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ABSTRACT

This study integrates numerical simulation and experimental validation to
thoroughly examine the effects of splitter blades and their lengths on the energy
performance of centrifugal pumps. The results demonstrate that numerical
simulations closely align with experimental data in terms of head and efficiency,
with an error margin of less than 5%, underscoring the accuracy and reliability
of the simulations. Further analysis reveals that centrifugal pumps equipped with
splitter blades display distinct performance characteristics compared to
conventional impellers, particularly under low-flow conditions. The head curve
of pumps with splitter blades exhibits a pronounced extremum and a positive
slope in the low-flow region. Splitter blades play a crucial role in enhancing the
head performance of centrifugal pumps, effectively expanding their high-head
operating range. However, this improvement is accompanied by some efficiency
loss, primarily due to fluid kinetic energy losses within the impeller and volute,
as well as the structural design of the splitter blades. This research offers
valuable theoretical insights and data to support the hydraulic design
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optimization of centrifugal pumps.

1. INTRODUCTION

Centrifugal pumps are critical components in diverse
industrial and engineering applications (Pu et al., 2024a),
including water supply (Pu et al., 2024b), chemical
processing (Ji et al., 2024), and power generation (Li et
al., 2024a). The performance of these pumps, defined by
key parameters such as efficiency, head, and flow rate, is
strongly influenced by the geometric design of their
impellers (Ji et al., 2024). Among various design
strategies, the integration of splitter blades—shorter
blades positioned between primary impeller blades—has
emerged as a proven method for improving pump
performance by reducing flow instabilities and enhancing
energy transfer (Ji et al., 2023). This approach is especially
valuable in high-specific-speed pumps, where flow
irregularities such as large secondary flows, uneven
velocity distributions, and energy losses are common (Jin
et al., 2023). Splitter blades mitigate these issues by
redistributing the flow more uniformly, reducing
separation zones, and enhancing hydraulic performance
(Kergourlay et al., 2007). However, their effectiveness

depends not only on their presence but also on critical
geometric factors, including their length, radial position,
and angular orientation relative to the main blades.

Research has highlighted the significance of splitter
blade length in determining its impact on pump
performance. Namazizadeh et al. (2020) studied the effect
of varying splitter blade lengths on centrifugal pump
performance by modifying the impeller geometry and
adding two different splitter blade lengths for comparison.
Their findings revealed that longer splitter blades
increased the total head due to enhanced energy transfer
but led to higher friction losses, reducing overall
efficiency. Similarly, Miyamoto et al. (1992, 1989, b)
analyzed the effects of splitter blades on flow and
performance by examining velocity and pressure
distributions in shrouded and unshrouded impellers. In
their study, splitter blades measuring approximately 60%
of the primary blade length were tested. Impellers
equipped with these blades exhibited reduced blade
loading and significantly higher absolute circumferential
velocities and total pressures compared to those without
splitter blades. These studies collectively suggest that
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longer splitter blades can improve energy transfer but may
introduce additional hydraulic losses due to increased
blockage and secondary flow effects. Conversely, shorter
splitter blades may fail to adequately influence the flow
field, limiting performance gains. The optimal splitter
blade length for a given centrifugal pump impeller remains
an unresolved design challenge. Thus, understanding the
mechanisms by which splitter blade length affects
centrifugal pump performance is crucial for achieving
optimal impeller design and maximizing operational
efficiency.

In addition to length, the interaction between splitter
blades and primary blades generates complex flow
dynamics within the impeller (Shigemitsu et al., 2013).
The splitter blades modify the pressure distribution along
the primary blades, leading to changes in flow separation
and secondary flow patterns (Ye et al., 2012). Their
presence also alters the wake region (Fatahian et al., 2022)
and the mixing processes within the flow, which
significantly impacts the pump’s efficiency and cavitation
characteristics (Chabannes et al., 2021). Computational
Fluid Dynamics (CFD) simulations and experimental
studies have been extensively used to examine these
interactions (Zhu et al., 2013; Clark et al., 2017; Liang et
al., 2023), providing critical insights into the underlying
mechanisms. Golcl et al. (2007) conducted numerical and
experimental studies on the effect of splitter blade length
on deep well pump performance. They observed that when
splitter blades were incorporated, the impeller’s exit
passages narrowed with an increasing number of
impellers. However, positive effects from the splitter
blades were not evident in impellers with higher blade
counts and discharge angles. Additionally, Zhang et al.
(2020) used numerical simulations to compare the
influence of splitter blade deflection on the performance
of low-specific-speed pumps under various flow rates.
They found that the impeller design featuring optimal
splitter blade deflection minimized turbulence intensity
and ensured a favorable relative velocity distribution
within the main flow passage. Further research by Wang
et al. (2020), Dong et al. (2024), and Djebedjian (2020),
along with contributions from notable scholars (Siddique
et al., 2022; Hu et al., 2023; Yu et al.,, 2023), has
emphasized the importance of splitter blades in enhancing
the performance of rotating machinery, including pumps,
turbines, and fans.

Despite significant advancements, several knowledge
gaps persist. One unresolved issue is determining the
optimal splitter blade length for various operating
conditions and pump designs (Song et al., 2020).
Moreover, limited understanding exists regarding how
splitter blade length interacts with other design
parameters, such as blade count (Siddique et al., 2022),
blade angle (Khalafallah et al., 2021), and blade thickness
(Xu et al., 2022). Addressing these gaps necessitates a
systematic approach involving experimental validation
and high-fidelity =~ numerical ~ simulations  to
comprehensively explore the parametric effects of splitter
blade length on pump performance.

This study aims to elucidate the impact of
splitter blade length on the performance mechanisms of

Fig. 1 Physical centrifugal pump model

centrifugal pumps. Through detailed analysis of flow
characteristics, pressure distributions, and energy
conversion processes, the research seeks to optimize
splitter blade design to enhance pump efficiency and
reliability. The findings are expected to contribute to the
development of design guidelines for impellers with
splitter blades, enabling improved performance across
diverse applications.

2 PHYSICAL MODEL

2.1 Pump Model and Splitter Blade Structure

In this study, we select the 1SG25-220 single-stage,
single-suction horizontal centrifugal pump as the research
subject, as depicted in Fig. 1. The pump’s design
specifications include a flow rate (Q) of 88 m3/h, a head
(H) of 12 m, and a speed (n) of 1450 rpm. A high-
efficiency centrifugal pump model with a similar specific
speed is employed in designing the pump’s hydraulic
structure, with the specific speed calculated as follows:

L _385nfQ . Q)

Two design schemes, one with and one without
splitter blades, are compared in this study. To further
investigate the impact of splitter blade length on the
pump’s hydraulic performance, two different splitter blade
lengths are examined. Consequently, three impeller
hydraulic design schemes are finalized, as illustrated in
Fig. 2.

This study primarily employs the rotary bias method
in designing the shunt blade. The original non-shunt
impeller contains six blades with a 60° angle interval
between each blade. To design the split blade, the original
blade is rotated by 30°, and its inlet edge is truncated,
leaving only the blade's trailing section. The shunt blade
length is set to 0.7 and 0.3 times the length of the original
blade, respectively. The main parameters of the
centrifugal pump model and the diverter blade are detailed
in Table 1.

2.2 Pre-Processing of Numerical Calculation

Before performing numerical simulations, some
preparatory steps are necessary for the centrifugal pump
model. First, the computational domain is modeled using
3D design software. The hydraulic components of the
pump—including the inlet, outlet, impeller, volute,
and pump gap chamber—are modeled in three dimensions
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Table 1 Main parameters of the centrifugal pump model

Parameter Value
Designed flow rate Qq (m%/h) 88
Designed rated head H (m) 12
Rated speed n (rev/min) 1450
Impeller inlet diameter D1 (mm) 112.5
Impeller outer diameter D, (mm) 219

Number of blades Z 6

Impeller outlet width b, (mm) 22.02
Blade inlet angle 1 (°)
Blade outlet angle f- (°) 16.5
Blade wrap angle ¢ (°) 90
Guide vane angle a (°) 15
Volute base circle diameter Ds (mm) 176.5
Volute outlet diameter D4 (mm) 100

using UG NX software. In all design schemes presented,
the impeller mouth ring clearance is uniform and
minimally affects the flow field in the shunt impeller,
allowing it to be ignored during modeling. To address
potential calculation divergence due to inlet and outlet
reflux, the impeller’s inlet and outlet regions are
appropriately extended (Gu et al., 2024). The 3D water
structure of the centrifugal pump is illustrated in Fig. 3.

Volute
4

Gap Impeller

\ \ \
\ \m
I X
I_‘.
z

Fig. 3 Mesh generation detail of the pump model

Mesh generation is crucial for simulation accuracy
and efficiency (Li et al., 2023). In this study, ANSYS
ICEM is used to create a hexahedral mesh for most
regions. The computational domain is discretized using a
mixed mesh approach: structured hexahedral meshes are
applied to the inlet, outlet, volute, and pump cavity. This
configuration ensures precise control over streamline
distribution and boundary layer orthogonality, while
allowing for flexible node spacing to refine the boundary
layer mesh (Li et al., 2024b). Due to the impeller’s
complex hydraulic geometry, a tetrahedral unstructured
mesh is used for this component. For consistency, all three
impeller schemes utilize the same mesh generation
criteria, with a final mesh quality exceeding 0.5. Figure 4
highlights the meshing strategy and the refinement details
for different computational domains.

The boundary layer mesh is essential for capturing
near-wall flow and accurately reflecting flow
characteristics in this region (Poppi et al., 2016). To ensure
high computational accuracy, the boundary layers on the
blade surface and volute tongue are refined. The y* value
is employed to test the position of the nodes closest to the
wall, ensuring adequate node density near the wall for
different flow patterns. The y* value, a dimensionless
variable, is defined as:

Y
v

y 2
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Fig. 4 Mesh details of different simulation domains

Yplus

Fig. 5 Distribution of y* on the blade

where u represents the wall friction velocity (m/s), y is the
distance between the nearest node and the wall (m), and v
denotes the kinematic viscosity (Pa-s). The y* values for
the blade surface and volute wall are presented in Fig. 5.

2.3 Grid Independence Test

A grid independence analysis is performed to
minimize solution errors due to grid size (Ji et al., 2021a).
This involves using different mesh sizes and evaluating
the variation in head under design conditions to select an
optimal grid size for further study. The numerical
convergence criterion for unsteady calculations is set to
105,

To assess the sensitivity of computational mesh
resolution, this study employs the Grid Convergence
Index (GCI) method, introduced by Roache (1993) and
Schleicher et al. (2015). The GCI method ensures that
simulation results exhibit monotonic convergence for
reliable outcomes. Three grid configurations with varying
refinement levels are analyzed under the rated operating

conditions of the original impeller. This systematic
approach evaluates how mesh resolution affects the
accuracy and stability of simulation results. The GCI
formula is provided in (Ji et al., 2020Db).

F. |l
GCl| = M 3)
rbl-)o-l,b -1

where F; is the safety factor, taking values in the range of
1.25-3.00 and 1.25 when three or more grids are used.

r denotes the grid refinement ratio and is defined as
follows:

N b+1

1
D
N, ) (4)

lhi1p = (

where N is the number of control cells of the grid; D is the
computational dimension; the subscript b represents
different grid schemes, with a larger b value indicating a
denser grid.

@ is the relative error of the results obtained from
numerical calculations using two sets of grids with
adjacent quantities:

fb — fb+l

5
- ®)

Cyap =

b+1

where fy is the numerical discrete solution of the selected
convergence parameter.

K is the convergence accuracy. When three sets of grids
are used for GCI analysis, x can be calculated iteratively
based on Eq. (6) as follows:

1 f,—f,
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where g(x) is the x-order error term coefficient that does
. . f3 - fz .
not vary with the grid. Notably, when —f <0,ie,
27 1
s = —1, the oscillatory iterative convergence solution is

prone to occur, and then the grid needs to be replaced and
recreated.

As shown in Table 2, the GCI decreases from 1.21%
to 0.62% as the number of grids increases, satisfying the
GCI convergence requirement of being less than 1%.
Consequently, the grid density scheme is selected for grid
generation across all calculation domains in the final
computational model.
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Table 2 GCI test with different size of grids

Mesh number/x10° Relative error | GCI (%)
20.3 0.000097 1.21
23.6
305 0.000034 0.62

2.4 Governing Equations and Boundary Conditions

The numerical calculation of the flow field within a
centrifugal pump involves solving the governing
equations, which necessitates the selection of an
appropriate turbulence model with closed equations. The
Reynolds-averaged Navier-Stokes (RANS) approach,
utilizing time-averaged and fluctuating values to represent
instantaneous flow characteristics, offers high reliability
and computational efficiency, making it suitable for
engineering applications (Ji et al., 2021b). Turbulence
models based on the RANS equations are categorized into
vortex viscosity models and Reynolds stress models. The
vortex viscosity models primarily address turbulence
viscosity coefficients and are further divided into zero-
equation models, single-equation models, and two-
equation models, with the latter being the most commonly
used. The standard Reynolds stress model focuses on
solving Reynolds stress transport equations. The SST
(Shear Stress Transport) k- model employs a hybrid
function combining the standard k-w and transformed k-¢
models. Specifically, the standard k-« model is applied in
the near-wall region, while the transformed k-¢ model is
used further away from the wall. By accurately predicting
flow separation and turbulent shear forces, especially
under adverse pressure gradients, the SST k-w model
effectively prevents excessive eddy viscosity predictions.
This capability makes it particularly suitable for high-
precision boundary layer simulations. Consequently, the
SST k- model’s closed control equations are used in this
study to numerically simulate the internal flow field of a
low-specific-speed centrifugal pump under varying
operating conditions.

In the SST k-w model, the eddy viscosity coefficient,
along with the equations for turbulent Kkinetic energy (k)
and turbulent eddy frequency (w), are expressed
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where F; and F, function as blending factors within the
model, while S represents the shear force constant. The
empirical constants 8 and a; are set to 0.09 and specific
values, respectively. The turbulent eddy frequency (w) is
expressed in s, and the turbulent kinetic energy (k) in
m?/s?. These parameters collectively enhance the model’s
ability to represent and predict flow dynamics within the
two-equation framework.

The accuracy of the simulation is heavily influenced
by the boundary conditions. For steady-state conditions,
the inlet boundary is defined as total pressure, while the
outlet boundary is set to mass flow. The impeller is
modeled as a frozen rotor when interacting with both the
inlet section and the volute, with a rotation angle of 360°.
The model undergoes 2500 steady-state calculation steps.
For unsteady-state simulations, the inlet and outlet
boundary conditions remain the same as those in the
steady-state setup. However, the impeller wall is modeled
with instantaneous rotation. The impeller’s inlet and the
contact surface between the volute and impeller are set to
instantaneous frozen rotor conditions, with a total time of
0.103448 s and atime step of t=1.72414 x 107 s, ensuring
the impeller rotates five times. Each time step corresponds
to a 3° rotation of the impeller. To ensure convergence, a
criterion of 10 is applied to both the continuity and
momentum equations.

3 EXPERIMENTAL SETUP

3.1 Experimental Equipment

The pump’s performance was evaluated using the
open test bench at the Zhenjiang Machinery Industry
Testing Institution. Figure 6 illustrates the test bench
layout. The motor was initially operated under no-load
conditions to calibrate torque at the rated speed. The motor
was then connected to the test pump shaft, and the
necessary test devices and instruments were installed
according to standard procedures. The test pipeline was
filled with water at ambient temperature, and preliminary
checks were conducted to ensure the proper functioning of
instruments and equipment. Air was purged from the
pipeline by opening the vent. Before starting the mixed-
flow pump, the inlet and outlet valves were fully opened,
and the motor speed was adjusted using a frequency
converter to maintain a constant rated speed of 1450 rpm.

To ensure optimal experimental accuracy, the inlet
valve should remain fully open while the outlet valve is
gradually closed. This allows parameter measurements
under varying flow conditions. Monitor the indicator on
the pump’s parameter measurement instrument and the
system analysis program. When the indicator stabilizes at
a specific value or fluctuates within a narrow range, record
this as the measured value. After completing data
collection for the minimum flow condition, adjust the
variable frequency regulator to gradually reduce the speed

2112



Q. Maetal. / JAFM, Vol. 18, No. 8, pp. 2108-2121, 2025.

1. Water tank; 2. Valve, 3. Inlet pressure transmitter, 4. Pump; 5. Torque sensor, 6. Motor, 7. Outlet pressure
transmitter, 8. Torque speed transmitter, 9. Flowmeter, 10. Valve, 11. Data acquisition terminal; 12. Computer

Fig. 6 Schematic of the experiment system

Table 3 Calculation of uncertainty

Parameter Q H n
Unit m/h m r/min
1 87.5 11.8 1446
Test number 2 88.2 12.2 1447
3 88.1 12.1 1451
Random uncertainty Uran (%) 0.0047 0.0044 0.0035
System uncertainty Usys (%) 0.024 0.036 0.054
Overall uncertainty Overall uncertainty U (%) 0.0245 0.0569 0.0541
Extended overall uncertainty Uex: (%) 0.0822
to zero. Once the system is fully shut down and water flow D, —p V2 —\2
in the pipeline ceases, reopen the outlet valve fully. To ~ H=Z,-Z, +( 2 1j+[ i1 j (12)
minimize random errors and enhance the reliability of test Py 29
data, the energy characteristic values from three repeated
tests are averaged to obtain the final test result. P= n- ( M- MO) (13)
3.2 Uncertainty Analysis 9552
The experiment’s uncertainty analysis is determined _ PO gQH x100% (14)
by the square root of the quadratic sum of individual 1000P

uncertainty components.
U=U,, +U,, (11)

The random uncertainty (Uran) is calculated using the
Bessel method, while the systematic uncertainty (Usys) is
determined using a general coefficient.

Table 3 presents the detailed uncertainty calculations
under the design flow condition, with the overall
uncertainty calculated at 0.0822%. This indicates that the
experiment satisfies the required accuracy standards.

3.3 Verification of Simulation

The pump’s data acquisition terminal and processing
program compute the head of the test pump using inlet and
outlet pressure data from the test pipeline. Shaft power is
derived from torque and speed measurements, and
efficiency is calculated based on head and shaft power.
The following key expressions are used:

where p1 and p; are, respectively, pump inlet and outlet
pressures, Pa; Z; and Z; are the installation heights of the
pump inlet and outlet, respectively, m. In this test, the
installation heights of the pump inlet and outlet are the
same; therefore, Z, = Z,; v, and v are, respectively, the
average flow rate of the inlet and outlet of the pump, m/s,
which can be calculated from the inner diameters of the
inlet and outlet pipeline; M is the measured torque of the
pump set, Mg is the no-load torque, N-m; n is the speed,
r/min; Q is the flow rate, m%h; H is the head, m; P is the
shaft power of the mixed flow pump, kW.

Figure 7 illustrates the performance curves from
numerical simulations and experimental tests. The trends
for head and efficiency show close agreement between
numerical and experimental data. The maximum
efficiency of the centrifugal pump occurs around Q = 95
m3/h, marking its optimal operating point. As flow
decreases, the head curve rises steadily. At Q =45 m¥/h, a
local minimum on the lift curve indicates a stall condition,
but the reduction in lift is minimal, implying that flow
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Fig. 7 Comparison of simulations and experimental
results

losses are not severe. The head curve remains relatively
stable at low flow conditions, suggesting a consistent flow
structure within the pump. The error between numerical
and experimental values is consistently under 10% across
all flow conditions, confirming the numerical method’s
accuracy and feasibility.

4 ENTROPY PRODUCTION RATE

For estimating energy loss in centrifugal pumps,
commonly used methods include the pressure difference
method, empirical formulas, vortex dynamics theory,
energy gradient theory, and entropy production theory.
The latter three approaches provide detailed insights into
internal energy losses through internal flow analysis and
visual representation. Notably, the entropy production
theory is increasingly utilized in fluid machinery studies
(Feidt & Costea 2020). During pump operation, fluid
viscosity leads to mechanical energy being irreversibly
converted into internal fluid energy due to dissipation
effects, causing flow loss. According to the second law of
thermodynamics, this loss is characterized by entropy
production (Ji et al., 2020a). Based on entropy production
theory, the energy losses within the mixed-flow pump
were evaluated effectively. The entropy production rate
within the entire calculation domain can be categorized
into three components: (1) direct dissipation entropy
production rate Sl'—)"W/ (m?3-K) caused by the mean velocity,
(2) turbulent dissipation entropy production rate S‘I;W/
(m3-K) caused by fluctuating velocities, and (3) wall
entropy production rate S, W/ (m2-K), caused by wall
shear stress. The governing expression is as follows:

Direct dissipation entropy yield:

o ulfoa v (au 8v‘vj2 o ow)
S =2 —+— | +| —+— | +| —+— | |+
° T|loy ox oz ox oz oy

LERERE)

(15)

Turbulent dissipation entropy yield:
co e paK
SD, = ? (16)

Wall entropy yield:

S = P (17)

where U , \_/, abd W is the component of the average
velocity in the x, y, and z directions, respectively, m/s;

is the dynamic viscosity, Pa-s; The empirical coefficient
$=0.09, w is the turbulent vortex frequency; k is the
turbulent kinetic energy, m?/s?; t,, is the wall shear stress,
Pa; u, is the average velocity vector at the center of the
first layer grid near the wall, m/s.

Therefore, the entropy of the mainstream region
yield is

Sp=Sg +S., (18)

The direct dissipation entropy SB (WIK), turbulent

dissipation entropy Sp. (W/K), and wall entropy S,

(W/K) are obtained by integrating each entropy yield in
the corresponding region, as follows (Li et al., 2020):

S, = J'V Sodv (19a)
S, = jv S (19b)
S, =] S,ds (19c)

Thus, the total entropy production in the

computational domain is:

Sp =S5 +S, +3S,, (20)

5 RESULTS AND DISCUSSION

5.1 Comparison of Energy Performance

Figure 8 compares the head and efficiency curves of
centrifugal pumps with and without splitter blades. The
results indicate that splitter blades significantly alter pump
performance, particularly under low-flow conditions.
Unlike conventional impellers, whose head curves
consistently exhibit a negative slope, pumps with splitter
blades feature a transition from a negative to a positive
slope, creating a distinct extremum point. Additionally,
centrifugal pumps with splitter blades achieve higher head
values compared to conventional impellers. For longer
splitter blade designs, the head improvement is slightly
greater, although the difference is minimal. Regarding
efficiency, conventional impellers demonstrate superior
performance near the design operating point. However,
pumps with splitter blades achieve higher efficiency under
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Fig. 8 Impact on the pump performance of splitter
blades

low-flow conditions due to the splitter blades’ rectifying
effect. This indicates that while splitter blades improve
head performance, they introduce a modest efficiency
trade-off at higher flow rates.

5.2 Comparison of Losses in Centrifugal Pumps Under
Different Impeller Schemes

The analysis reveals that splitter blades primarily
influence the performance of centrifugal pumps within a
flow range of 0.4Q to 1.2Q, with a particularly pronounced
effect on the head curve. Figure 9 shows the total entropy
generation distribution under varying flow conditions. For
all impeller configurations, the entropy generation trend
correlates with flow rate, decreasing initially and then
increasing as flow rises. The minimum entropy generation
occurs near the optimal design point, reflecting minimal
internal flow losses. Due to the oversized flow design used
in this study, the optimal operating point slightly deviates
from the design point. At Q=95m%h—just above the
design point—entropy generation reaches its minimum,
indicating the least internal losses. When comparing
configurations, pumps with splitter blades demonstrate
significantly lower entropy generation under low-flow
conditions than those without them. However, this trend
reverses at high flow rates, consistent with the observed
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Fig. 9 Distribution of total entropy production in the
centrifugal pump under different flow conditions

head and efficiency curves. Thus, splitter blades play a
crucial role in enhancing both head and efficiency
characteristics, extending the operational range for
achieving high head or high efficiency.

To better understand the primary contributors to
energy loss within centrifugal pumps, the total entropy
generation distributions across various computational
regions—namely, the inlet, impeller, clearance, volute,
and outlet—were analyzed under three flow conditions:
design (88 m3/h), small-flow (72 m3/h), and large-flow
(105 m3/h), as shown in Fig. 10. The results reveal that,
across all conditions, the impeller, clearance, and volute
regions experience the most severe flow losses, consistent
with established fluid mechanics principles. The impeller
imparts energy to the fluid, the volute facilitates energy
conversion, and the clearance region, where rotor-stator
interactions occur, serves as a transition zone prone to
vortex formation. In contrast, the inlet and outlet regions
exhibit significantly lower total entropy generation—an
order of magnitude lower than that observed in the
impeller, clearance, and volute regions—due to their
minimal vortex activity. Under the design condition, the
combined total entropy generation in the impeller and
clearance regions reaches approximately 350 W/K, the
highest among all regions. Centrifugal pumps equipped
with splitter blades display higher entropy generation in
these regions compared to those without, resulting in
reduced efficiency. This trend persists under large-flow
conditions. However, under small-flow conditions, the
clearance region surpasses the impeller in total entropy
generation, highlighting intensified flow losses driven by
rotor-stator interactions. The primary cause of elevated
flow losses under small-flow conditions can be traced to
altered flow behavior within the impeller.

5.3 Influence Mechanism of Different Blade Structures
on The Flow Structure

To further explore how different impeller structures
influence flow losses, an in-depth analysis of the internal
flow field was conducted, with entropy generation
distributions shown in Fig. 11. The results reveal
significant variation in entropy generation across impeller
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Fig. 10 Distribution of total entropy production in different computational domains

passages depending on blade structure. Under design
conditions, high-entropy regions concentrate on the
suction side of the blades, with particularly high values
near the volute tongue. This pattern persists for impellers
with splitter blades, where an additional high-entropy
zone emerges in the splitter blade passage near the volute.
Interestingly, this phenomenon is not dependent on the
length of the splitter blades but instead correlates with
their rotational angle. As the passage rotates past the
volute tongue, the high-entropy zone reappears
consistently  in  subsequent impeller  passages.
Furthermore, for impellers with splitter blades, entropy
generation near the front and rear shrouds significantly
increases due to enhanced kinetic energy transfer. Splitter
blades impart greater Kinetic energy to the fluid, resulting
in higher flow velocities within the impeller passages
compared to conventional designs. This increased velocity
contributes to the observed rise in pump head. Figure 12
presents the area-averaged entropy generation distribution
along the streamwise direction, with the calculation
methodology detailed in Wu et al. (2022). The results
highlight consistently high entropy generation near the
impeller outlet for all blade configurations. However, in
designs featuring splitter blades, a secondary peak

emerges near the blade inlet, signifying a major source of
additional entropy generation within the impeller.

The entropy generation distribution across different
volute sections was also evaluated for varying impeller
structures, as illustrated in Fig. 13. Since the volute is not
the dominant source of flow losses, only a qualitative
analysis was performed. The analysis shows that when
fluid exits the impeller and enters the volute, it undergoes
a transformation from kinetic energy to potential energy.
Near the rotor-stator interaction region close to the
impeller outlet, dense vortex structures lead to substantial
energy losses and high entropy generation. However, as
the fluid progresses downstream through the volute, these
high-entropy zones gradually diminish, indicating
improved flow organization. For pumps with splitter
blades, the high-entropy regions within the volute’s
circumferential passages are more pronounced compared
to those with standard impellers. This can be attributed to
the continuous work exerted by the splitter blades, which
results in slightly higher outlet velocities. Consequently,
during the conversion of kinetic to potential energy, the
fluid’s elevated kinetic energy leads to greater energy
losses, thereby increasing overall entropy generation.
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Fig. 11 Distribution of entropy production at different positions of the impeller under design conditions (left:
Middle section; Right: turbo surface)
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In summary, splitter blade structures can improve the
head performance of centrifugal pumps within specific
operating ranges but at the expense of reduced efficiency.
This trade-off is primarily attributed to kinetic energy
losses within the impeller and volute, as well as the
structural design of the splitter blades. A comparative
analysis of splitter blade lengths highlights their
significant influence on overall pump performance,
particularly in the flow field near the impeller outlet.
Future research could focus on optimizing splitter blade
configurations using parametric modeling and intelligent
optimization algorithms to enhance the performance of
centrifugal pumps.

6 CONCLUSIONS

(1) Pumps equipped with splitter blades exhibit
notable  performance  differences compared to
conventional impeller pumps, especially at low flow rates.
The head curve of pumps with splitter blades reveals a
distinct extremum and a positive slope in the low-flow
region. While traditional impeller designs achieve higher
efficiency near their design points, the rectifying effect of
splitter blades enables these impellers to perform more
efficiently under low-flow conditions.

(2) In low-flow operating ranges, centrifugal pumps
with splitter blades experience significantly lower total
entropy generation compared to those without them. This
indicates that splitter blades contribute to improving both
head and efficiency, effectively broadening the operating
range for achieving high head or high efficiency.

(3) The impeller, gap, and volute regions are the
primary zones where flow losses occur in the pump. Under
low-flow conditions, total entropy generation in the gap
region surpasses that of the impeller, reflecting increased
flow losses within the rotor-stator interaction zones and
front-rear gaps. Although the splitter blade design
enhances the head performance of centrifugal pumps
within certain operating ranges, this improvement is
accompanied by a reduction in efficiency. This trade-off
is closely linked to kinetic energy losses within the
impeller and volute, as well as the structural
characteristics of the splitter blades.
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