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Abstract: The benefits of variable speed centrifugal pumps include high stability, a broad operating
range, and adjustable input power. In water distribution systems, the pump units are increasingly
using variable speed technology. The energy-saving features and operational stability of the pump
station are directly impacted by the hydraulic performance and the operation strategy. In this
study, CFD numerical analysis and model tests were adopted to design and evaluate the hydraulic
performance of the variable speed centrifugal pump with large flow and wide head variation in
Liyuzhou Pump Station. Under the premise of ensuring the wide head variation, the optimized
centrifugal pump met the requirements of hump margin and efficiency in the high head zone and the
cavitation margin in the low head zone. The test results demonstrated that the operational range of
the variable speed centrifugal pump was successfully widened by reasonable hydraulic parameters
selection and impeller optimization. The safe and efficient operational range of the variable speed
unit was determined by means of taking the performance requirements of the pump’s maximum
input shaft power, cavitation characteristics and pressure fluctuation into consideration. The scientific
and reasonable operational path to meet the various operation needs was also investigated and
determined for the pump station’s actual operation needs. A high efficiency, safe operation, and a
simplified control logic were achieved by using the operational path, which makes it a reasonable
potential guide for hydraulic design and operational optimization of variable speed centrifugal
pumps with large flow and wide head range.

Keywords: variable speed centrifugal pump; large flow; wide head variation; hydraulic design;
variable speed operation range; operation path

1. Introduction

Large centrifugal pump stations play a critical role in long-distance water transfer
projects and large-scale irrigation and drainage systems [1]. The performance of pumps,
which are the core power equipment of pump stations, directly affects the energy-saving
characteristics and operational stability of pump stations [2]. When pump stations re-
quire high hydraulic and energetic characteristics, larger flow rate range, larger pump
station head range, it may be difficult for conventional fixed speed centrifugal pump to
meet the all the operating conditions due to its relatively narrow efficiency range. To
guarantee the stability and safety of the pump station during operation, the large-scale
speed regulation operation strategy of centrifugal pumps is employed. The variable speed
centrifugal pump offers several advantages over fixed speed centrifugal pump, including
excellent stability, wide operating range, high hydraulic efficiency, and adjustable input
power. Variable speed drives can increase the centrifugal pump’s stability and operational
efficiency while allowing for control of the pump’s input power. However, within the
variable speed operation range of the centrifugal pump, unstable hump characteristics
and cavitation phenomena often occur, shortening the pump’s service life and reducing
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the reliability of its operation due to the generation of vibration and noise. Consequently,
there are some restrictive technical problems involved in addressing the hump instability
characteristic [3–7] and the cavitation characteristic [8–13] in the optimization design of the
variable speed centrifugal pump.

Numerical estimation and performance analysis based on the CFD method have
rapidly become the primary methods for designers due to the rapid development of com-
puter fluid dynamics technology [14–18]. At the same time, many scholars have conducted
comprehensive research on optimization methods [19,20], as well as on the monitoring and
predicting of safe unit operation [21]. The flow characteristics of the centrifugal pump were
simulated and analyzed using CFD, and the hydraulic performance was confirmed through
the model test. Numerous domestic and international studies have been conducted in
this field to optimize the design of centrifugal pumps. Cao [22] integrated CFD numeri-
cal simulation with response surface method to optimize guide vane centrifugal pumps.
The Box–Behnken experiment design method was used to analyze 46 sets of hydraulic
performance data, and the optimized model demonstrated a significant improvement in
hydraulic performance compared to the original model. Yang [23] proposed a matching
optimization on hydraulic components. Various approximate models were utilized to estab-
lish the relationship between the optimization design variables and the objective function.
Reducing the number of layers and vanes of the diffuser and enhancing the matching
of hydraulic components can dramatically improve the hydraulic performance and the
hump instability characteristic of large vertical centrifugal pumps. Yuan [24] combined
numerical simulation with prototype experiments and employed orthogonal experiment
and the GA_PSO algorithm to improve the head variation and efficiency of the centrifugal
pump with an elbow inlet. Sun [25] analyzed the influence of different blade numbers and
structural designs on the cavitation performance and efficiency of the pump. The blade
performance is evaluated comprehensively based on pressure distribution, flow conditions,
cavitation, and the velocity diagram under different blade numbers. It is concluded that
the efficiency of the four-blade pump was higher. Sun [26] combined Taguchi design and
numerical calculations to enhance the efficiency and operational stability of an LVTCP,
thereby reducing energy consumption. Based on the efficient house theory, a set of design
schemes with the most extensive range of high-efficiency zones was calculated. These
schemes improved the overall operating efficiency and stability of the storage pump under
both design and non-design conditions. Hu [27] proposed an effective optimization design
process for wide-output pump-turbines, highlighting the relationship between runner
geometric characteristics and performance. The results indicate that the present approach
can significantly improve the efficiency and stability.

However, the studies mentioned above mainly focused on fixed-speed centrifugal
pumps. There are few papers studying the design methods of variable speed centrifugal
pumps, and few applications of variable speed centrifugal pumps were reported in the
literature. The design of a variable speed centrifugal pump can be completed by combin-
ing the design of a fixed speed centrifugal pump with the verification of variable speed
operating conditions.

The operational stability and operating method of hydraulic mechanics have always
been the key research topics of many scholars [28–31]. Merciera [32] studied the stability of
pump operations of variable speed units under different control strategies. Theoretical and
simulation analysis indicates that power control by speed can ensure the stability of the
system. The research on the operation methods of variable speed units [33–37] has gradually
become the prominent topic in the field of hydraulic mechanics. The advantages [38–41] and
response characteristics [42] of variable speed operations for the hydraulic characteristics
were also discussed by many researchers. However, there are few related studies in the
literature on parameter selection, and there is currently no relevant research on methods to
expand the operating area of centrifugal pumps.

This article intends to explore how to widen the operational range of the centrifugal
pumps by optimizing the impeller. Firstly, this study involves the rational selection of oper-
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ating parameters for the centrifugal pump. Secondly, it employs a fixed-speed optimization
method to broaden its high efficiency area based on the selected centrifugal pump. Finally,
the overall optimization of the centrifugal pump is carried out according to the variable
speed operating range, considering the different characteristic requirements of the small
flow and large flow areas. The effectiveness of this design approach and process has been
verified in the Liyuzhou pump station in China. The research provides technical support
for the application of centrifugal pump stations with large flow and wide head variation.

2. Hydraulic Design
2.1. Pump Station Parameter Analysis

In this article, the centrifugal pump with large flow and wide head range was used
as the research object. The pump station has eight installed variable centrifugal pump
units with a total flow rate of 80 m3/s, and is the centrifugal pump station with the largest
single design flow in China. The pump station’s overall flow varies between 20 m3/s and
80 m3/s. The maximum head of the centrifugal pump is 48.0 m, and the minimum head
is 16.3 m. Although the pump station head is not high, the relative amplitude of the head
is enormous, and the ratio of the maximum head to the minimum head reaches K = 2.945.
Table 1 presented the main parameters of the variable centrifugal pump unit. The specific
speed, i.e., ns = 202.5, and the formula are shown in Equation (1).

ns = 3.65 × n ×
√

Q

H
3
4

(1)

where ns denotes the specific speed of the pump, n is the rotating speed (r/min), Q
represents the mass flow rate of design point (m3/s), and H stands for the pump head (m).

Table 1. Main parameters of the variable centrifugal pump unit.

Physical Quantity Measure Value Physical Quantity Measure Value

Maximum head Hmax (m) 48 Design flow, Q (m3/s) 13.5

Design head Hr (m) 42.2 Rated speed, n
(r/min) 250

Minimum head Hmin (m) 16.3 Head variation ratio 2.945
Hump margin ≥2% Variable speed range (0.65~1.04)n

According to the analysis of the main technical parameters of the pump station, the
project required a wide range of speed regulation operation to accommodate the wide
range operation capacity of the pump and to ensure the safe and stable operation of the
pump station. The variable speed operating range and power regulation capability of a
centrifugal pump are closely related to its parameter selection and hydraulic design. Due
to the relatively small high-efficiency operating region, fixed speed centrifugal pumps are
unable to fully meet the performance demands of pump stations with wide head variation.
At present, there is no large centrifugal pump in China that can meet the performance
requirement of the pump station implemented in this project.

2.2. Impeller Optimization Design

Based on the complex hydraulic conditions, such as large flow rates, wide head ranges,
and high stability, the parameters selection and calibration method are systematically
analyzed initially. Aiming at examining the pump station’s wide head variation character-
istics, the hydraulic design must not only satisfy the requirements for high efficiency levels
and hump margin but also regulate cavitation performance within a reasonable range. A
variable speed centrifugal pump has the characteristics of flexible operation. As shown in
Figure 1, the centrifugal pump can operate at different head conditions at variable speed,
such as point A, point A′ and point A′′, which are similar operating points; conversely, the
input power of the pump can be changed by changing the rotational speed, such as point
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A and point B, in which case the head maintained stable while the flow rate and input
power changed.
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Figure 1. Centrifugal pump flow-head curves at different rotational speeds.

According to the operation characteristics and performance requirements of the cen-
trifugal pump, the whole channel is designed based on parameter selection. The draft tube,
impeller, guide vane, and volute are the four primary flow components of a centrifugal
pump. The geometric parameters of draft tube and volute should be adjusted to the pump-
ing station’s specifications before conducting CFD calculation and performance studies.
To minimize the hydraulic loss of the guide vane, it is important to optimize not only the
airfoil profile but also the relative position connection between the guide vane and the
impeller, as well as the appropriate size of the vaneless area. Additionally, maintaining the
width of the impeller in proportion to the guide vane aperture is crucial.

The hydraulic design of the impeller, which is the core energy conversion equipment
of the centrifugal pump, directly affects the overall performance of the centrifugal pump.
The pump station belongs to the medium–high specific speed centrifugal pump. During
the preliminary model selection process, the hydraulic model with a similar specific speed
is selected as the initial impeller. The main geometric parameters of the initial impeller
are shown in Table 2. The rated rotation speed characteristic curve of the initial impeller
prototype centrifugal pump (Test) are shown Figure 2.

Table 2. Main geometry parameters of the initial impeller.

Physical Quantity Measure Value Physical Quantity Measure Value

Impeller blade number 7 High-pressure edge
diameter (mm) 427

Inlet liquid flow angle (◦) 15.1 Low-pressure edge
diameter (mm) 300

Inlet liquid flow angle (◦) 17.8 Guide vane high (mm) 74
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Figure 2. Rated rotation speed characteristic curve of the initial impeller prototype centrifugal
pump (Test).

In Figure 2, the intersection point of the blue dashed lines is the design condition
point of centrifugal pump. The hump margin of centrifugal pump is less than 2% at
the location of red circles in the operating area of pump station. Analyzing the initial
impeller based on the model test indicated that the cavitation performance and hump
margin are difficult to meet the performance requirements. Therefore, the initial impeller,
the impeller geometry, blade profile, exit edge, wrap angle, and inlet blade angle for the
centrifugal pump to be developed were all improved to enhance cavitation performance
and characteristics of hump instability. The targeted hydraulic design is determined by
considering the operational features of the pump station and then combining the reasonable
requirements for hydraulic performance between the minimum head and the maximum
head. Firstly, during the impeller hydraulic design process, the small flow hump margin
should be guaranteed to meet the requirements of the centrifugal pump running at low
speed, thereby enhancing the water supply guarantee rate and ensuring the unit’s excellent
hydraulic properties. Secondly, the cavitation characteristics are improved to ensure the
safe and stable operation of the pump station within its operational range.

The cavitation performance is improved by optimizing the shape of the blade inlet
edge and the placement angle of the blade inlet. To improve the pressure fluctuation char-
acteristics, the matching relationship between the impeller and guide vane, as well as the
vaneless zone width was optimized. By decreasing the guide vane height and strengthening
the internal flow characteristics between the guide vane and impeller under small flow
conditions, the hump margin was also increased. Numerical simulation results indicate
that the optimized impeller has better energy characteristics, cavitation characteristics,
and hump margin than the initial impeller. Following repeated calculations, analyses,
and adjustments, the hydraulic performance meets the operational requirements of the
pump station. The rated speed characteristic comparison curves of the initial impeller and
optimized impeller prototype centrifugal pumps (CFD and Test) are shown Figures 3 and 4,
respectively.
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Figure 4. Rated speed characteristic comparison curve of initial impeller and optimized impeller
prototype centrifugal pumps (Test).

The main geometric parameters of the optimized impeller are shown in Table 3, and
the comparison of model impeller meridian flow channel are shown in Figure 5. The
comparison of model impeller blades are also shown Figure 6, where the green part is the
initial impeller and the red part is the optimized impeller.

Table 3. Main geometry parameters of optimized impeller.

Physical Quantity Measure Value Physical Quantity Measure Value

Impeller blade number 7 High pressure edge
diameter (mm) 427

Inlet liquid flow Angle (◦) 16.5 High pressure edge
diameter (mm) 300

Inlet liquid flow Angle (◦) 18.7 Guide vane high (mm) 68
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3. Performance Estimation Method
3.1. CFD Numerical Calculation Method

In this article, the simulation computation of the whole flow channel is conducted for
a large centrifugal pump. Flow characteristics and pressure distribution in the internal flow
field are obtained to provide essential data for the performance analysis and optimization
of the centrifugal pump.

Pre-processing is essential for numerical simulation, including solid modeling and
mesh division. The overall calculation domain of centrifugal pumps is divided into three
main parts: the volute and guide vane domain, the impeller domain, and the draft tube
domain. The calculation domain model of centrifugal pumps is shown in Figure 7.
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The computational grid for the three calculation domains were generated respectively,
and the division of the regional mesh was refined to ensure precise representation. To
improve the calculation speed and accuracy of iterative calculations in the simulation, a
grid independence check was carried to determine the number of grids for final calculation.
According to the numerical calculation results of centrifugal pump efficiency and head,
when the grid number of grid elements exceeds 5.71 × 106, the head and hydraulic efficiency
tends to be stable. The number of grid elements for volute and guide vanes domain, impeller
domain, and draft tube domain were 2.2 million, 2.4 million, and 1.1 million, respectively.
The grids for each part are shown in Figure 8.
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To obtain the flow characteristics and pressure distribution in the internal flow field of
centrifugal pump, this article adopts the software SST (shear stress transport) turbulence
model to carry out numerical simulation of the computational model. The SST turbulence
model consists of the turbulent kinetic energy transport equation and the turbulent dissi-
pation rate transport equation, providing accurate predictions for flow separation under
reverse pressure gradients.

For boundary conditions, the mass flow rate is used as the inlet boundary condition
for the draft tube, the outlet condition for the volute is defined by setting the mean static
pressure to 0 pa, the standard wall function is used in the near wall area, and the wall is
without any slip boundary conditions.

For the impeller and the guide vane, the static interface adopts the stage interface
transfer model. To ensure consistency with the model test and facilitate data analysis
and further optimization design, the model rotated speed is set to 1200 r/min. To keep
the boundary conditions similar to the real conditions, the reference pressure was set as
101.325 kPa. The solver is set to the higher order solution mode, and the standard of
convergence is the residual of the continuity and momentum equations with a value of
1 × 10−4.

3.2. Model Test Validation Method

The hydraulic performance of the variable-speed centrifugal pump developed by the
numerical calculation method is further validated through the model test method. The
model test was carried out at a hydraulic mechanical model test rig, as shown in Figure 9.

A model test rig is a hydraulic mechanical test rig with high parameters and high
precision, primarily for pump and pump turbine testing. The uncertainty in efficiency is
less than ±0.2%.

The model test includes examining energy characteristics, cavitation characteristics,
runaway speed characteristics, pressure pulsation characteristics, water thrust, and other
test items. All test items are conducted on the same test rig and model device.

Efficiency testing primarily focuses on measuring the efficiency, flow rate, and head
of centrifugal pump in clear water. It includes efficiency characteristics of the expected
frequency change range and frequency (speed) within the operating range. The reference
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surface of the plant cavitation is the centerline of the guide vane, and the cavitation tests
are conducted in the whole operating range of the centrifugal pump. Lastly, the incipient
cavitation coefficient, σi, and the critical cavitation coefficient, σ1, corresponding to the
different operating conditions are determined.
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4. Performance Evaluation and Result Analysis
4.1. Centrifugal Pump Performance Evaluation

The centrifugal pump should be capable of reducing flow while maintaining good
operating efficiency in the low head zone when the pump station is close to the rated
head. It is necessary to maintain the same flow under various head situations. Therefore,
the centrifugal pump must possess the following characteristics: a reasonably wide high-
efficiency zone and a cavitation-free zone of operation; its wide-range speed strategy can
match the operational requirements. The flow characteristic and pressure distribution
of the centrifugal pump are analyzed, and the impeller’s overall performance level is
estimated using the CFD numerical simulation. To validate the effectiveness of performance
compliance, tests are conducted on the designed impeller.

This article adopts the model centrifugal pump as the numerical calculation model. It
focuses on analyzing the internal flow field of the maximum head, design head, and the
minimum head frequency conversion conditions (i.e., operating 65% of the rated speed to
maintain the designed flow of the pump). The main parameters of the calculation condition
point of the centrifugal pump are shown in Table 4.

Table 4. Main parameters of calculation condition points of the centrifugal pump.

Condition Point Rated Speed n (r/min) Mass Flow Q (m3/s) Head H (m)

T1 Prototype (Hmax) 250 11.48 48.48
T1 Model (Hmax) 1200 0.29 33.79
T2 Prototype (Hr) 250 13.86 42.47

T2 Model (Hr) 1200 0.35 29.60
T3 Prototype (Hmin) 162.5 10.29 16.6

T3 Model (Hmin) 780 0.26 11.57

The impeller internal pressure distribution and streamline under maximum head
conditions are depicted in Figures 10 and 11. It can be observed that internal pressure
within the impeller is uniform, with static pressure gradually increasing from the impeller’s
inlet to outlet. Additionally, the internal streamline within the impeller is uniformly
distributed, with fluid velocity gradually increasing.
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The pressure distribution of the pressure surface and suction surface is uniform based
on Figures 12 and 13, indicating that there is no prominent low pressure local area. This
suggests that the energy conversion on the blade is uniform.
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Figures 14 and 15 show the distribution of the internal pressure and streamline of the 
impeller under the design head condition. The figures show that the internal pressure 
gradient of the impeller changes uniformly, and the internal streamline of the impeller is 
evenly distributed without local turbulence and vortex flow.  
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Figure 13. T1 pressure distribution on blade suction side.

Figures 14 and 15 show the distribution of the internal pressure and streamline of
the impeller under the design head condition. The figures show that the internal pressure
gradient of the impeller changes uniformly, and the internal streamline of the impeller is
evenly distributed without local turbulence and vortex flow.
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Figures 16 and 17 indicate that there is no obvious local low-pressure area on the 
blade surface, with uniform pressure distribution observed on both the pressure surface 
and the suction surface of the blade; this indicates that the energy conversion on the blade 
is uniform. Following similar rules, the centrifugal pump has good internal flow field dis-
tribution characteristics at similar working conditions at different speeds. 
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Figure 15. T2 streamline distribution inside the impeller.

Figures 16 and 17 indicate that there is no obvious local low-pressure area on the blade
surface, with uniform pressure distribution observed on both the pressure surface and
the suction surface of the blade; this indicates that the energy conversion on the blade
is uniform. Following similar rules, the centrifugal pump has good internal flow field
distribution characteristics at similar working conditions at different speeds.
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Figures 18–21 show the CFD numerical calculation results of the minimum head
frequency conversion condition (65% rated speed). Given that the minimum head of the
pump is low, the frequency conversion adjustment is adopted to ensure the efficient and
stable operation of the pump. So that the pump can still maintain a good running condition
at the minimum head. It can be seen from the figure that the internal pressure variation with
the impeller is uniform, and the streamline distribution inside the impeller is reasonable.
The pressure gradient of impeller blade is reasonably distributed, with no obvious uneven
pressure distribution.

Water 2024, 16, 812 13 of 20 
 

 

Figures 18–21 show the CFD numerical calculation results of the minimum head fre-
quency conversion condition (65% rated speed). Given that the minimum head of the 
pump is low, the frequency conversion adjustment is adopted to ensure the efficient and 
stable operation of the pump. So that the pump can still maintain a good running condi-
tion at the minimum head. It can be seen from the figure that the internal pressure varia-
tion with the impeller is uniform, and the streamline distribution inside the impeller is 
reasonable. The pressure gradient of impeller blade is reasonably distributed, with no ob-
vious uneven pressure distribution. 

 
Figure 18. T3 pressure distribution of the impeller on span = 0.5. 

 
Figure 19. T3 streamline distribution inside the impeller. 

 
Figure 20. T3 pressure distribution on blade pressure side. 

Figure 18. T3 pressure distribution of the impeller on span = 0.5.



Water 2024, 16, 812 13 of 19

Water 2024, 16, 812 13 of 20 
 

 

Figures 18–21 show the CFD numerical calculation results of the minimum head fre-
quency conversion condition (65% rated speed). Given that the minimum head of the 
pump is low, the frequency conversion adjustment is adopted to ensure the efficient and 
stable operation of the pump. So that the pump can still maintain a good running condi-
tion at the minimum head. It can be seen from the figure that the internal pressure varia-
tion with the impeller is uniform, and the streamline distribution inside the impeller is 
reasonable. The pressure gradient of impeller blade is reasonably distributed, with no ob-
vious uneven pressure distribution. 

 
Figure 18. T3 pressure distribution of the impeller on span = 0.5. 

 
Figure 19. T3 streamline distribution inside the impeller. 

 
Figure 20. T3 pressure distribution on blade pressure side. 

Figure 19. T3 streamline distribution inside the impeller.

Water 2024, 16, 812 13 of 20 
 

 

Figures 18–21 show the CFD numerical calculation results of the minimum head fre-
quency conversion condition (65% rated speed). Given that the minimum head of the 
pump is low, the frequency conversion adjustment is adopted to ensure the efficient and 
stable operation of the pump. So that the pump can still maintain a good running condi-
tion at the minimum head. It can be seen from the figure that the internal pressure varia-
tion with the impeller is uniform, and the streamline distribution inside the impeller is 
reasonable. The pressure gradient of impeller blade is reasonably distributed, with no ob-
vious uneven pressure distribution. 

 
Figure 18. T3 pressure distribution of the impeller on span = 0.5. 

 
Figure 19. T3 streamline distribution inside the impeller. 

 
Figure 20. T3 pressure distribution on blade pressure side. 
Figure 20. T3 pressure distribution on blade pressure side.

Water 2024, 16, 812 14 of 20 
 

 

 
Figure 21. T3 pressure distribution on blade suction side. 

To facilitate comparison, the model head, flow, efficiency, and other parameters are 
transformed into prototype values using the similarity law. The numerical calculation and 
experimental values of the prototype energy characteristic parameters for the rated speed 
condition are contrasted in Figure 22. The horizontal axis represents the flow Q (m3/s), 
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pump η/ηopt, respectively. The intersection point of the blue dashed lines is the design head 
and design flow and the red circle is the optimum operating condition point. The centrif-
ugal pump has great operating efficiency at design conditions, as demonstrated by the red 
lines in Figure 22. It maintains this level of efficiency throughout a wide operating region 
(11 m3/s–17 m3/s) near the rated flow rate (η/ηopt > 0.975). 
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The black lines represent the test results. Under design conditions, the test results are 
consistent with the CFD numerical results in predicting the head and efficiency, thus ver-
ifying the accuracy of the numerical simulations. Near the design condition, there is a high 
coincidence and trend within test results and the CFD numerical results, which indicates 
that CFD calculations accurately predict the hydraulic characteristics of the centrifugal 
pump. 

  

Figure 21. T3 pressure distribution on blade suction side.

To facilitate comparison, the model head, flow, efficiency, and other parameters are
transformed into prototype values using the similarity law. The numerical calculation and
experimental values of the prototype energy characteristic parameters for the rated speed
condition are contrasted in Figure 22. The horizontal axis represents the flow Q (m3/s),
and the vertical axis represents the head H (m) and the relative efficiency of the centrifugal
pump η/ηopt, respectively. The intersection point of the blue dashed lines is the design
head and design flow and the red circle is the optimum operating condition point. The
centrifugal pump has great operating efficiency at design conditions, as demonstrated by
the red lines in Figure 22. It maintains this level of efficiency throughout a wide operating
region (11 m3/s–17 m3/s) near the rated flow rate (η/ηopt > 0.975).
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Figure 22. Rated speed characteristic comparison curve of prototype centrifugal pump (CFD and Test).

The black lines represent the test results. Under design conditions, the test results
are consistent with the CFD numerical results in predicting the head and efficiency, thus
verifying the accuracy of the numerical simulations. Near the design condition, there is
a high coincidence and trend within test results and the CFD numerical results, which
indicates that CFD calculations accurately predict the hydraulic characteristics of the
centrifugal pump.

4.2. Variable Speed Operating Characteristics Analysis

The energy characteristic curve obtained from the model test at the rated speed is
converted into the prototype energy characteristic curve by the similarity rule. Figure 23
illustrates the variable speed characteristic curves of the prototype pump at different rotated
speeds. In Figure 23, point A, point A′ and point A′′ are the optimal operating points of the
centrifugal pump under the design head, minimum head and maximum head conditions,
respectively.
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From the flow, head, and efficiency parameters in Figure 23, the maximum input
shaft power curve of the centrifugal pump at different rotational speeds can be calculated.
Figure 24 illustrates the correlation between the rated speed and the maximum input shaft
power at each operating condition. Considering the motor capacity of the pump station
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has been determined and the allowance is required, the maximum rotation speed of the
centrifugal pump is determined to be 260 r/min.
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Figure 24. The variable speed curves based on maximum input shaft power characteristics.

The incipient cavitation curve coefficient is displayed in Figure 25 for various oper-
ating conditions. When the plant cavitation coefficient is high, the head is low, and the
downstream level is high. When the plant cavitation coefficient is low, the head is high, and
the downstream level is low. Figure 25 illustrates that when the pump is operating at high
speeds, the incipient cavitation coefficient is consistently smaller than the plant cavitation
coefficient. This indicates that, under appropriate operating conditions, the centrifugal
pump can operate cavitation-free.
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Figure 25. Pump incipient cavitation coefficient performance curve (Test), where σp denotes the plant
cavitation coefficient and σi represents the incipient cavitation coefficient (IEC60193).

The variable speed pump unit operates within a range which is limited by the rated
speed, maximum input shaft power, hydraulic efficiency, hump margin, pressure pulsation,
and the cavitation limit in the low head.

Based on the above analysis, the pump operating zone shall be determined by multiple
boundaries: the maximum rotational speed and maximum input shaft power line pump
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curve (B′–C′), the cavitation line (C–D′), the hump margin line (A′–B′), the minimum
variable speed limit (A′–E′) and the relatively high efficiency line (D′–E′). If the boundary
lines intersect, the part within the intersection point is taken as the operating area. The final
safe and efficient variable speed operating zone is shown as the blue area in Figure 26. The
variable speed operation of the centrifugal pump can ensure efficient and stable operation
without cavitation in this zone.
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To meet the actual requirements of the pump station and facilitate the actual oper-
ational management, the operation path can be further established. This path aims to
ensure the simplicity of operation and maintenance of the pump station while enhancing
the efficiency and stability.

When the head required by the pump station ranges from 25.5 m to 48.0 m, the
appropriate speed can be selected to keep the rated flow unchanged, as shown in Figure 27.
The intersection point of the blue dashed line (Q = 13.5 m3/s) and the head curve of
different speeds (210 r/min–260 r/min) represents the operating condition under different
heads. From the position of the intersection point between the blue dashed line and the
efficiency curve, we can see that the efficiency points for these operating conditions are
concentrated and high.
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If the pump station flow is maintained at the rated flow when its head approaches the
minimum head of 16.3 m, hydraulic efficiency will further decline. Meanwhile, reducing
the flow rate should ensure the high level of efficiency. The rated speed design point A in
Figure 1 is comparable to A′, and the orange square in the high efficiency zone represents
the corresponding efficiency of point A′. Consequently, by decreasing the rotation speed
(163 r/min–210 r/min), the pump station can operate along the orange dotted line when
the pump station head ranges from 16.3 m to 25.5 m.

In summary, the characteristics of small flow hump and large flow cavitation can be
improved to achieve wide operating range of variable speed centrifugal pump. For specific
pumping stations, appropriate operation paths can be selected according to the actual
operation requirements to simplify the operation and ensure the efficiency and stability
within the operation range.

5. Conclusions

This study investigates and optimizes a variable speed centrifugal pump through a
combination of numerical simulation and model testing. The analysis aims to establish
optimal design rationality between the maximum head hump margin and the minimum
head cavitation characteristics under the large flow and wide head variation conditions by
adjusting the shape of the blade inlet edge and the blade inlet airfoil, improve the small
flow hump characteristics through optimizing the matching relationship between the guide
blade and the impeller, and improve the pressure pulsation characteristics by optimizing
the width of the vaneless area. The centrifugal pump that can satisfy the project’s needs is
obtained by continuously modifying the geometric flow channel and impeller parameters.
The project achieves the goal of expanding the variable speed centrifugal pump’s wide
operating range. We can effectively increase the centrifugal pump’s operating range and
safety stability in the high efficiency area by using numerical optimization technology and
model testing methods. The study also offers a technical guarantee for the pump unit’s
wide range of variable speed operations.

To achieve high efficiency and stability across the whole operating range, this article
focused on analyzing the pump station’s suitable operation path in accordance with its
actual operation needs. The operation strategy of the variable speed centrifugal pump
is proposed for various operating conditions, creating a combined operation mode that
maintains an efficient operation in low head area while maintaining steady flow rate in the
high head area. The research results can function as a reference for the optimal design of
large flow and wide range variable speed centrifugal pumps and reasonable operation of
units in the future.
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