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ABSTRACT

The centrifugal pump holds significant prominence as a widely adopted power
machinery in mechanical industries. This study aims to uncover the influence of
blade trailing edges on the energy performance of centrifugal pumps. Sixteen
types of blade trailing edge models, including Bezier trailing edges, rounded
pressure side, cut suction side, and original blade trailing edges, are examined
both numerically and experimentally. Entropy production power and energy loss
for each domain with different trailing edge models are computed using entropy
production theory and the pressure drop method, respectively. The correlation
between them and the interaction of energy loss in various domains are
determined through Spearman correlation analysis. Furthermore, the energy loss
and efficiency of the centrifugal pump are decomposed and explored. Finally,
the impact of different trailing edges on each component of shaft power is
analyzed. The study findings indicate that increasing the radius of the trailing
edge leads to higher head, while a thinner trailing edge enhances efficiency.
Consistent trends are observed in entropy production and energy loss across
different blade trailing edges. Modifying the impeller trailing edge significantly
affects not only the impeller but also the cavity, diffuser, and outlet chamber,
with minimal impact on the inlet chamber. Thinning the blade trailing edge can
decrease energy loss and entropy production. Proper design of the blade trailing
edge can effectively reduce the pressure pulsation near the impeller outlet in the
stator. This study serves as a valuable reference for the design and research of
centrifugal pump blade trailing edges.
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1. INTRODUCTION

The centrifugal pump finds extensive application in
water circulating systems of thermal power plants, nuclear
power stations, pumped-storage power plants, and various
other fields, making a significant contribution to the
efficient utilization of renewable energy (ElI-Emam et al.,
2022). Serving as the pivotal energy conversion
component of the centrifugal pump (Cui et al., 2020a), the
impeller facilitates the transfer of mechanical energy to
the liquid passing through it by acting upon the liquid via
its rotating blades (Huang et al., 2021). The characteristics
of the impeller are predominantly determined by the flow
pattern at its inlet and outlet, as postulated by Euler's
turbine equation. Moreover, the velocity distributed at the

impeller outlet profoundly influences the flow within the
diffuser. The flow dynamics within the impeller affects
more than energy transmission and losses in the impeller,
it also affects pressure distribution and flow separation in
downstream components (Giilich, 2020).

Modifying the shape of the blade trailing edge (BTE)
can alter the flow pattern at the impeller outlet,
consequently affecting pump performance. Skillful
adjustment of the BTE shape can effectively enhance
pump performance. Experimentally altering the pressure
side (PS) of the BTE with a fixed angle in a centrifugal
pump initially resulted in a decrease in head followed by
an increase with increasing cutting volume; however,
cutting the suction side (SS) of the BTE led to a consistent
increase in head (Kikuyama et al., 1985). Rounding the SS
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NOMENCLATURE
H head
Ha rated head
Hr theoretical head
Ah hydraulic head loss
P shaft power
Py useful power
Pm disk friction loss power
Py volumetric loss power caused by leakage
P hydraulic loss power
P,  power loss by pressure drop method
P entropy production power by direct
proD- dissipation
Pros gptrppy_production power by indirect
issipation
P,..w entropy production power by the wall effect
P,., total entropy production power
Qu rated flow rate
Q flow rate

q leakage flow rate

S local entropy production caused by the wall
prolV effect

§ local entropy production rate by direct
pro.D - dissipation

5 local entropy production rate by indirect
proD” dissipation

Ps Spearman correlation coefficient

fim mechanical efficiency

oy volumetric efficiency

7h hydraulic efficiency

n pump efficiency

Subscripts

in inlet chamber

imp impeller

cav pump cavity

dif diffuser

out outlet chamber

of the blade trailing edge in a mixed flow pump could
enhance head and improve efficiency, particularly at
larger flow rates, thus widening the efficiency range (Wu
et al., 2015). Cutting the BTE of a centrifugal pump with
V-cut, circular, or elliptical profiles on the PS increased
head and efficiency compared to the original
configuration, while reducing vortex intensity at the BTE.
The impact of modifying BTE on sewage pumps with
varying specific speeds differed; under-filing the BTE was
more effective in increasing pump head and efficiency
than default and straight-cut BTE for low blade trailing
angles of the camber line (Litfin et al., 2017).

Studies on hydrofoils (Bourgoyne et al., 2005) reveal
that the trailing edge's shape significantly influences wake
development and vortex shedding (Mosallem, 2008).
Thicker or blunter trailing edges intensify vortex shedding,
leading to increased pressure pulsations (Do et al., 2010).
Beveling the trailing edge can mitigate vibration induced
by vortices (Zobeiri et al., 2012). Due to impeller rotation,
fluid within the centrifugal pump impeller experiences
centrifugal and Coriolis forces (Farge et al.,, 1992).
Consequently, due to Coriolis force and deceleration, fluid
near the impeller outlet flows from the SS to the PS,
forming a non-uniform secondary flow with a high-
velocity jet zone near the PS and a low-velocity wake zone
near the SS (Abramian & Howard, 1994).

This non-uniform flow induces pressure pulsations
dominated by blade frequency and its harmonic
frequencies due to rotor-stator interaction (RSI) (Keller et
al., 2014). Modifying the profile of the BTE can alter the
pressure-velocity distribution around the impeller outlet,
impacting the jet-wake region (Wu et al., 2021a), thereby
influencing the unsteady pressure pulsations caused by
RSI, which in turn affect fluid-induced vibration and noise
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(Gao et al., 2016). Numerous researchers have explored
the effect of various BTE shapes on the dynamic
characteristics of pumps. For example, implementing a V-
shaped cut at the BTE of a double-suction pump has been
shown to effectively mitigate pressure pulsation and
vibration during off-design operational conditions (Al-
Qutub et al., 2012). Similarly, adopting elliptical shapes
on the suction side and both sides of the BTE has been
found to significantly decrease vortex intensity, mitigate
pressure pulsation, and enhance pump efficiency (Gao et
al., 2016; Zhang et al., 2019). Furthermore, optimizing
cutting angles for the trailing edge of straight blades in
centrifugal pumps has proven beneficial, positively
impacting head, efficiency, and reducing pressure
pulsation and vibration displacement (Cui et al., 2020b).
Complementary numerical simulations and high-speed
camera experiments have demonstrated the superior
performance of a round BTE compared to a trimmed BTE,
showcasing improved performance for both single-phase
and liquid-gas two-phase flows (Mansour et al., 2020).
Cutting the PS of the BTE to a lower blade outlet angle
could improve pump efficiency and head, decrease
velocity in the jet zone near the PS, thus lowering pressure
fluctuations (Huang et al., 2021). The utilization of a
bionic sinusoidal trailing edge has been found to
contribute to reducing energy loss and pressure pulsation
in centrifugal pumps (Lin et al., 2021, 2022). Additionally,
modifying blade thickness (Qian et al., 2020; Ji et al.,
2021;) and blade PS (Wu et al., 2021a, b, 2022) also
impacts pump performance and pressure pulsation.
Consequently, it is evident that proper design of the BTE
holds significant potential in minimizing energy loss,
improving the velocity and pressure uniformity around the
impeller outlet, and dampening the jet-wake structure,
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leading to optimal pump performance, reduced pressure
pulsation, and minimized vibration.

Previous research primarily employed ellipses, arcs,
or lines to fix the BTE. However, few studies on BTE
modified by Bezier curves have been reported. The use of
Bezier curves to fix the BTE can ensure that the BTE is
tangent to the blade surface with a smooth connection, due
to its ability to control the starting and ending directions.
Moreover, the Bezier curve simplifies modification of the
PS, SS, or both by changing the coordinates of the control
points, providing the BTE with continuous curvature.

This paper aims to investigate the effect of BTE on
the performance of a centrifugal pump at rated flow rate
using Bezier curves, rounded PS, and cut SS to fix the
BTE. The performance and energy characteristics of
different BTE models are compared via numerical
simulation. Subsequently, correlation analysis of energy
loss and entropy production power is conducted, followed
by decomposition and analysis of energy loss, efficiency,
and shaft power. This study reveals the effect of BTEs on
the energy characteristics of the centrifugal pump,
providing reference and guidance for centrifugal pump
BTE design.

2. GEOMETRY MODEL

The present study investigates a single-stage
centrifugal pump with a diffuser (Li et al., 2022). The
rated flow rate (Qq) is 14 m3/h, the rated head (Hq) is 14
m, and the rotating speed is 2850 rpm, resulting in a

each BTE model, please refer to (Li et al., 2023). Figures
1(b)-(f) depict five classes of BTE models. To facilitate
comparison with the original model, several
representative Bezier models are presented in Fig. 1(g).
Tables 1 and 2 contain parameters for all BTE models.

4 (4 .
B(t) = ZLi ]Pi 1-t)*'t'
i=0
=(1-t)*'P, +4t(L-t)°P, + 6t (L-t)*P, (1)
+4t°(L-t)P, +t*P,, te[0,1]

3.SIMULATION CONFIGURATION

3.1 Computational Domains and Mesh Generation

Figure 2 outlines the composition of the computational
domain for the centrifugal pump, encompassing the
impeller, diffuser, cavity, inlet chamber and outlet
chamber. To address wear ring clearance leakage and disk
friction loss, a full flow field simulation is conducted with
a unilateral clearance of 0.5 mm at the wear ring. A
structural mesh is employed to discretize all
computational domains, with Turbogrid used for meshing
the impeller and diffuser, and ANSYS ICEM CFD 19R3
utilized for the remaining domains. For the original model
at the rated flow rate, the average y* value across all walls
is 5.7, with an average y* value of 11 for the impeller.

Table 2 Parameters of the rounded PS and cut SS at

specific speed (ns) of 89.6. Both the impeller and diffuser BTE

feature two-dimensional blades. To examine the impact of M Name Description

impeller BTE on pump performance, three methods are P

used to modify the BTE. These methods include . Extend to the meridional
. h . . iy 0 Original .

employing a 4™ order Bezier curve to adjust the trailing trailing edge

edge on both the PS and SS, rounding the trailing edge on ~

the PS with various radii, and cutting the SS at different 11 Round_20 R=20mm

angles. A full set of 16 models, with the original one, are 12 Round_30 R=30mm

obtained. 13 | Beta2S_40 B2s=40°

Figure 1(a) illustrates the utilization of a Bezier curve, —R0°

plotted using Eq. (1) and controlled by five points (P0-P4), 14 BetazS_60 fe=60

as the trailing edge. For further details on the significance 15 Beta2S_90 P2s=90°

of each control point and the parameter configuration of

Table 1 Parameters of the Bezier BTE

M Name Pox(mm) Pix(mm) Pax(mm) Pax(mm)
1 Bezier6-0-0-0 6 0 0 0
2 Bezier8-0-0-0 8 0 0 0
3 Bezier12-0-0-0 12 0 0 0
4 Bezier20-0-0-0 20 0 0 0
5 Bezier20-0-0-6 20 0 0 6
6 Bezier20-0-0-12 20 0 0 12
7 Bezier20-0-0-20 20 0 0 20
8 Bezier20-6-6-20 20 6 6 20
9 Bezier20-12-12-20 20 12 12 20
10 Bezier20-20-20-20 20 20 20 20
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Fig. 1 Different blade trailing edges for investigation
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Fig. 2 Computational domain of the centrifugal pump
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155 780 As shown in Fig. 3, mesh sensitivity testing is
conducted using five groups of mesh numbers ranging
—— g from 1.27 to 9.05 million. It is observed that pump
1.50+ ——P performance stabilizes as the mesh number increases, with
the deviation of leakage flow rate (g) and shaft power (P)
being less than 0.51% and 0.04% respectively when the
mesh number reaches 4.81 million. Therefore, mesh
settings of 4.81 million are chosen for simulating different
1.40 1 BTE models. The number of meshes for per domain is
presented in Table 3, and the mesh of the centrifugal pump
- 765 with different BTEs is presented in Fig. 4.

1.454
4770 E
o

g/mé-h!

1.35
3.2 Boundary Conditions

130 . . . . . . 760 To evaluate the pump performance and internal flow
2 3 4 5 6 7 8 10 characteristics, we utilized the commercial CFD software
Mesh number/million ANSYS-CFX 19R3 to solve the governing equations for

the centrifugal pump featuring various BTE models. A
mass flow inlet boundary condition was set at the inlet,
while at the outlet, an opening outlet boundary condition
Table 3 Detailed mesh distribution with a relative pressure pf 0 Pa was app.lied. The impel.ler
was defined as a rotating domain, with the remaining

Domain Mesh Number components set as stationary domains. For steady
Inlet chamber 695842 simulations, the frozen rotor was used for data transfer
between the rotating and stationary domains. All solid
Impeller 890136 walls were assigned a no-slip wall condition, and wall
Pump cavity 907584 roughness was neglected. Water at 25°C served as the
working medium. The SST k-w turbulence model,
Diffuser 1067248 enhanced by automatic wall functions, was chosen to

Outlet chamber 1243192
Total 4804002

© -

Fig. 3 Mesh sensitivity test

(a) Overall meshes

(c) Different BTE
Fig. 4 Meshes of the centrifugal pump and BTE
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close the RANS equations due to its accurate prediction
capabilities for complex flows featuring flow separation
caused by strong adverse pressure gradients (Wang et al.,
2019; Han et al., 2021). A high-resolution scheme was
employed to solve the convection term, with a
convergence criterion for the root-mean-square residuals
set to 1073(Zhao et al., 2024). For unsteady simulations,
the Transient Rotor Stator method is employed for data
transfer between the rotating and stationary domains. The
time step is set at 5.84795x107 s, which corresponds to
the time taken for the impeller to rotate by 1°. The total
duration is configured as 0.315789 s, equivalent to the
time for 15 revolutions of impeller.

4.ENTROPY PRODUCTION THEORY

Viscosity within the medium leads to a fraction of the
fluid's kinetic and pressure energies being inevitably
converted into internal energy by shear forces in the near-
wall region of turbulent flows (Kock & Herwig, 2004).
Unstable turbulent pulsations result in energy losses
irreversibly transformed into internal energy (Li et al.,
2017). These energy losses contribute to an increase in
entropy. Hence, the entropy production method is
beneficial for assessing energy losses in centrifugal
pumps with different trailing edges (Kock & Herwig,
2005; Jietal., 2020; Zhou et al., 2022). Given water's high
specific heat capacity as the working fluid in centrifugal
pumps, the resulting temperature rise from energy
dissipation is minimal, enabling it to be treated as a
constant temperature. Assuming a temperature of 7 =
298.15 K and disregarding heat transfer and temperature
rise, local entropy production can be computed using the
following approach:

Spro,D:S pro,D + Spro,D’ (2)
a— 2 a— 2 a— 2
i CACAC]
T Xl XZ 3 (3)
—\2 — —\2
aus Lo (o o
Eix1 ax 8x Xy, OX,
2 a , 2
ProD % 2 a aTj +(&]
X1 2 3 (4)
! ’ 2
o ) fau au) (o ou
oX, OX, OX, OX, OX;  OX,
where S — s entropy production rate by direct

pro,D

dissipation, S bro.D’ is entropy production rate by indirect
dissipation.
In the SST k- turbulence model, Spro,D’ can be

approximated as (Herwig & Kock, 2006; Ji et al., 2020):
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pa)k
pro D’ ﬂ

&)
where = 0.09, w is turbulent eddy frequency (s), k is
turbulent energy (m?/s?).

The entropy production power also accounts for the
local entropy production induced by the wall effect (Li et
al., 2017).

<l

T
T

prow —

S

(6)

where, 7 is the wall shear stress (Pa), V isthe velocity
near the wall (m/s).

By integrating the local entropy production rate over
the volume and surfaces of the computational domain and
multiplying by 7, the components of entropy production
power (W) on the domain can be obtained:

pro b~ I Spro D ™)
I:)pro,D T.[ Spro D’ V (8)
pro w = I S pro, W 9)
The entropy production power of a domain is
calculated as follows:
P = Ppro D + Ppro D’ + I:)prow (10)

5. RESULTS AND DISCUSSION

5.1 Experimental Setup and Validation

The centrifugal pump experiment was carried out
using a closed pump test rig, as depicted in Fig. 5. A
variable frequency motor was employed to drive the pump,
and the flow rate was measured through an
electromagnetic flowmeter featuring a range of 3.5-35
m*/h and an accuracy of £0.5%. Inlet and outlet pressures
of the centrifugal pump were monitored by corresponding
pressure sensors, with a range of -100 to 100 KPa and 0 to
1 MPa, respectively, offering an accuracy of +0.075%.
Throughout the experiment, the inlet valve remained fully
open, allowing the pump's flow rate to be regulated
through the outlet valve. Figure 6 presents a comparative
analysis of the simulated and experimental results of MO0,
revealing a consistent trend, with the head being closest
around 10 m’/h. With an increase in flow rate, the
deviation in head also exhibits an upward trend, reaching
a relative error of 7.6% at the rated flow rate of 14 m3/h.
However, the deviation in efficiency at the rated point is
smaller, with a relative error of 1.5% at the rated flow rate.
The experimental verification results provide sufficient
evidence to support the credibility of the simulation
results.
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Fig. 6 Comparison of head and efficiency between
experimental and numerical results of M0

5.2 Effect of BTE on the Performance of Rated Flow
Rate

Figure 7 presents the simulated performance of
various BTE models at the rated flow rate. In Class I, from
M1 to M4, the radius of the BTE on PS gradually
decreases, while the radius on the SS remains constant,
resulting in a thinner BTE and an increase in efficiency.
The power also decreases gradually, and the head exhibits
a decreasing trend due to the reduction in the BTE radius.
However, an exception exists where the head of M1 is
lower than that of M2. This can be attributed to the head
being determined by the difference between theoretical
head and hydraulic loss. Since M1 has the thickest trailing
edge, the hydraulic loss caused by strong wake vortex
outweighs the theoretical head increase resulting from the
larger trailing edge radius, leading to a lower head
compared to M2. In Class II, from M4 to M7, the radius of
the trailing edge on both sides gradually increases, but the
radius of the SS increases more than that of the PS, leading
to a gradually thinner trailing edge. Head, power, and
efficiency all increase gradually, with the largest
performance increment observed from M4 to M5 due to
the largest increase in BTE radius. In Class III, from M7
to M10, the radius of the BTE on PS decreases gradually,
while the radius of the BTE on SS increases gradually,
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Fig. 7 Performance comparison of different BTE
models

resulting in a thinner BTE symmetrically with the
meanline as the center. The head and power gradually
decrease, while the efficiency gradually increases due to
the thinner BTE. From M1 to M10, it is evident that
thinning the BTE can increase the efficiency of the
centrifugal pump. In Class IV, the head and power
gradually decrease and the efficiency gradually increases
as the round radius on the PS increases. In Class V, as the
cutting angle on the SS increases, the head and power
show a gradual increase, but efficiency gradually
decreases due to the blunter BTE. It is demonstrated that
the BTE has a profound impact on pump performance.

5.3 Analysis of Energy Loss and Entropy Production
Power for Different BTE Models

To conduct a quantitative analysis of energy losses in
each component of the pump, the pressure drop method is
employed, considering each computational domain as a
control volume. Energy loss can be calculated using the
following equation:

Pioss = Tw — ﬂ' psv.ndA
4 1n
Here, T represents the torque, @ denotes the rotational

speed, the first right term represents the power acting on
the control volume, A represents the outside surface of the
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control volume, p; represents the total pressure, n
represents the direction normal to the outer surface of the
control volume, and the second term on the right side
represents the increment of useful energy within the
control volume.

Figure 8(a) illustrates the energy loss of each domain
at the rated flow rate of different BTE models. In Class I,
with the increase of P1x, the BTE becomes thinner, and the
energy loss of the impeller, cavity, diffuser, and outlet
chamber decreases significantly, while the energy loss of
the inlet chamber remains almost unchanged. In Class II,
as P4y increases, the BTE becomes thinner, and the energy
loss of the impeller gradually decreases, while the energy
loss of the remaining domains increases slightly. This
increase may be due to the increase in radius and blade
angle at SS of the BTE, resulting in higher velocity at the
impeller outlet and an increase in impact loss and friction
loss of the diffuser. In Class III, the simultaneous increase
in Pix and P3y results in a gradual thinning of the BTE and
a decrease in energy loss in each domain. In Class IV, as
the rounding radius on the PS of the BTE increases, the
energy loss decreases in the impeller, cavity, and diffuser,
while it slightly increases in the outlet chamber. In Class
V, the rise in the cutting angle on the suction side of the
BTE corresponds to an augmented bluntness of the BTE
profile, consequently resulting in escalated energy loss
within each domain. From the observations above, it is
evident that the modified BTE in Class I has the greatest
impact on energy loss. The different BTE models
significantly affect the energy loss in the impeller, cavity,
diffuser, and outlet chamber, but have little effect on the
inlet chamber. Among all the domains, the cavity exhibits
the highest energy loss, followed by the impeller, diffuser,
and outlet chamber, while the inlet chamber experiences
the least energy loss.

Figure 8(b) depicts the total entropy production
power of individual domains for various BTE models at
the rated flow rate. Comparing Fig. 8(a) and Fig. 8(b), it
is evident that the influence of different BTE on energy
loss and entropy production power is remarkably
consistent, indicating the validity of analyzing energy loss
in the centrifugal pump with entropy production theory
(Li et al., 2017; Zhang et al., 2020). However, it is worth
emphasizing that the entropy production power is slightly
smaller than the energy loss power calculated using the
pressure drop method. Moreover, there is little
discrepancy between the entropy production power of the
diffuser and the impeller. In fact, in most BTE models, the
entropy production power of the diffuser even exceeds
that of the impeller, which contrasts the findings of the
energy loss analysis.

Based on the analysis above, the impeller exhibits the
highest energy loss among all the domains, except for the
cavity, which will be discussed in section 5.5. The energy
loss in the diffuser is comparatively lower than that in the
impeller, while the entropy production power in the
diffuser closely resembles that of the impeller.
Additionally, the impeller is the only part of the
centrifugal pump that is modified and is responsible for
the differences in performance among each BTE model.
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Fig. 8 Energy loss and entropy production power of
each domain for different BTE models

The diffuser plays a crucial role in converting the
kinetic energy of the impeller outflow into pressure energy,
thereby significantly impacting performance (Giilich,
2020). Figure 9(a) and Fig. 9(b) compare the energy loss
and entropy power production components of the impeller
and diffuser at the rated flow rate for various BTE models,
respectively. As seen in Fig. 9(a), the variation trend of
Py, and Py in the impeller is consistent, and the
influence of different BTE on P, is more significant than
that of Py, leading to a larger deviation between Pjss and
P,,, in models with large energy loss and smaller deviation
in models with small energy loss. The model with the
largest deviation is M1 with a deviation of 35.3%, while
the model with the smallest deviation is M12 with a
deviation of 13.2%. The average deviation of all models
is 21.4%. Among the entropy production power
components in the impeller, the wall entropy production
power P, caused by friction is the largest, followed by
the indirect dissipation entropy production power Py p’
caused by turbulent dissipation, and Py b caused by the
time-averaged velocity gradient is the smallest. Various
BTE models exhibit the most pronounced impact on P, p1,
followed by the effect on Py, w, and the least effect on
Pp,ro.p. InFig. 9(b), the trend of P, and Pios, in the diffuser
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Fig. 9 Energy loss and entropy production power
components of impeller and diffuser for different
BTE models

is more consistent compared to that of the impeller,
resulting in smaller deviation between Pjoss and Pp. M1
still exhibits the largest deviation, reaching 8.7%, and the
average deviation of all model schemes is 5.7%. Among
the entropy production power components in the diffuser,
Ppo,p 1s the largest, followed by Py, w, which is contrary
to the impeller, and P,,Dp remains the smallest. In
comparison, Ppp, PproD,and Py, w of the diffuser in
different BTE models are 2.4-3.6, 1.29-1.45, and 0.54-
0.65 times that of the impeller, respectively.

Due to similarities with other BTE models, MO is
taken as an illustrative case to analyze the energy loss and
entropy production power among the domains. Fig. 10
illustrates the energy loss and entropy production power
of each domain for M0. As evident in Fig. 10(a), the trend
of energy loss and entropy production power in different
domains is consistent, with the energy loss of all domains
being larger than the entropy production power. The
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deviation between energy loss power and entropy
production power is the smallest in the diffuser and the
largest in the cavity. Figure 10(b) shows the components
of the entropy production power in each domain for M0,
showing that the direct dissipation entropy production
power P, D is the smallest in all domains. The wall
entropy production power P, is the largest in the cavity
and impeller, while it is smaller than P, p' to become the
second largest in the rest of the domains, decreasing in the
order of cavity, impeller, diffuser, outlet chamber, and
inlet chamber. This hierarchy is due to P, w being
obtained by integrating the product of the shear stress and
the velocity near the wall.

The average relative velocity on the first layer of the
grid of different domains in MO is presented in Table 4.
Due to the presence of the outer cover of the impeller,
rotating at the same speed as the impeller, the average
velocity near the wall of the cavity is the highest.
Following that, the impeller exhibits the second-highest
velocity, attributed to the centrifugal force and Coriolis
force induced by its rotation. As for the diffuser, it
decelerates the high-speed outflow from the impeller,
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Table 4 Average relative velocity on the first grid layer of different domains for M0

Domain Inlet Impeller

Cavity Diffuser Outlet

v (m/s) 0.24 3.01

6.69 151 0.49

converting kinetic energy into pressure energy before
flowing into the outlet chamber, resulting in a lower
average velocity compared to the impeller but higher than
that of the outlet chamber. Despite the outlet angle of the
diffuser not being 90 degrees, there remains a certain
amount of velocity circulation in the flow into the outlet
chamber, causing a higher average velocity compared to
the inlet chamber, which has the smallest average velocity.

5.4 Spearman Correlation Analysis of Energy Loss
and Entropy Production Power

Similar trends observed in the energy loss and
entropy production power of different BTE models can be
identified. To quantify the correlation between energy loss
and entropy production power across different domains,
as well as the relationship of energy loss within various
domains, a Spearman correlation analysis method is
employed. Consider two random variables, X and Y, each
with a total of N observations. The i variable of X and Y
can be represented as x; and y;, respectively. Additionally,
xi' and y; represent the rankings assigned to x; and y;,
respectively. The Spearman correlation coefficient, ps,
between X and Y can be obtained using Eq. (12) (Meng et
al., 2019). p; falls within the range of [-1, 1]. A correlation
value of 0 indicates the absence of any correlation, while
a value falling within the interval of [-1, 0) signifies a
negative correlation, and a value within the range of (0, 1]
implies a positive correlation.

Y)

P, = (=X ) (i -
V(X)X -y )

Given that 16 BTE models are calculated in this study,
N = 16. Figure 11(a) shows the Spearman correlation
coefficients of energy loss and entropy production power
among different domains. Overall, there is an extremely
strong positive correlation with correlation coefficients
above 0.9 between energy loss and entropy production
power of each domain. The highest correlation coefficient
is 0.99 for the diffuser and outlet chamber, followed by
0.96 for the impeller and inlet chamber, with the lowest
coefficient at 0.9 for the cavity. Figure 11(b) shows the
correlation of energy loss among each domain. The inlet
chamber exhibits a negative correlation with other
domains, with a correlation coefficient of only -0.46 with
the impeller, and even weaker correlation with other
domains. The impeller shows the highest correlation with
the cavity at 0.94, followed by the diffuser and outlet
chamber, with the weakest correlation observed with the
inlet chamber. Similarly, the cavity displays the highest
correlation with the impeller and diffuser, both at 0.94,
followed by the outlet chamber, with the weakest
correlation again with the inlet chamber. The diffuser
demonstrates the highest correlation with the cavity,
followed by the impeller, the outlet chamber, and the
weakest correlation with the inlet chamber. Lastly, the

(12)
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Fig. 11 Correlation analysis of energy loss and
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outlet chamber exhibits the highest correlation with the
diffuser at 0.83, followed by the cavity and impeller, with
the weakest correlation with the inlet chamber. In
conclusion, each domain exhibits the highest correlation
with its adjacent domains in space, with correlations
decreasing as distance increases. The modification of BTE
significantly affects the impeller and downstream
domains (i.e., the cavity, diffuser, and outlet chamber), but
has minimal impact on the upstream inlet chamber.

5.5 Decomposition of Energy Loss for Different BTE
Models

Upon reviewing the previous data, it is clear that the
cavity experiences the highest losses in both energy loss
power and entropy production power. This phenomenon
stems from two main factors: disk friction loss due to the
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impeller's outer cover rotation, and volumetric loss
resulting from leakage through the wear ring. Therefore,
we will proceed with the decomposition of energy loss.

The pump's shaft power can be expressed as follows:

P=>PR.+PR =P, +PR+R +PR, (13)
R, = p9QH (14)
R, = pgaH;
= pgq(Ahq,imp + Ahq,cav + Ahq,in) (15)
= I:)v,imp + I:)v,cav + Pv,in
P, = pgQ(H; —H)
= pgQ(Ahy;, +Ahy ;o + AR,
(16)
+ AhQ,dif + AhQ,out)
=B in + Foimp T Picar + Poair + Phow
Z Ploss = Ploss in + I:’Ioss imp + I:)Ioss cav
' ' ’ (17)
+ I:)Ioss,dif + IDloss,out

where P is the shaft power (W), P, is the useful power (W),
P, is the disk friction loss power (W) (without considering
the loss of bearing and mechanical seal), P, is the
volumetric loss power caused by leakage (W), Py is the
hydraulic loss power (W), Hr is the theoretical head (m),
H is the head (m), and ¢ is the leakage flow rate (m*/h).
Ahgimps Ahg,cav, Ahgin are the hydraulic head losses (m) of
the leakage flow in the impeller, cavity, and inlet chamber,
respectively. Ahg in, AR imp, AR cav,AM o aif, Ahgow are the
hydraulic head losses (m) of the primary flow in the inlet
chamber, impeller, cavity, diffuser, and outlet chamber,
respectively.

As illustrated in Fig. 12, it is evident that the leakage
flow's direction aligns with that of the primary flow within
the impeller. Consequently, the following equation can be
derived:

Ahq,imp = Ar.b,imp

Replacing Eq. (13) with Egs. (15)-(18) and sorting
them by each domain, the energy loss in each domain is
obtained as follows:

(18)

I:)Ioss,in = pquhqm +ngAhQ,in = I?/,in + I:)h,in (19)

I:)Ioss,imp = ,Dg (Q + q)AhQ,imp = I?/,imp + I:)h,imp (20)

Ploss,cav = F)m + pquhq,cav + ngAhQ,cav (21)
= I:)m + I:zl,cav + Ph,cav

528

Outlet chamber

Fig. 12 Schematic diagram of flow direction of
primary flow and leakage flow

Poss i =ngAhQ,dif =B, (22)

F)|OSS,0UI =ngAhQ,OUI = F)h,OUI

The pump's efficiency components are calculated by
Eqgs. (24)-(26), and the total efficiency of the pump is
calculated by Eq. (27), where #,, denotes the mechanical
efficiency, #, denotes the volumetric efficiency, #, denotes
the hydraulic efficiency, and # denotes the overall pump
efficiency.

(23)

PP,
=" (4)
= Q? q 2
= HiT (26)
n=2 gg N, @)

Eq. (21) reveals that the cavity's energy loss
comprises three parts: the hydraulic loss of primary flow
in the cavity Py, cq, the volumetric loss due to leakage P, cqv
, and the disk friction loss P,,. Figure 13 illustrates the
energy loss components of the cavity in different BTE
models. Pycqvis the highest, P, is slightly lower than Py,a,
, and P cqv 1s the lowest. Different BTE models primarily
affect Pj,cav, followed by P,,cav, and have the least effect on
P,. Compared with Fig. 7, it is apparent that Pycq is
mainly influenced by head variation. A higher head results
in a larger Pyca, aligning consistently with the head. This
occurrence stems from the fact that the leakage flow ¢ is
governed by the pressure difference between the two ends
of the wear ring, which correlates with the head. In
Classes I, 11, and III, Pjcq declines progressively as the
BTE thickness decreases; in Class IV, Pj . gradually
decreases as the round radius on the PS of BTE increases;
in Class V, Py v increases gradually as the cutting angle
on the SS of BTE increases.
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Fig. 13 Components of energy loss in cavity of
different BTE models

The energy loss within the pump typically comprises
three components (Wang et al., 2017): disc friction loss P,
, volumetric loss P, (Eq. 15), and hydraulic loss Py (Eq.
16). Figure 14(a) illustrates each of these components for
different BTE models. It is evident that the disc friction
loss Py is the smallest and shows minimal variation across
different BTE models. On the other hand, the volumetric
loss P, exceeds P,, with values ranging from
approximately 1.41 to 1.57 times that of P, for different
BTE models, while still maintaining a consistent trend
with the head. As for the hydraulic loss Py, it emerges as
the largest contributing factor. Different BTE models have
the most substantial impact on Pj, followed by P,, while
P, remains relatively unchanged. In Classes I, 11, and III,
Pj, gradually decreases as the BTE thickness diminishes.
In Class IV, Pj gradually decreases with the increase of
the round radius on the PS of BTE. Conversely, in Class
V, Pj gradually increases with an increase of the cutting
angle on the SS of BTE. Figure 14(b) shows the efficiency
components in the pump for different BTE models.
Notably, the mechanical efficiency #, is the highest,
followed by the volumetric efficiency #,, with minimal
influence exerted by different BTE models. The hydraulic
efficiency #; records the lowest value and experiences the
most significant impact from different BTE models.
Therefore, the hydraulic efficiency 7, plays a decisive role
in the total efficiency #. This explains why non-full flow
field simulation without considering leakage and the outer
cover of the impeller can also be used to predict pump
performance to some extent. In Classes I, II, and III, 7,
gradually increases with a decrease in BTE thickness. In
Class 1V, 5, gradually increases with an increase in the
round radius on the PS of BTE, while in Class V, #;
gradually decreases with an increase in the cutting angle
on the SS of BTE.

5.6 Effect of Various BTE on Shaft Power and its
Components

The shaft power of the pump is derived from the
torque applied to the rotating surfaces, as shown in Fig.
15. The rotating surfaces of the impeller can be divided
into five parts: Blades, Shroud on the inner surface of the
impeller (Shroud i), Hub on the inner surface of the
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Fig. 14 Energy loss and efficiency of the pump for
different BTE models
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power for different BTE models
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Fig. 16 Components of shaft power

impeller (Hub i), Shroud on the outer surface of the
impeller (Shroud o), Hub on the outer surface of the
impeller (Hub_o). Figure 16(a) presents the shaft power
of different parts for various BTE models. It is evident that
the shaft power of the blades is much larger than others,
with the shaft power ranking in descending order: Blades >
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e
Outlet Chamber

Fig. 17 Distribution of pressure monitoring points in

the centrifugal pump

Hub_o > Hub_i> Shroud o > Shroud_i. With the change
of BTE, the power of the blades changes the most, while
the other parts change little. Different BTE models have
the greatest effect on the power of the blades but little
effect on the others. It is well-known that the shaft power
of the blades is caused by viscous and static pressure. To
examine the impact of various BTE models on these two
parts, Fig. 16(b) shows the shaft power generated by
viscosity and static pressure on the blades for different
BTE models. With the change of BTE, the shaft power
caused by pressure varies greatly, while the shaft power
caused by viscosity varies little. Taking M0 as an example,
Fig. 16(c) illustrates the percentages of shaft power of
each part, where the shaft power caused by static pressure
accounts for the majority, reaching 88.69%. Therefore, the
influence of different BTE on the shaft power mainly
manifests in the blade load caused by the static pressure.

5.7 Effect of Different BTE on Pressure Pulsations

To investigate the impact of different blade trailing
edges on the pressure pulsation characteristics of the
centrifugal pump, several monitoring points are placed at
the intermediate section (Span=0.5) between the impeller
and the diffuser, as shown in Fig. 17. Points P1-P4 are
located within the impeller, P5 is positioned in the pump
cavity between the impeller and diffuser, P6-P8 are within
the diffuser, and P9 and P10 are in the outlet chamber.
Representative schemes M0, M10, and M12 are selected
for unsteady simulation.

c PP (28)
P 0.5pu]
Cg”’ = vamax —Cp,mm (29)

In Fig. 18, the pressure coefficient C, (Eq. 28) at
monitoring points for M0, M10, and M12 at rated flow rate
over one revolution is illustrated, along with the peak-to-
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Fig. 18 Comparison of pressure pulsation for different BTE models

peak pressure coefficient Cp 7 as shown in Eq. (29),
representing the difference between the maximum and
minimum pressure coefficient during one impeller
revolution. Pressure fluctuations at the impeller inlet P1
are relatively small, with no clear periodic pattern. While
at the impeller outlet P4, seven instances of periodic
fluctuations occur, matching the number of blades in the
diffuser. The closer to the impeller outlet, the larger the
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CyP , the stronger the pressure fluctuations. P5
experiences significant pressure pulsations due to its
proximity to the impeller outlet. The CpP for MO reaches
0.13 at this point. In comparison to MO0, the pressure
fluctuations for M10 and M12 are notably reduced, with
Cp?  decreasing to 0.048 and 0.054, respectively.
Downstream along the diffuser channel, the pressure
fluctuations at P6, P7, and P8 gradually decrease. As they
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reach the walls of the outlet chamber at P9 and P10, the
pressure fluctuations are further reduced, with Cp°
dropping to below 0.01. Six instances of periodic
fluctuations occur in the stationary domains such as the
pump cavity, diffuser, and outlet chamber, matching the
number of blades in the impeller. Different BTE have
minimal impact on pressure pulsations at monitoring
points on the impeller. Changing the BTE has a more
significant effect on pressure pulsations in the stationary
domain near the impeller outlet, and has little effect on
pressure pulsations in downstream areas away from the
impeller outlet. Proper design of BTE can effectively
reduce pressure pulsations, especially in the stator near the
impeller outlet.

6. CONCLUSION

This study focuses on modifying the BTE of a
centrifugal pump impeller using Bezier curves, rounded
pressure side and cut suction side. The effect of various
BTE designs on performance at rated flow rates is
analyzed through simulation. Energy loss and entropy
production theory are utilized to calculate and analyze the
energy loss and entropy production power of each domain.
Spearman correlation analysis is employed to investigate
the correlation between energy loss and entropy
production power and the interaction among different
domains. The energy loss of the cavity and the efficiency
of the pump are decomposed, and the effect of different
BTE designs on them is analyzed. The effect of different
BTE designs on the components of shaft power is
examined. Finally, the effect of different BTE on pressure
pulsations in centrifugal pump is analyzed. The following
conclusions are drawn:

(1) Changing either the PS, SS, or both of them at the BTE
significantly affects the performance of the
centrifugal pump. Generally, a larger radius of the
BTE results in higher head and power, while
efficiency increases with the thinning of the BTE.

(2) The trends of energy loss and entropy production
power in different BTE designs are similar for each
domain, with entropy production power slightly
lower than energy loss. The energy loss of each
domain, in descending order, iS Pioss,cav > Ploss,imp >
Ploss,dif > Pioss,our > Ploss,in. The cavity experiences the
largest energy loss due to primary flow loss, disc
friction loss caused by the rotation of the outer cover
of the impeller, and volumetric loss due to leakage.

(3) Analysis of the entropy production power components
of the impeller and diffuser reveals that P, is the
largest in the impeller, while P, p- is the largest in the
diffuser, with P,,, p being the smallest in both cases.
Different BTE designs have the greatest effect on
Ppop, followed by P, w, and the least effect on
PproD.

(4) There is an extremely strong positive correlation, with
a correlation coefficient above 0.9, between energy
loss and entropy production power of each domain.
Each domain has the highest correlation with adjacent
domains, weakening with distance. Modifying the
BTE of the impeller affects not only the impeller but
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also downstream components like the cavity, diffuser,
and outlet chamber, with minimal impact on the
upstream inlet chamber.

(5) Hydraulic loss (P;) is the largest, followed by
hydraulic loss (P,), with disc friction loss (P,) being
the smallest. Different BTE designs have the greatest
effect on Py, followed by P,, with minimal effect on
P,,.. This results in mechanical efficiency (7,,) being
the highest, followed by volumetric efficiency (7.),
and hydraulic efficiency (#;) being the lowest but
most affected.

(6) Shaft power is divided into five parts in descending
order: Blades > Hub o > Hub i > Shroud o >
Shroud i. The shaft power of blades is predominantly
composed of static pressure, with M0, for example,
reaching 88.69%. The influence of different BTE
designs on shaft power primarily manifests as a static
pressure load on the blades.

(7) Different BTE have the greatest influence on pressure
pulsations in the stator near the impeller outlet, and
reasonable design of BTE can effectively reduce
pressure pulsations.
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