domain of the centrifugal pump consists of
five parts: the inlet chamber, impeller, cavity, diffuser, and outlet chamber; furthermore, the
full flow field is simulated by considering the leakage of the wear ring and the friction loss
of the disc. In order to improve the computational accuracy and efficiency, structure grids
are applied to spatially discretize all the computational domains, where the impeller and
diffuser are meshed by Turbogrid, and the rest of the domains are meshed by ANSYS ICEM
CFD 19R3. The grids near the wall are refined to better capture the boundary layer flow due
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to the high-velocity gradient at the wall [17]. The mesh details of the main computational
domains are shown in Figure 3. To meet the requirements of the turbulence model for the
boundary layer mesh, the average y* of all walls of the M0 at the rated flow rate is 5.7,
where the average y* of the impeller is 11. The y* distribution on the M0 blades at the rated
flow rate is shown in Figure 4 [28].

Outflow

Outlet chamber
Inflow /

/'

Inlet chamber

Diffuser

(a) Overall meshes.

)
p0se!
950 %% Q‘:’:‘%
S
R

(b) Different blade trailing edge.

Figure 3. Meshes of the centrifugal pump and blade trailing edge.
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14.63

7.32

0.00

Figure 4. Distribution of y* on the blades of the impeller and diffuser on the MO.

The number of grids has an important effect on the results of the simulation. For grid
sensitivity analysis, the leakage flows g for different grid numbers are shown in Figure 5.
Moreover, the grid convergence indexes (GCI) of the head H, power P, and leakage flow rate
g are calculated based on Richardson extrapolation [29] by choosing three grid numbers.
The calculation procedure and the meaning of the symbols are shown in [30], and the
results are shown in Table 4. Finally, the grid setting of N, = 4.8 x 10° is selected for
subsequent simulations.

1.6 T T T T T T T T

1.4 1

1.2— T T T T I
4 6 8 1

Mesh number N/x10°

g/m*h™!

0

Figure 5. Grid sensitivity analysis.

3.2. Boundary Conditions

The commercial CFD software ANSYS-CFX 19R3 is used to solve the continuity,
momentum, and turbulence equations to obtain the performance and internal flow field of
the centrifugal pump with different BTEs. The inlet boundary condition is set as a mass
flow inlet with a turbulence intensity of 5%. The outlet boundary condition adopts an
opening outlet with a relative pressure of 0 Pa. The impeller is set as a rotating domain and
the rest are set as a stationary domain. The data transfer between the rotating and stationary
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domains is completed by the frozen rotor method. All solid walls are set to no-slip walls
with the wall roughness set to smooth walls. The medium is water at 25 °C with a density
of 997 kg/m3. The SST k-w turbulence model is used to simulate the centrifugal pump with
automatic wall function because it can accurately predict the complex flow with separation
caused by a high inverse pressure gradient [31-33]. The convection term is solved with
high resolution. The root-mean-square residual in the convergence criteria is set to 107°.

Table 4. Sample calculations of the discretization error.

@ = H(m) @ = P(W) & = g(m>/h)

N (x10%) 9.05 9.05 9.05

N> (x10°) 4.80 4.80 4.80

N3(x10°) 2.34 2.34 2.34

1 1.23 1.23 1.23

3 1.27 1.27 1.27

&, 14.28 770.55 1.37

@, 14.35 770.85 1.38

@3 14.40 778.31 1.46

P 2.63 13.36 9.97
o2l 14.176 770.530 1.373
e2! 0.52% 0.039% 0.51%
el 0.71% 0.0025% 0.071%
GCIZL, 0.88% 0.0031% 0.089%
GCI» 0.5% 0.05% 0.72%

4. Results and Discussion
4.1. Experimental Setup and Validation

The impellers of the MO and M12 are 3D printed and assembled in the centrifugal
pump as shown in Figure 6. The experiments are conducted on a closed test rig which
consists of an electric centrifugal pump, an electromagnetic flowmeter, two pressure sensors,
two valves, a water tank, and pipes as shown in Figure 7. The test facility satisfies the
second grade of the international standard ISO 9906:2012(E), and the experiments are
conducted under its guidance [34]. The centrifugal pump is driven by a variable frequency
motor which is set to a constant speed of 2850 rpm in the experiment; the flow rate is
measured by an electromagnetic flowmeter, the inlet pressure and outlet pressure are
measured by inlet and outlet pressure sensors, respectively, and the flow rate is regulated
by an outlet valve. The information on the experimental instruments is shown in Table 5.

Figure 6. The 3D-printed impellers for MO and M12.
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Electromagnetic flowmeter  Outlet valve Water tank

Inlet valve

Motor Centrifugal pump

Figure 7. Schematic diagram of the test rig.

Table 5. Information on the instruments used in the experiment.

Instrument Sensor Type Range Accuracy Manufacturer
Electromagnetic KEFC DN50 3 o Shanghai Kent
flowmeter D30000010010160 3:5-35m*/h £0.5% Instrument Co., Ltd.
WT3000TG- o Shanghai Welltech
Inlet pressure sensor 6522D1B15CM3 —100~100 KPa +0.075% Instrument Co., Ltd.
WT3000TG- o Shanghai Welltech
Outlet pressure sensor 759D 1B15CM3 0~1 MPa +0.075% Instrument Co., Ltd.

Figure 8a shows the comparison of the simulated and experimental heads of MO and
M12. It can be seen that the experimental head of M12 is higher than MO at a low flow
rate, but slightly lower than MO at a high flow rate, while the simulated head of M12
is always lower than M0. The simulated and experimental heads are closest around 10
m3/h. As the flow rate increases, the deviation increases, and at the rated point of 14
m?3 /h, the relative errors between the simulation and experiment of M0 and M12 are 7.6%
and 6.2%, respectively. This may be because the BTE angle on the PS of M12 is smaller
than that of M0, which increases the absolute flow angle at the impeller trailing edge
according to the velocity triangle. Therefore, at low flow rates, the positive attack angle at
the diffuser leading edge can be reduced, reducing the impact loss, and thus increasing the
head. Whereas at high flow rates, the negative attack angle at the diffuser leading edge
is increased, increasing the impact losses, and thus reducing the head. The result of the
simulation does not reach this conclusion, probably due to the increase in calculation error
when deviating from the rated flow rate. Figure 8b shows the comparison of the simulated
and experimental efficiencies of MO and M12. Compared with M0, the simulated efficiency
of M12 is improved, and so is the corresponding experimental efficiency. The simulated
and experimental efficiencies show the same trend, with the efficiency of M12 at the rated
flow rate improved by 0.59% and 0.63% as compared to that of M0 in the simulation and
experiment, respectively. Because over-filing on the PS narrows the wake flowing off the
trailing edge, flow losses are reduced and thus efficiency is increased [5]. The optimal
efficiency point of the simulation is at 16 m3/h, while that of the experiment is at 14 m®/h.
The deviation between the simulation and experiment is minimized at the rated point of 14
m?3 /h, with relative errors of 1.5% and 1.4% for MO and M12, respectively. The comparison
between the simulation and experiment shows that the simulation results are reliable.
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Figure 8. Comparison of the head and efficiency between the experimental and numerical results of
MO and M12.

4.2. Effect of Different BTEs on Pump Efficiency and the Flow Pattern at Impeller Outlet

For the radial impeller and diffuser, the mainstream flows from the inlet to the outlet
along the radial direction. When there is a vortex on the axial plane or meridional section,
there is always a part of the fluid that flows opposite to the mainstream direction, which is
called a reverse flow. The magnitude of the reverse flow can reflect the chaos and energy
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loss of the flow to some extent. The main flow Q and reverse flow Qyey through the flow
section S can be calculated as follows [32]:

Q:AW% @)

Qrev :/Sw%ds (3)

where v;, is the magnitude of the normal velocity component on the flow section S, which is
positive when the flow direction is from inward to outward and negative when vice versa.

Since the modification of the BTE is near the impeller trailing edge, as shown in
Figure 9, the influence of modifying the BTE on the flow pattern is analyzed by studying
the mainstream ratio Qratip and the uniformity of velocity distribution Vi [35] on the
impeller outlet, which is calculated from Equations (4) and (5), respectively.

Q
= % 100% 4
thzo Q+ Qrev ( )
n = 2
Vi = 1—% 4Eﬁ%—3l % 100% )

where 7 is the number of grid nodes on the impeller outlet surface, v; is the absolute velocity
of the ith node, and v is the average absolute velocity.

Impeller outlet surface v,<0 v,>0

Impeller blade

A

Figure 9. The normal velocity component on the impeller outlet surface.

The effect of different BTEs on the main flow ratio Qratio, velocity uniformity Vpi,
and pump efficiency # is shown in Figure 10. It can be seen that in Bezier BTE, # increases
from M1 to M10 as the thickness of the BTE decreases, with the largest increase in efficiency
in Class L. Qratio has a similar trend to 7. V;; increases gradually from M1 to M3, which
is consistent with the variation of 77, however, it decreases successively from M3 to M5,
which is contrary to the variation of #, and from M5 to M10, Vy;; is almost unchanged.
In Class 1V, %, Qratio, and V,; increase as the radius of the round on the PS of the BTE
increases. In Class V, as the cutting angle on the SS of the BTE increases, the BTE gradually
becomes blunter, 77 and Qyqtio gradually decrease, while Vi gradually increases. It can be
concluded that the reverse flow Qyey can better reflect the variation of pump efficiency 5
than the velocity uniformity V., i.e., the lower the reverse flow of the impeller outlet, the
higher the pump efficiency.
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Figure 10. Comparison of pump efficiency and flow regime on impeller outlet for different BTE
models.

4.3. Effect of Different BTEs on the Reverse Flow in the Impeller and Diffuser along the
Blade-Aligned Streamuwise Direction

To study the effect of different BTEs on the reverse flow in the impeller and diffuser
along the streamwise direction, the impeller and diffuser are divided equally into 20 parts
along the constant blade aligned streamwise (BA Streamwise) as shown in Figure 11. The
BA Streamwise of the impeller and diffuser are 0-1 and 1-2, respectively, with 0.05 BA
Streamwise for each part. The BA Streamwise of the leading edge (LE) in the impeller and
diffuser are 0.25 and 1.25, respectively, and the BA Streamwise of the trailing edge (TE) in
the impeller and diffuser are 0.75 and 1.75, respectively. Figure 11 shows a comparison
of the reverse flow along the BA Streamwise in the impeller and diffuser for different
BTE models. It can be seen that there is almost no reverse flow in all BTE models before
the LE of the impeller (BA Streamwise = 0-0.2), and the reverse flow increases suddenly
at the LE of the impeller (BA Streamwise = 0.25). After entering the blade passage, the
reverse flow decreases immediately and maintains a low value until the BA Streamwise
=0.65-0.75. The reverse flow increases sharply near the impeller BTE. From the BTE to
the impeller outlet, the reverse flow continues to increase. After entering the diffuser, the
reverse flow decreases rapidly and reaches a minimum near BA Streamwise = 1.4, after
which the reverse flow gradually increases. The influence of different BTEs on the reverse
flow is mainly reflected in the impeller outlet and diffuser inlet. The larger the reverse
flow at the impeller outlet, the larger the reverse flow at the diffuser inlet, indicating that
different BTEs affect not only the flow at the impeller outlet but also the flow at the diffuser
inlet. In Class I (Figure 12a), different BTEs have the greatest influence on the reverse flow.
From M1 to M4, as the BTE gradually becomes thinner, the reverse flow at the impeller
outlet and diffuser inlet gradually decreases, and the slope of reverse flow from impeller
TE to the impeller outlet gradually increases. In Class II (Figure 12b), from M4 to M7, the
slope of the reverse flow from the impeller TE to the impeller outlet decreases, while it has
almost no effect on the rest of the region. Additionally, the change from M4 to M5 is the
largest due to the biggest geometry change from M4 to M5. In Class III (Figure 12c), the
reverse flow at the impeller outlet and the diffuser inlet decreases in parallel as the BTE
becomes thinner from M7 to M10. In Class IV (Figure 12d), with the increase in the round
radius on the PS of the BTE, the reverse flow slope from the impeller TE to the impeller
outlet decreases gradually and the reverse flow from the diffuser inlet to the diffuser LE
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decreases in parallel. In Class V (Figure 12e), with the increase in the cutting angle on the
SS of the BTE, the reverse flow at the impeller outlet and diffuser inlet increases.

2
Diffuser \ ---~ " | —15
_1.25
LE *11
TE 0.75
Impeller
—0.5
LE
Shroud 1 L 0.25
0.1
Hubo~ 0
".5% 6\4;\%“
y P
d’o %\‘
Rt

Figure 11. The constant blade aligned streamwise coordinates of the impeller and diffuser.

—— M4

6
| | .
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5 Blade | | Blade
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|

T T T T T T T T T T T T

. . ——
00 02 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0
BA streamwise location

(a) Class L.

Figure 12. Cont.
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Figure 12. Reverse flow in the impeller and diffuser along the constant BA Streamwise for different
BTE models.

We then study the effect of different BTEs on the reverse flow at the impeller outlet
along the spanwise direction. A different span represents different blade heights, Span =
0 for the hub and Span =1 for the shroud. The impeller outlet is divided equally into 30
parts along the spanwise direction, and the reverse flow AQrey of each part is calculated
from Equation (3), as shown in Figure 13. It can be seen that the reverse flow at the impeller
outlet of different BTE models has similar distribution rules along the spanwise direction,
showing a large distribution in the middle and a small distribution on both sides, with
a maximum reverse flow near the middle of blade height, which is marked by a hollow
symbol. In M1, AQ ey reaches its maximum value at Span = 0.52; in M8, M9, M10, M11,
and M12, it reaches a maximum value at Span = 0.41; and in the rest of the BTE models,
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the maximum value is obtained at Span = 0.45. It can be concluded that the higher the
efficiency, the lower the distribution of reverse flow on the impeller outlet and the closer

the maximum reverse flow to the hub.
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Figure 13. The reverse flow on the impeller outlet along the spanwise direction for different
BTE models.

4.4. Effect of Different BTEs on Shaft Power and Energy Loss in the Impeller and Diffuser along the
Streamwise Direction

For a closed control body in the fluid domain, without considering gravity, the pressure
drop method is used to calculate the energy loss as follows [36]:

Ploss = Tw — ﬁAPtU “ndA (6)

where T is the torque of the rotating wall on the control body, w is the rotational speed, the
first term on the right is the external power done to the control body, A is the outer surface
of the control body, p; is the total pressure, 1 is the outer normal direction of the control
body, and the second term on the right is the power increment of the control body.

To study the shaft power and energy loss in the impeller and diffuser at different
positions along the streamwise direction, the impeller and diffuser are divided into 20 equal
parts along the streamwise direction, Streamwise = 0-1 for the impeller and 1-2 for the
diffuser, with each part being 0.05, as shown in Figure 14. Take each part as the control body
to calculate its shaft power AP and energy loss AP). Figure 15 shows the distribution of
the shaft power AP of each control body in the impeller along the streamwise direction for
different BTE models. It can be seen that when the Streamwise < 0.15, the shaft power is
low, close to 0 W, because there are no blades in this region, and the shaft power is only
generated by the shroud and hub due to viscosity. After entering the blade channel, the
shaft power gradually rises, forming an inflection point when the Streamwise = 0.25, which
is due to the sudden increase in shaft power caused by the impact loss near the impeller
LE. After that, the shaft power continues to increase until it reaches the maximum when
the Streamwise = 0.7, and then gradually decreases. Different BTE models have little effect
on the shaft power in the leading part of the impeller but have a great effect on the shaft
power near the impeller trailing edge because the change in the BTE is near the impeller
trailing edge. In Class I, due to the large thickness of the BTE, wake vortexes caused by
flow separation form a large energy loss, so when the Streamwise > 0.9, the shaft power of
M1 and M2 increases dramatically. From M1 to M4, the shaft power gradually decreases
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near the impeller trailing edge as the BTE becomes thinner. In Class II, since the BTE is
thinner than Class I, the energy loss near the impeller outlet is reduced and there is no
increase in shaft power along the streamwise direction in M1 and M2. From M4 to M7, the
shaft power near the impeller trailing edge gradually increases as the diameter of the BTE
increases, with the highest increment from M4 to M5 because of the largest increment of
the diameter. In Class III, with the thinning of the BTE, the shaft power near the impeller
trailing edge decreases gradually. In Class IV, the shaft power near the impeller outlet of
MO is the highest, and it decreases gradually with the increase in the round radius on the
PS of BTE. In Class V, the shaft power near the impeller trailing edge gradually increases
with the increase in the cutting angle on the SS of the BTE.
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Figure 14. The control bodies of the impeller and diffuser along the constant streamwise location.
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Figure 15. The shaft power of each control body along the streamwise location for different
BTE models.

Figure 16 shows the energy loss distribution of each control body in the impeller and
diffuser along the streamwise direction for different BTE models calculated by Equation
(6). It can be seen that the bladeless region at the inlet of the impeller where Streamwise <
0.15 has a minimum energy loss. The energy loss reaches a local maximum at Streamwise =
0.15~0.25 due to the impact loss. As the Streamwise increases, the energy loss decreases
and maintains a low value until the Streamwise = 0.75. When the Streamwise > 0.75, all the
BTE models show a dramatic increase due to the influence of the BTE. The energy loss in
the diffuser decreases gradually from the inlet to the outlet in general, with the exception
of a local maximum at the diffuser TE where the Streamwise = 1.9~1.95, which may be due
to the effect of the wake vortex at the diffuser TE. Different BTEs have a great effect not
only on the energy loss of the impeller outlet but also on the energy loss of the diffuser inlet
while having little effect on the energy loss in the leading part of the impeller where the
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Streamwise < 0.75, just like the effect on reverse flow. The influence of the impeller BTE
on the energy loss of the diffuser is mainly reflected in the Streamwise region 1~1.4. The
energy loss in the diffuser inlet is mainly affected by the energy loss in the impeller outlet;
as a whole, the higher the energy loss in the impeller outlet, the higher the energy loss in
the diffuser inlet. The energy loss in the bladeless region of the diffuser inlet, where the
Streamwise = 1~1.05, is mainly affected by the impeller outlet, where the Streamwise =
0.95~1, and the energy loss at diffuse LE where the Streamwise = 1.05~1.1 is mainly affected
by the impact loss of the diffuser blade. It can be found that when the energy loss at the
impeller outlet (Streamwise = 0.95~1) is greater than 11.6W, that is, in M0, M1, M2, and M3,
the energy loss in the bladeless region (Streamwise = 1~1.05) of the diffuser inlet is greater
than that at diffuser LE (Streamwise = 1.05~1.1), while in the rest of the BTE models, the
contrary conclusion is reached.
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Figure 16. The energy loss of each control body in the impeller and diffuser along the streamwise
location for different BTE models.

4.5. Effect of Different BTEs on Entropy Production in the Impeller and Diffuser

In centrifugal pumps, due to the viscosity of the medium [37], in the near-wall region,
the shear stresses make it inevitable that some of the kinetic and pressure energy of the fluid
is converted into internal energy. In the high Reynolds number region, unstable turbulent
pulsation will also inevitably generate energy losses [36]. According to the second law of
thermodynamics, these energy losses will result in an increase in entropy. Therefore, the
entropy production theory can be used to study the energy loss in a centrifugal pump with
different BTEs. The local entropy production rate without considering heat transfer and
temperature rise is calculated as follows [38—40]:

Spro,p =S PROD T SprO,D! @)

SPRO,E =

. ou' 2 ol 2 ol 2
sororr = #{2] (3) +(%;) ()
9

oul ou’ 2 o, ou’ 2 oul ou, 2

(e E) (B3 (3]

where S prO D 18 the entropy production rate by direct dissipation and Sp ro,p’ is the entropy
production rate by turbulent dissipation.

Since Equation (9) is unclosed, in the case of the finite Reynolds number in the SST
k-w turbulence model, S PRO,D’- can be approximated as [19]:

- wk
Spro,0’ = IBL (10)

where = 0.09, w is the turbulent eddy frequency, and k is the turbulence energy.
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To analyze the effect of different BTEs on the magnitude and location of energy loss in
the impeller and diffuser, the least efficient model, M1, the most efficient models, M10 and
M12, and the original model, MO0, are selected to analyze the local entropy production rate

S pro,p on different Span and impeller outlets. As shown in Figure 17, different BTE models
have the greatest effect on the entropy production of the impeller outlet and diffuser inlet
but have little effect on the entropy production of the leading part of the impeller. The closer
to the shroud, the higher the entropy production is on the SS of the impeller LE, which is
due to the increase in relative velocity and impact loss near the shroud. M1 has the largest
area of high entropy production, which is located at the SS of the impeller TE and diffuser
LE. After thinning the BTE, the entropy production of M10 decreases significantly. After
rounding the PS of the BTE, M12, the entropy production lowers slightly compared to that
of M0. On the surface of Span = 0.5, influenced by the shape and thickness of the BTE and
jet-wake effect [21], strong shear action near the impeller BTE causes wake development
and vortex shedding [41], forming a triangular region of high entropy production from
the SS to PS near the impeller outlet. The area of the triangle and the angle near the BTE
gradually decrease in the order of M1, M10, M0, and M12, indicating that the blunter the
BTE is, the greater the entropy production and energy loss will be [42]. On the surface
of Span = 0.95, the area of the high entropy production located at the SS of the diffuser
LE is affected by the impeller BTE and gradually decreases in the order of M1, M0, M10,
and M12.

From the above analysis, it can be seen that the impeller outlet is the area with the
largest energy loss and highest entropy production, and also the flow section with the
largest reverse flow in the impeller. To investigate the effect of different BTEs on the entropy
production and reverse flow of the impeller outlet, the entropy production and velocity
vector of the reverse flow of the impeller outlet for MO, M1, M10, and M12 are analyzed, as
shown in Figure 18, which is viewed from the inside to the outside to better display the
reverse flow. It can be seen that the high entropy production area is located near the SS of
the BTE and the reverse flow area is located at the SS of the BTE near the middle span. In
general, where the reverse flow is greater, the entropy production is greater. M0, M10, and
M12 have high entropy production at Span = 0.2-0.3. The entropy production of M10 and
M12 is significantly lower than that of M0 and M1. The entropy production on the impeller
outlet Epro,p is calculated by Equation (11) for quantitative analysis, and the values of
Eprop in Table 6 show a decreasing order of M1, M0, M10, and M12.

Epro,p = /s Spro,pdS (11)

Sero.p [WmPK™]

3000 4000

(a) Span = 0.05.

Figure 17. Cont.
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(c) Span =0.95.

Figure 17. Local entropy production distribution on different Span values in the impeller and diffuser
for different BTE models.

PS SS shroud

Figure 18. The local entropy production distribution and velocity vector of the reverse flow on the
impeller outlet for different BTE models.
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Table 6. The entropy production on the impeller outlet for different BTE models.
Model Mo M1 M10 Mi2
Epro,p
(Wem~1.K-1) 5.778 8.446 3.032 2911

4.6. Effect of Different BTEs on Vortex Structure and Flow Field in the Impeller and Diffuser

To further investigate the effect of different BTEs, the vortex identification method is
used to visualize the vortices structure in the impeller and diffuser. Compared with the Q
criterion and A, method, the () method is less sensitive to the threshold and can identify
both weak and strong vortices. Therefore, the ()-vortex identification method is used to
identify vortices in the impeller and diffuser [43,44]. The expressions are as follows:

BI12
N )
IAl[F + Bl + ¢
1 T
A—E(anLVv ) (13)
1 T
B—§<VU—VU ) (14)
2 2
e = 0.001 x (|IB[|z = [AllE) oy (15)
where || - H% represents the Frobenius norm, A and B represent the symmetric and antisym-

metric parts of the velocity gradient tensor, respectively, and ¢ is a small positive number to
avoid large errors caused by the zero denominator. The vortex is displayed by an isosurface
of () = 0.52. Figure 19 shows the vortex structure in the impeller and diffuser for different
BTE models. It can be seen that the vortexes are located in the impeller LE (region B),
impeller TE (region A), and diffuser LE, indicating that the flow in these regions is chaotic,
resulting from flow separation and strong vortices caused by the high-velocity gradient.
Different BTEs have greater effects on the impeller TE. To analyze the flow at the impeller
TE, seven sections (S1-57) are made in region A along the flow direction to display the
swirling strength and velocity vectors, and 3D streamlines are generated along the PS of the
impeller blade, as shown in Figure 20. In M1, because it has the thickest BTE, a large area
of attached vortices is formed on the PS of the BTE. After leaving the BTE, vortex shedding
is formed due to flow separation, resulting in two contra-rotating wake vortices near the
shroud and hub. The swirling strength in the vortex core is the largest, and the swirling
strength near the shroud is greater than that near the hub. The swirling strength gradually
weakens with the increase in the distance from the BTE, and the streamline becomes more
chaotic due to the influence of the vortex, leading to a reverse flow along the blade surface
near the BTE. The vortex size and swirling strength of M10 are significantly lower than that
of M1, and the flow is improved. At the junction of the PS and the BTE in MO0, a vortex is
formed due to the abrupt change of curvature, but the size and strength of the vortex are
slightly reduced compared to that of M10. In M12, generated by rounding off the junction
of the PS and the BTE in MO, the vortex here disappears, and the streamline distribution is
more uniform than that of MO.
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Figure 19. The vortex structure in the impeller and diffuser for different BTE models.

From the above analysis, it can be seen that the energy loss, entropy production,
reverse flow, and vortex intensity have a local maximum at the impeller LE, and different
BTEs have almost no effect on the flow pattern here. Therefore, only region B in MO0 is
analyzed. Figure 21 shows the velocity and pressure distribution at the impeller LE on
the surface of Span = 0.5 in M0. It can be seen that the fluid facing the blade LE gradually
slows down under the blockage of the blade due to its thickness, forming a stagnation
point at the LE of the blade (Figure 21a). According to the Bernoulli equation in rotating
coordinates [45], the pressure near the stagnation point increases as shown in Figure 21b.
Under the pressure difference, the fluid near the stagnation point flows along the blade
surface in opposite directions to both sides, thus creating a reverse flow at the impeller LE.
With the action of a positive pressure gradient and centrifugal force, the fluid velocity on
both sides of the stagnation point increases rapidly, forming a higher velocity gradient, so a
higher vortex intensity and energy loss are formed on both sides of the stagnation point.
Influenced by the axial vortex resulting from the rotation of the impeller, the velocity at
the SS of the LE is higher than that at the PS of the LE, forming a local high-speed and
low-pressure area at the SS of the LE.
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Figure 20. Distribution of the swirling strength, velocity vector, and streamline at the impeller outlet
for different BTE models.
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Figure 21. Velocity and pressure distribution at the leading edge of the impeller on the surface of

Span = 0.5 in MO. (a) Velocity contour and velocity vector and (b) pressure contour and velocity
vector.

4.7. Effect of Different BTEs on the Stress and Deformation of Impeller

A change in the shape of the BTE will result in a change in the blade thickness, which
may affect the strength of the impeller. Obviously, the shape of the blade must ensure
that its mechanical strength is not jeopardized [5]. To accurately calculate the impeller
stress and deformation, a one-way fluid-structure interaction analysis is carried out in
the Static Structural module of the Ansys Workbench. The solid impeller is meshed as
shown in Figure 22, then fixed support is applied to the shaft end, the rotational velocity
of the impeller is set as 2850 rpm, and the pressure is calculated by CFX and is loaded
onto the impeller surface. Equivalent stress and total deformation are calculated using
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finite element analysis and the fourth strength theory [46]. The material of the impeller is
PA66 with density p = 1140 kg/m?, elastic modulus E = 1.48 GPa, Poisson’s ratio u = 0.41,
and tensile yield strength oy, = 57.1 MPa. Figure 23 shows the maximum equivalent stress
and maximum total deformation of the impeller for different BTEs. It can be seen that the
maximum equivalent stress and maximum total deformation of the models with Bezier
BTE (M1-10) and the models cutting the SS of the BTE (M13-15) are larger than those of
the original model M0, while the models rounding the PS of the BTE (M11 and M12) do not
differ much from M0. The maximum equivalent stress of all models is less than 6.5 MPa,
which is much lower than the tensile yield strength, and the maximum total deformation
of all models is less than 0.065 mm, which is very small compared to the impeller size,
therefore the deformation will not affect the pump performance much.

[A] Rotational Velocity:
[B] Imported Pressure
[@ Fixed Support

Figure 22. Solid impeller meshes and loading settings.
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Figure 23. Maximum equivalent stress and maximum total deformation of the impeller for different
BTE models.

The maximum equivalent stresses for different BTE models are located at the junction
of the blade LE and the shroud, which may be because the blade LE is very thin and a stress
concentration is formed near the shroud. The maximum total deformations of different BTE
models are located at the maximum diameter of the shroud. Taking M1 as an example, the
equivalent stress and total deformation distribution of the impeller are shown in Figure 24.
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Figure 24. Distribution of the equivalent stress and total deformation of the impeller for M1.

5. Conclusions

In this paper, the impeller BTE of a centrifugal pump is modified by a Bezier curve,

rounding on the PS, and cutting on the SS, and the effects of different BTEs on the perfor-
mance and internal flow at a rated flow rate are analyzed by numerical simulation. The
following conclusions can therefore be drawn:

@

@

®G)

The shape of the impeller BTE has an important effect on the performance of the
centrifugal pump. Thinning the BTE and connecting it to the blade smoothly can
improve pump efficiency; the higher the efficiency, the lower the reverse flow on the
impeller outlet.

Along the BA Streamwise direction, the effect of different BTEs on the reverse flow is
mainly reflected in the vicinity of the impeller outlet and diffuser inlet, and there is
little effect on the leading part of the impeller. The reverse flow distribution on the
impeller outlet along the spanwise direction is large in the middle and small on both
sides. The higher the efficiency, the lower the reverse flow distribution on the impeller
outlet, and the closer the maximum reverse flow is to the hub.

Along the BA Streamwise direction, the shaft power of the impeller increases gradu-
ally and reaches the maximum when the BA Streamwise = 0.7, and then decreases
gradually. Different BTEs have little effect on the shaft power in the leading part of
the impeller but have a great effect on the shaft power near the impeller trailing edge.
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(4) Different BTEs have little influence on the energy loss at the leading part of the
impeller but have a great influence on energy loss at the impeller outlet and diffuser
inlet. Due to the impact effect, the energy loss at the impeller LE has a local maximum.
Around the impeller BTE, the energy loss rises sharply due to flow separation and
jet-wake structure, reaching a global maximum at the impeller outlet. The energy
loss at the diffuser inlet is mainly affected by the energy loss at the impeller outlet;
the thicker the impeller BTE, the higher the energy loss at the impeller outlet and
diffuser inlet.

(5) By analyzing the local entropy production rate, it is found that high energy loss is
located at the SS of the impeller TE and diffuser LE. Different BTEs have an important
effect on entropy production in this region, and thinner BTEs can significantly reduce
the entropy production; the closer to the shroud, the higher the entropy production at
the impeller LE due to the increase in the relative velocity and impact loss.

(6) Through the Q-vortex identification method, it is found that the vortex is mainly
located at the impeller inlet, impeller outlet, and diffuser inlet, with the vortex at the
impeller outlet being the most affected by different BTEs. Having the thickest BTE,
the vortex region and swirling strength of M1 are the greatest. M10 is obtained by
thinning the BTE of M1 with a Bezier curve, and M12 is obtained by rounding the PS
of the BTE of MO, both of which can reduce the vortex region and swirling strength,
making the flow more uniform and lowering the energy dissipation.

(7) The maximum equivalent stress and maximum total deformation of the impeller
in most BTE models are larger than that in the original model M0. The maximum
equivalent stress is located at the intersection of the blade LE and the shroud, and the
maximum total deformation is located at the maximum diameter of the shroud. The
maximum equivalent stress is much less than the tensile yield strength of the material,
and the deformation is acceptable.

The present work only studies the influence of different BTEs on steady performance
through internal flow analysis, though different BTEs also have an important influence on
the unsteady characteristics. In the future, the influence of different BTEs on the unsteady
characteristics of pressure pulsation, shaft power, axial force, radial force, and so on should
be studied.
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Nomenclature

BTE Blade Trailing Edge

CFD Computational fluid dynamics
GCI Grid convergence indexes

by Impeller outlet width, mm

D4 Impeller inlet diameter, mm
D, Impeller outlet diameter, mm
H Head, m

n Rotate speed, rpm

Mg Specific speed

P Shaft power, W

Pioss Energy loss, W

% Static pressure, Pa

Pt Total pressure, Pa

Q Volume flow rate, m®/h

Qrev Reverse flow rate, m3/h

Qratio Mainstream ratio, %

q Leakage flow rate through wear ring, m3/h

$ PRO,D Local entropy production rate, W-m—3.K!
Spro,p  Local entropy production rate by direct dissipation, W-m—3.K!

Spro,pr  Local entropy production rate by turbulent dissipation, W-m~3.K~!

T Torque generated by the rotating wall, N-m
Vuni Uniformity of velocity distribution, %

z Blade number

7 Efficiency, %

w Rotate speed, rad/s
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