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Abstract: Low specific speed centrifugal pumps are widely used in urban water supply, agricultural
irrigation, petrochemical and other fields due to their small flow rate and high head. Therefore, the
study of unsteady flow characteristics plays a vital role in its safe and stable operation. In this paper,
numerical simulation and experimental methods are used to explore the unsteady performance of
the pump. The results show that the fluctuations of the external characteristic such as head, shaft
power and energy loss are due to the periodic disturbance of the flow field of pump. But the transient
performance of shaft power and head shows different changing trends due to different influencing
factors. In this paper, the transient process of hydraulic performance is divided into three stages
according to the causes and characteristics of hydraulic fluctuations. Most of the hydraulic losses
occur inside the impeller, so the impeller flow field determines the level of time average hydraulic
performance. Although the hydraulic loss of the spiral case is small, it is greatly affected by the
rotor-stator interaction, which affects the strength of the hydraulic fluctuation. This study is of great
significance to the mechanism of rotor-stator interaction and the stable operation of low specific
speed centrifugal pumps.

Keywords: low specific speed; transient pulsation; hydraulic performance; rotor-stator interaction

1. Introduction

From the perspective of energy saving, ultra-low specific speed centrifugal pumps are
widely used in various fields of social development, and their safe and efficient operation
has attracted much attention [1,2]. Their specific speed is not greater than 30, and these
pumps has the characteristics of small flow and high head. Due to the relatively small
geometric size of the ultra-low specific speed centrifugal pump, its internal flow is complex
when pumping viscous fluid, often accompanied by turbulent flow such as cavitation,
secondary flow, axial eddy current, and complex pressure pulsation signals [3,4]. This also
results in a low hydraulic efficiency. At present, the research on ultra-low specific speed
centrifugal pump mainly focuses on two aspects: design optimization and internal flow
characteristics research [5–7].

Zhao et al. [8] adopted a genetic algorithm based on NSGA-II to optimize the design
of a centrifugal pump with a specific speed of 30. Based on the Plackett-Burman test,
the parameters were screened to obtain the optimal geometric parameters of the impeller
of the centrifugal pump. After optimization, the hydraulic efficiency was increased by
about 5.82%. The quadratic regression orthogonal composite method was used to optimize
low specific speed centrifugal pumps in the study of Zhong et al. [9]. They took 7 main
geometric parameters of the impeller as research factors and discovered that the blade
number played a dominant role in improving the hydraulic performance of the centrifugal
pump. Zhang et al. [10] optimized the design of the impeller blade wrap angle of an
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ultra-low specific speed centrifugal pump based on the Bezier curve. It was found that
the centrifugal pump efficiency reached a maximum when the blade wrap angle was 120◦.
Sato et al. [11] and Daqiqshirazi et al. [12] optimized the shape of the pump casing in order
to reduce the disc friction loss of the ultra-low specific speed centrifugal pump.

Scholars have also done a lot of research on the influence of different pump structures
on the pump performance. Siddique et al. [13,14] studied the influence of splitter blades
on the hydraulic performance of an ultra-low specific speed centrifugal pump, and the
results showed that splitter blades can reduce the amplitude of pressure pulsation as well as
hydraulic loss, and improve the hydraulic performance of the pump. Gao et al. [15] studied
the influence of blade trailing edge profile on the performance and unsteady pressure
fluctuation of a centrifugal pump. It was found that, when the pressure surface of the blade
was elliptical or both sides of the blade were elliptical, the pump efficiency was significantly
improved, and the pressure fluctuation was also reduced. Chabannes et al. [16] analyzed
the effect of volute throat area on the performance of ultra-low specific speed centrifugal
pumps. Within a certain range, the pump head and efficiency increased by increasing the
throat area.

The external characteristics of centrifugal pumps are the external manifestations of
internal flow features, such as rotational stall and rotor-stator interaction, which often
lead to the hump and unsteady fluctuations of the external characteristic curve. Based
on numerical simulation, Zeng et al. [17] and Cui et al. [18] studied the fluid excitation
phenomenon in an ultra-low specific speed centrifugal pump and its influence on the
dynamic characteristics of the rotor. The results indicated that the main frequency of the
pressure pulsation was the passing frequency of the impeller blades, and the pressure
pulsation amplitude of the main frequency was much larger than that of the secondary
main frequency. Zhang et al. [19] conducted research on the unsteady flow field of an ultra-
low specific speed centrifugal pump by PIV test. At low flow rate, there was a typical jet
wake flow pattern at the blade outlet. However, this pattern was not obvious at large flow
rate because the high-momentum fluid was concentrated on the suction side of the blade.
Ye et al. [20–22] conducted a research on the ultra-low specific speed centrifugal pump
and discovered that the liquid flow angle at the inlet of the pump impeller channel was
relatively larger due to the strong separation flow and the evolution of the vortex. Besides,
many researchers had studied the internal flow of ultra-low specific speed centrifugal
pumps through experiments and numerical simulations, such as the pressure pulsation,
radial force, and vortex dynamics [23–26].

According to the above discussion, there are relatively few studies on the internal
velocity fluctuation, the velocity-pressure coupling characteristics under the influence of
rotor-stator interaction, and its effects on the internal flow field. In order to study this
problem, this paper mainly discusses the influence mechanism of rotor-stator interference
on the pump energy characteristics and the unsteady variation of the pressure on the
impeller-volute interface. And Through numerical simulation and experimental analysis,
it is proposed that the SST k-w turbulence model is more suitable for ultra-low specific
speed centrifugal pumps. In addition, the research in this paper also enriches the coupling
mechanism of the velocity field and the pressure field in the ultra-low specific speed
centrifugal pump, and provides a theoretical basis and reference for its stable operation.

2. Numerical Methods
2.1. Centrifugal Pump Parameters

The basic external characteristic parameters of the centrifugal pump include head and
efficiency. The dimensionless head coefficient φ and efficiency η are defined as:

φ =
gH

0.5u2
2

(1)

η =
(P2 − P1)Q

Ws
(2)
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where H is the head, m; u2 is the circumferential velocity at the impeller outlet, m/s; P1
and P2 are the inlet and outlet total pressures, Pa; Ws is the shaft power, W; Q is the flow
rate, m3/s; g is the acceleration due to the gravity, m/s2.

To qualitatively analyze the change in the internal pressure of the pump, it is necessary
to analyze the time-averaged value and pulsation pattern of pressure. The time-averaged
value of the pressure pulsation is defined as:

p =
1
N

N

∑
i=1

p(i) (3)

The equation for the coefficient of RMS pressure fluctuations (root mean square) can
be expressed as follows:

CPsdv =

√
1
N

N
∑

i=1
(p(i)− p)2

0.5ρu2
2

(4)

where p(i) is the instantaneous pressure of the measuring point, Pa; p is the average
pressure, Pa. When the number of samples is high enough, the root mean square change
of the pressure fluctuation coefficient is very small, which equals to a constant. And the
dimensionless pressure fluctuation amplitude is defined as follows:

CP =
p(i)− p
0.5ρu2

2
(5)

where ρ is the medium density, kg/m3.

2.2. Total Pressure Loss Coefficient

The internal flow field of the centrifugal pump can be considered as periodic flow. The
total pressure loss of flow passage components, namely hydraulic loss, can be calculated
by using the total pressure difference. The total pressure drop coefficient of the volute is
defined as follows:

φs =
Pw,in,tp − Pw,out,tp

0.5ρu22 (6)

The total pressure rise coefficient of impeller is defined as follows:

φr =
Pr,out,tp − Pr,in,tp

0.5ρu22 (7)

where out is the outlet of the component; in is the inlet of component; tp represents the total
pressure, Pa; The subscripts w and r represent the volute and impeller, respectively.

The dimensionless coefficient of impeller work is defined as follows:

Ws f t =
2πMn

60u2 A20.5ρu2
2

(8)

where A2 is the outlet area of the impeller.

3. Numerical Model and Setting
3.1. Experimental System

Figure 1 shows the test rig of the model pump. The motor and pump are fixed
on the metal mounting plate, and several pressure monitoring points are arranged at the
circumferential position of the volute to measure the internal pressure pulsation. The sensor
parameters are given in Table 1. The accuracy of the instrument refers to the percentage of
its allowable error in the dial scale value.
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Figure 1. The test rig of the centrifugal pump.

Table 1. Parameters of the sensor.

Sensor Model Range Precision

Flowmeter LW-40 0~25 m3/h ±0.5%
Inlet pressure sensor WT2000 −0.1~0.1 MPa ±0.1%

Outlet pressure sensor WT2000 0~1.6 MPa ±0.1%
High-frequency dynamic

pressure sensor CY200 0~2.0 MPa ±0.1%

Temperature sensor PT100 0~100 ◦C ±0.5%

3.2. Model Parameter Settings

The key parameters of the model pump used in this study are shown in Table 2. The
specific speed ns is defined as the following equation:

ns =
3.65× nd ×

√
Qdes

H0.75
des

(9)

where the units of all variables are consistent with those in Table 2. The mesh for numerical
simulations is generated by the ANSYS ICEM. The computational domains of the pump
mainly include the inlet pipe, the impeller, the volute, and the outlet pipe. In order to
obtain a relatively stable flow field, the length of the inlet and outlet pipes is set to be
10 times the pipe diameter. Hexahedral mesh is used in the computational domain and
mesh refinement is performed on key parts such as blade surface and volute tongue. In
order to ensure the accuracy of data transmission and capture the flow characteristics at the
interface of different computational domains, mesh refinement is performed at the interface
of different computational domains. The mesh division is shown in Figure 2.
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Table 2. Parameters of the pump model.

Parameter Value

Rotating speed nd (r/min) 2900
Design flow rate Qdes (m3/h) 10

Design head Hdes (m) 80
Pump inlet diameter D1 (mm) 50

Pump outlet diameter D2 (mm) 20
Outlet width of impeller (mm) 6.5

Exit angle of blade (◦) 25
Volute tongue inner diameter d3 (mm) 290
Outlet diameter of impeller Di (mm) 259

Blade thickness at trailing edge 6
Number of blades Z 3
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Figure 2. Grid of computational domain.

Figure 3 shows the comparison between the calculated and experimental values at
the design condition for different turbulence models [27]. The calculation results of the
SST k-ω turbulence model agrees well with the experimental data compared to other
turbulent models [28–30]. Thus, it is chosen for the turbulence model of the numerical
simulation in this study. The boundary conditions are set as the total pressure at the inlet
of the pump, the mass flow at the outlet of the pump. The outlet pressure is set to 1 atm.
No-slip wall is applied to all the walls. The interface between the rotor and the stator
selects the frozen rotor condition when in the steady calculation and selects the transient
rotor-stator condition when in the unsteady calculation [31]. The initial field of transient
simulation is set to the result of the steady calculation. The unsteady calculation time step is
5.75 × 10−5 which equals to 1◦ rotation of the impeller. A transient simulation is conducted
for 6 revolutions of the impeller. And the calculation data of the last revolution is chosen
for the analysis of the pressure and power fluctuation.
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3.3. Grid Independence Verification

The validation of grid independence is made to ensure the accuracy of simulation
results. Three different grids are used to calculate it numerically, and the differences
between the experimental and numerical simulation results are compared. The number of
cells corresponding to each grid scheme is shown in Table 3.

Table 3. Mesh schemes.

Scheme Mesh Number

G1 2.01 × 106

G2 5.12 × 106

G3 7.48 × 106

The comparison of the performance between the numerical calculation and experiment
is shown in Figure 4a. The head of the pump decreases with the increase of the flow rate.
As the number of grids increases, the difference between the experimental head and the
numerical head becomes smaller. Considering the computational cost, scheme G2 was
selected for numerical simulation in this study. Figure 4b presents the pressure amplitude
at the dominant frequency of the monitoring points in Figure 1. The dominant frequency
of pressure pulsation obtained by numerical simulation and experiment both occurs at the
blade frequency, and the amplitude is similar.
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4. Results and Discussions

Figure 5 shows the unsteady head of the pump in one rotation cycle. Here, ε is the
angle between the trailing edge of the blade and the volute tongue. The ε is zero when the
blade trailing edge is passing the tongue. The head gradually increases with the decrease
in flow rate. The head coefficient shows obvious periodic fluctuation, and the fluctuation
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law is similar under different discharge. It is well understood that the number of cycles
is the same as the number of blades of the impeller. Therefore, the key to the problem is
the reason that affects the transient change trend. For the minimum value of pulsation,
it is obviously the interaction between the fluid at the tail of the impeller and the tongue.
In particular, there is a quadratic fluctuation at the valley of the curve shown in Figure 5.
This may be related to the rotor-stator interaction between the impeller and the tongue.
When the pressure side of the blade sweeps across the tongue, its unsteady head reaches
the minimum value. With the rotation of the blade, a secondary fluctuation occurs when
the suction side of the blade sweeps across the tongue. As the blade continues to rotate, the
unsteady head gradually rises to the maximum value. Therefore, the blade thickness may
be the cause of secondary fluctuation. The comprehensive fluctuation of the unsteady head
coefficient is closely related to the unsteady flow field.
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Figure 5. Transient change of head coefficient for three flow rates.

Figure 6 shows the unsteady fluctuation curve of the impeller shaft power during one
impeller rotation. The shaft power increases with the increase of the flow rate, and the
oscillation trend of the shaft power coefficient curve is similar under different flow rates,
which shows obvious periodic fluctuations. With the blades rotating from the tongue, the
shaft power rapidly increases to a maximum value. The reduction of shaft power will go
through three stages. First, the shaft power will slowly decrease, then increase in a gentler
trend, and finally, rapidly reduce to the minimum value. Compared with Figure 5, when
the blade rotates 120◦, there is no secondary fluctuation like the head coefficient, which
indicates that the influence of this transient effect on the impeller is very weak.
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Within one cycle of the impeller, the pressure rises of impeller and pressure drop of
volute are shown in Figure 7. With the increase in the flow rate, the pressure rise coefficient
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in the impeller presents a decreasing trend while it has the opposite trend in the volute.
Moreover, the pressure rise coefficient of the impeller is close to the head coefficient, which
means that most of the water losses occur in the impeller. Therefore, the flow field in the
impeller determines the hydraulic performance. However, the fluctuation of the impeller
pressure rise coefficient is 0.01 times of the head coefficient and mainly occurs near the
tongue, which indicates that the loss of the impeller is not the main reason for determining
the hydraulic fluctuation. The pressure drop coefficient of volute is very small, but the
fluctuation is more obvious, and the fluctuation amplitude can be close to 0.1. Therefore,
although the hydraulic loss of volute is small, it is the main factor affecting the fluctuation
range of hydraulic performance. This also indirectly shows that the rotor-stator interaction
has a greater impact on the flow field of the volute.
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Before studying the large hydraulic fluctuation of the volute, it is necessary to explore
the hydraulic loss and flow characteristics of the impeller. Figure 8 shows the average
value and variance distribution of pressure in the mid-span section of the pump. The
time-averaged values of turbulent kinetic energy and dissipation rate under design flow
rate are presented at Figure 9. The pressure increases gradually from the impeller inlet to
the outlet. Due to the pressure loss caused by the leakage of the balance hole in the pump
casings, the pressure at the impeller inlet is very small. In general, the maximum pressure
appears in the impeller outlet. With the increasing flow rate, pressure of inlet gradually
increases. As can be seen from the oval marked area, the low pressure is mainly distributed
in the region around the impeller inlet. The maximal variance value of the pressure occurs
on the interface of the impeller and volute, especially in the regions near the blade trailing
edge. As the flow rate increases, the pressure at the inlet of the impeller also increases,
causing the head to drop. As shown in Figure 9, the dissipation of turbulent kinetic energy
mainly occurs at the balance hole at the impeller inlet. This is the main reason for inducing
hydraulic loss. Since it is far from the interface between impeller and volute and located
in the upstream area, it is less subject to rotor-stator interaction. Therefore, the pressure
rise coefficient of the impeller changes slightly, and only changes greatly before and after
passing through the tongue.

One cycle of the above four external characteristic curves is shown in Figure 10a, and
five typical blade rotation angles are shown in Figure 10b. The positions are named T1,
T2, T3, T4, and T5 in chronological order. The three flow channels are named C1, C2 and
C3 in anticlockwise direction. For convenience, the interface between impeller and volute
is hereinafter referred to as interface. Figure 10a more clearly proves that the hydraulic
performance can be affected by changing the hydraulic loss and flow field characteristics of
the impeller under different flow rates. However, the hydraulic fluctuation characteristics
under different flow rates are similar, which is mainly controlled by the flow field in the
volute. The rotor-stator interaction mainly affects the flow field of the volute, and the
mechanism of this influence will be explained later. There are very similar fluctuation
characteristics under different flows, however, the following article pays more attention to
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the transient changes of hydraulic characteristics in a cycle. Therefore, only the flow field
characteristics of design flow are studied to obtain the mechanism of rotor-stator interaction
on hydraulic performance.

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 16 
 

occurs on the interface of the impeller and volute, especially in the regions near the blade 
trailing edge. As the flow rate increases, the pressure at the inlet of the impeller also in-
creases, causing the head to drop. As shown in Figure 9, the dissipation of turbulent ki-
netic energy mainly occurs at the balance hole at the impeller inlet. This is the main reason 
for inducing hydraulic loss. Since it is far from the interface between impeller and volute 
and located in the upstream area, it is less subject to rotor-stator interaction. Therefore, 
the pressure rise coefficient of the impeller changes slightly, and only changes greatly be-
fore and after passing through the tongue. 

 
(a) 0.75Qdes 

 
(b) 1.0Qdes 

 
(c) 1.25Qdes 

Figure 8. Mean value and variance distribution of total pressure at mid-span surface under three 
flow rates. 

Figure 8. Mean value and variance distribution of total pressure at mid-span surface under three
flow rates.



Sustainability 2022, 14, 16909 10 of 15Sustainability 2022, 14, x FOR PEER REVIEW 10 of 16 
 

  

Figure 9. Mean distribution of turbulent kinetic energy and turbulent eddy dissipation rate at Qdes. 

One cycle of the above four external characteristic curves is shown in Figure 10a, and 
five typical blade rotation angles are shown in Figure 10b. The positions are named T1, 
T2, T3, T4, and T5 in chronological order. The three flow channels are named C1, C2 and 
C3 in anticlockwise direction. For convenience, the interface between impeller and volute 
is hereinafter referred to as interface. Figure 10a more clearly proves that the hydraulic 
performance can be affected by changing the hydraulic loss and flow field characteristics 
of the impeller under different flow rates. However, the hydraulic fluctuation character-
istics under different flow rates are similar, which is mainly controlled by the flow field 
in the volute. The rotor-stator interaction mainly affects the flow field of the volute, and 
the mechanism of this influence will be explained later. There are very similar fluctuation 
characteristics under different flows, however, the following article pays more attention 
to the transient changes of hydraulic characteristics in a cycle. Therefore, only the flow 
field characteristics of design flow are studied to obtain the mechanism of rotor-stator 
interaction on hydraulic performance. 

 
(a) Performance change in 1/3 impeller rotation cycle 

Figure 9. Mean distribution of turbulent kinetic energy and turbulent eddy dissipation rate at Qdes.

Sustainability 2022, 14, x FOR PEER REVIEW 10 of 16 
 

  

Figure 9. Mean distribution of turbulent kinetic energy and turbulent eddy dissipation rate at Qdes. 

One cycle of the above four external characteristic curves is shown in Figure 10a, and 
five typical blade rotation angles are shown in Figure 10b. The positions are named T1, 
T2, T3, T4, and T5 in chronological order. The three flow channels are named C1, C2 and 
C3 in anticlockwise direction. For convenience, the interface between impeller and volute 
is hereinafter referred to as interface. Figure 10a more clearly proves that the hydraulic 
performance can be affected by changing the hydraulic loss and flow field characteristics 
of the impeller under different flow rates. However, the hydraulic fluctuation character-
istics under different flow rates are similar, which is mainly controlled by the flow field 
in the volute. The rotor-stator interaction mainly affects the flow field of the volute, and 
the mechanism of this influence will be explained later. There are very similar fluctuation 
characteristics under different flows, however, the following article pays more attention 
to the transient changes of hydraulic characteristics in a cycle. Therefore, only the flow 
field characteristics of design flow are studied to obtain the mechanism of rotor-stator 
interaction on hydraulic performance. 

 
(a) Performance change in 1/3 impeller rotation cycle 

Sustainability 2022, 14, x FOR PEER REVIEW 11 of 16 
 

 
(b) position of impeller corresponding to typical time 

Figure 10. Performance change characteristics of 1/3 impeller in rotating cycle. 

According to Figure 10a, the hydraulic performance change process can be divided 
into three stages according to the shaft power. In the first stage (T1~T3): the power rise 
period, the shaft power increases, and the head first increases and then decreases. In the 
second stage: power stability period (T3~T5), shaft power is stable and head increases. In 
the third stage (T5~T1): power reduction period, shaft power and head decrease. The hy-
draulic loss of the volute basically presents the opposite trend to the head. The analysis of 
the transient characteristics of the flow field at the interface is of great significance to the 
study of the rotor-stator interaction of centrifugal pumps. Figure 11 shows the distribution 
of radial velocity and circumferential velocity at the interface, in which HS represents the 
hub surface and SS represents the shroud surface. And the contours from top to button corre-
sponds to the position of T1, T2, T3, T4, T5 in turn. The velocity distribution at the inlet 
will directly affect the flow field and energy loss in the volute. The radial velocity differ-
ence at different times is small, but the inflow at time T5 is better than that at time T1. This 
indicates that the volute has lower energy loss and the head will increase at T5. The high 
value of circumferential velocity is distributed in the region of y/b = 0.25~0.75. The width 
of the volute inlet is twice that of the impeller outlet, so the area where y/b = 0.0~0.25 is 
the front pump casing, and the area where y/b = 0.75~1 is the rear pump casing. The area 
near the vanes and pump casing has a slightly slower speed. Similar to the radial velocity, 
the flow field from T1 to T3 has no obvious change, but the flow field at T4 and T5 has 
been significantly improved, which will also improve the hydraulic performance. In ad-
dition, for the flow passage near the tongue, the radial velocity and circumferential veloc-
ity have large gradients, which makes the fluid have a certain impact on the impeller. 
Therefore, the impeller shaft power will also change between T1 and T3 (the blade goes 
across the tongue). 

  
(a) Radial velocity (b) Circumferential velocity 

Figure 11. Velocity Field at Interface. 

Figure 10. Performance change characteristics of 1/3 impeller in rotating cycle.

According to Figure 10a, the hydraulic performance change process can be divided
into three stages according to the shaft power. In the first stage (T1~T3): the power rise
period, the shaft power increases, and the head first increases and then decreases. In the
second stage: power stability period (T3~T5), shaft power is stable and head increases.
In the third stage (T5~T1): power reduction period, shaft power and head decrease. The
hydraulic loss of the volute basically presents the opposite trend to the head. The analysis
of the transient characteristics of the flow field at the interface is of great significance to the
study of the rotor-stator interaction of centrifugal pumps. Figure 11 shows the distribution
of radial velocity and circumferential velocity at the interface, in which HS represents the
hub surface and SS represents the shroud surface. And the contours from top to button
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corresponds to the position of T1, T2, T3, T4, T5 in turn. The velocity distribution at the inlet
will directly affect the flow field and energy loss in the volute. The radial velocity difference
at different times is small, but the inflow at time T5 is better than that at time T1. This
indicates that the volute has lower energy loss and the head will increase at T5. The high
value of circumferential velocity is distributed in the region of y/b = 0.25~0.75. The width
of the volute inlet is twice that of the impeller outlet, so the area where y/b = 0.0~0.25 is
the front pump casing, and the area where y/b = 0.75~1 is the rear pump casing. The
area near the vanes and pump casing has a slightly slower speed. Similar to the radial
velocity, the flow field from T1 to T3 has no obvious change, but the flow field at T4 and
T5 has been significantly improved, which will also improve the hydraulic performance.
In addition, for the flow passage near the tongue, the radial velocity and circumferential
velocity have large gradients, which makes the fluid have a certain impact on the impeller.
Therefore, the impeller shaft power will also change between T1 and T3 (the blade goes
across the tongue).
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Internal pressure distribution of pump determines the variation of fluid mechanical
energy and the transmission of shaft power. Figure 12 shows velocity vector and pressure
distribution at interface. Obviously, the pressure fluctuation gradient at T2 is smaller than
T1 and T3. This resulted in a small fluctuation of loss coefficient and head at T2. T4 and T5
are similar to the velocity field, and the inlet pressure field of the volute has been further
improved. High pressure area and low-pressure area are produced on the left and right
sides of the tongue, which affect the flow field near the tongue. To further study the flow
field characteristics that cause this phenomenon, the pressure and velocity vectors at the
mid-span position in the 180◦ area near the tongue are selected to obtain Figure 12b. The
red dotted line represents the tongue, and the red solid line represents the suction side of
the trailing edge of the blade. They are respectively the blue point and the red point in
Figure 10b. The solid black line represents the pressure. At time T3, the blade has started
to move away from the tongue. With the increase of time, the flow field on the left side of
the tongue has been improved. The distance between the tongue and the right blade is not
enough to cause greater interaction. Therefore, at T5, the hydraulic loss of the volute is the
smallest and the head coefficient is the largest. However, after T5, as the blade approaches
the tongue, the tail jet will cause great impact near the tongue, which leads to rapid increase
of hydraulic loss and reduction of head. The velocity vector distribution of T1, T2 and T3
has little difference. However, according to the conclusion in Figure 12a and the relative
position of the blade and tongue, it can be inferred that the small fluctuations at T2 are
related to the thickness of the blade. Assuming that the blade has no thickness, the changes
of various hydraulic properties will be monotonic during T1–T5. However, due to the
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thickness and tangential trailing edge structure of the blade, the flow field near the trailing
edge is distorted greatly, so a small secondary wave is finally generated.
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5. Conclusions

To study the transient fluctuation characteristics of ultra-low specific speed centrifugal
pump, numerical simulation and experimental methods were applied. The unsteady flow
pattern is studied by analyzing the hydraulic performance and pressure loss coefficient
under different flow rates. According to the characteristics of the internal flow field, the
mechanism of the rotor-stator interaction that causes the transient changes is discussed.

(1) The head of the numerical simulation presents a good agreement with that of the
experimental data. And the maximum error of hydraulic head is calculated to be
lower than 5% at the selected grid scheme. Thus, the numerical results in this study
are fairly reliable.

(2) The number of cycles of all hydraulic characteristics is equal to the number of blades,
and the hydraulic performance shows a similar change trend under different flow
rates. But the transient performance of shaft power and head shows different changing
trends due to different influencing factors. Most of the hydraulic losses occur inside
the impeller, so it is the impeller flow field that determines the level of time averaged
hydraulic performance. The hydraulic loss of volute is small, but it determines the
fluctuation range of hydraulic performance.
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(3) The hydraulic loss and turbulent dissipation in the impeller mainly occur near the
balance hole, so it is less affected by rotor-stator interaction, about 10% of the total
fluctuation range. The circumferential velocity and pressure distribution at the volute
inlet show obvious changes with time. The effect of rotor-stator interaction on the
flow field in the volute is more significant.

(4) According to the characteristics and causes, the transient hydraulic performance is
divided into three stages. In the period of power increase, the rotor-stator interaction
is the strongest, causing the increase of shaft power. However, due to the thickness of
the blade and the structural form of the trailing edge, the loss in volute and head of
pump have non-linear changes. During the power stability period, the rotor-stator
interaction has little influence on the impeller, and the continuously improved flow
field improves the hydraulic performance. During the power reduction period, the
distance between the blade and the tongue is shortened, which makes the blade wake
flow have a greater impact on the tongue, resulting in increased hydraulic loss.
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Nomenclature

A2 Area of the impeller outlet [m2]
CPsdv Coefficient of RMS pressure fluctuation [-]
Cp Pressure coefficient [-]
D1 Pump inlet diameter [mm]
D2 Pump outlet diameter [mm]
Di Outlet diameter of impeller [mm]
Hdes Design head [m]
fb Blade passing frequency [Hz]
g Acceleration due to the gravity [m/s2]
kAVE Time-average of turbulent kinetic energy [m2/s2]
keAVE Time-average of turbulent eddy dissipation [m2/s3]
kSTD Standard deviation of turbulent kinetic energy [-]
keSTD Standard deviation of turbulent eddy dissipation [-]
Mn Torque [N·m]
MP Torque of the fluid acting on the pressure side of the flow channel [N·m]
MS Torque of the fluid acting on the suction side of the flow channel [N·m]
nd Rotating speed [r/min]
ns Specific speed [-]
N Number of samples [-]
P1 Total pressure at the pump inlet [Pa]
P2 Total pressure at the pump outlet [Pa]
p(i) Pressure at the monitor point [Pa]
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p Average pressure [Pa]
Pw,out,tp Total pressure at the volute outlet [Pa]
Pw,in,tp Total pressure at the volute inlet [Pa]
Pr,out,tp Total pressure at the impeller outlet [Pa]
Pr,in,tp Total pressure at the impeller inlet [Pa]
Q Flow rate [m3/s]
Qdes Flow rate at design point [m3/s]
u2 Circumferential velocity [m/s]
Ws Shaft power [W]
Wsft Dimensionless coefficient of impeller work [-]
Z Number of impeller blades [-]
φ Dimensionless head coefficient [-]
φS Total pressure loss coefficient of the volute [-]
φr Total pressure loss coefficient of the impeller [-]
η Efficiency [%]
ρ Density [kg/m3]
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