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In order to investigate the effect of various impeller tip clearances on the pressure pulsation in a mixed-flow pump, the energy
performance test and pressure pulsation experiment of a mixed-flow pump with different tip clearances are studied simulta-
neously. (e pressure pulsation signals at impeller inlet, middle, and oulet are processed and analyzed by the wavelet transform.
(e results show that the change of tip clearance can affect the head and efficiency of mixed-flow pump. Under designed flow rate,
when the tip clearance increases from 0.2mm to 1.1mm, the head and efficiency decrease by 18.1% and 11.6%, respectively. Due to
the strong influence of blade passing frequency (BPF) at impeller middle, the period of pressure pulsation curve is about 1/4 of
impeller rotation period. At impeller inlet, the low-frequency pulsation with energy concentration is the main disturbance
frequency, and, with the increase of tip clearance, not only does the high-value region of wavelet spectrum expand to low-
frequency direction but also it is easy to form second-order peaks in the time-averaged wavelet curve. At impeller outlet, affected
by BPF and rotor-stator interaction (RSI), the high-frequency disturbance in RSI area decreases first and then increases. (e
wavelet coherence demonstrates the stable low-frequency disturbances in comparison to others and it will affect the flow field at
impeller middle.

1. Introduction

(e mixed-flow pump is a common hydrodynamic ro-
tating mechanical device widely used in engineering [1–5]
due to its moderate head and the capacity of transporting a
larger flow rate. As the semiopen impeller is usually used in
the mixed-flow pump, the internal flow fields of a mixed-
flow pump are extremely complex and totally turbulent,
including tip leakage flow (TLF) [6, 7], back flow [8], and
vortex shedding from the blade tip region [9], as well as the
RSI between the impeller and guide vane [10]. Among the
all complex flows, the TLF, driven by the high-pressure
gradient between the blade pressure surface and suction
surface, will affect most of the flow fields of impeller flow
channels and make the pump efficiency drop a lot [11]. (e
TLF will entrain with mainstream in impeller channel and

form three types of vortexes: tip leakage vortex, tip sep-
aration vortex, and the induced vortex. Among the three
types, the TLV occupies the dominant position. (ere is a
sharp drop of pressure in the formation region of the TLV,
which may lead to serious pressure pulsation and threaten
the operation safety. Furthermore, the pressure pulsation
in the mixed-flow pump is relatively strong enough to
induce vibration of pump system and extra hydraulic
forces together with some high-frequency noise [12, 13]. In
fact, in the hydraulic design of mixed-flow pump [14],
there is no relevant theory to support the design of tip
clearance sizes, but the tip clearance size has a strong
business with the strength of TLF.(erefore, it is necessary
to do some researches of pressure pulsation of mixed-flow
pump with different tip clearances to reveal the mecha-
nism of TLF.
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Up till now, with the rapid development of computa-
tional fluid mechanics (CFD) [15–20], many researches
about the pressure pulsation and TLF have been carried out
simultaneously, but those kinds of literature mostly focus on
the flow structure of TLF and tip leakage vortex and there are
few reports about the relationship between TLF and pressure
pulsation. For instance, Liu et al. [21–23] conducted nu-
merical simulations for a mixed-flow pumpwith different tip
clearances using a commercial CFD code to study the tip
leakage vortex structure and trajectory. (ey found that tip
size slightly shifts the separation point of the primary tip
leakage vortex but rarely affects the separation angle. Zhang
et al. [24, 25] also numerically found the same feature that
the starting point of tip leakage vortex that occurs near the
impeller blade leading edge moves from leading edge to
about 30% chord length at the design flow rate. Lei et al. [26]
calculated the influence of T-shape tip clearance on per-
formance of a mixed-flow pump and found that the leakage
flow with T-shape blade end decreases by 15.95% compared
with original blade end. Besides, pressure pulsation has been
extensively investigated in mixed-flow pumps for several
years, including pressure pulsation generated by inlet
swirling flow [27] and RSI [28–30]. Miyabe et al. [31] used
Dynamic Particle Image Velocimetry (PIV) and pressure
pulsation measurements to investigate the propagation
mechanism of a rotating stall. (ey found that the flow
instabilities appear at 65% flow rate of BEP (Best Efficiency
Point) because of a rotating stall. It was also found that
unstable performance was caused by periodical large-scale
abrupt backflow generated from the vaned diffuser to the
outlet of impeller. Desheng et al. [32] numerically investi-
gated the influence of blades and blade thickness on pressure
pulsation of a mixed-flow pump in time domain. (e results
show that the pressure pulsation amplitudes in the inlet and
outlet to the impeller are consistently increased when the
number of impeller blades is reduced. Tan et al. [23, 33]
investigated the role of blade rotational angle in the energy
performance and pressure pulsation of a mixed-flow pump
through an experimental measurement and numerical
simulation. Also, they revealed the flow patterns of a mixed-
flow pump with different tip clearance sizes by simulation.
Wei et al. [34] found that the variation of tip clearance
mainly affects the amount of leakage at impeller outlet by the
pressure pulsation test of a pump with an oblique impeller
near stall condition; and, with the increase of tip clearance,
the radial velocity and axial velocity in the inlet flow field
gradually increase from blade root to blade rim. Li et al. [35]
also found that the tip clearance has a significant influence
on the radial distribution of inlet pressure pulsation of
mixed-flow pump impeller. As the tip clearance increases,
the head of mixed-flow pump gradually decreases. However,
most of these kinds of literature are conducted by CFD
method, and the responses of high frequency in mixed-flow
pumps could not be presented because of the limitation of
computational source. (erefore, the experiments are used
by some scholars to measure the pressure pulsation of
mixed-flow pump [36–38]. However, the content of those
literatures mostly introduced the pressure pulsation of fixed
tip clearance. (us, the understanding on generation

mechanism and transportation characteristics of pressure
pulsation of different tip clearances is still not satisfying. In
particular, the influence of various tip clearances on pressure
pulsation needs to be examined in detail. (erefore, to better
understand the internal mechanism of various TLF, the
pressure pulsation experiment is a practical method to reveal
those characteristics. Unfortunately, so far, there are few
literature studies about the experimental investigation of
pressure pulsation in a mixed-flow pump with different tip
clearances.

In this study, the experimental measurements of pres-
sure pulsation in amixed-flow pumpwith four tip clearances
are conducted to reveal the influence of tip clearances, in-
cluding the TLF, inlet flow fields, and the RSI between the
impeller and guide vane. Firstly, the time domain of mixed-
flow pump with different tip clearances is studied, and then
the wavelet analysis is employed to investigate the pressure
pulsation signals, which is more accurate to quantify the
pressure pulsation than the method of fast Fourier transform
(FFT) of unsteady pressure. In addition, the influence of
blade tip clearance on pressure pulsation has been examined.
(e results could provide some references for improving the
design of impeller and efficiency of mixed-flow pump.

2. Research Model

(e objective research model is a low specific speed mixed-
flow pump with guide vane. Figure 1 shows the geometry
structure of the pump under investigation. Parameters of
model pump are illustrated in Table 1. (e parameters of
mixed-flow pump investigated in this paper are as follows:
the design flow rate Qdes � 380m3/h, head H� 6m, rotating
speed n� 1450 r/min, number of blades Z� 4, and number of
guide vanes Zd � 7. Specific speed ns is defined in the fol-
lowing equation:

ns �
3.65 × n ×

����
Qdes



H3/4 , (1)

where the units of all variables are consistent with those in
Table 1. (erefore, ns � 480. Pump inlet section diameter
Din � 200mm, and outlet section diameterDout � 250mm. In
order to install the model pump into test bed, the conical
transition pipe is designed at the pump inlet for the con-
nection. During test, the working medium is water at the
temperature of 25°C. According to the recommended tip
clearance size in [39], the optimum tip clearance is always
0.5% times the blade chord length. (us, when the tip
clearance is about 0.5mm in this study, it is closest to the
recommended size. In fact, up till now, there is still a debate
on the selection of tip clearance size in mixed-flow pump, so
three other kinds of tip clearance size (0.2mm, 0.8mm, and
1.1mm) are chosen for analysis in this work.

3. Experimental Methods

3.1. Experimental Apparatus. (e experimental measure-
ments are conducted using Φ250mm stainless steel closed
test rig for mixed-flow pump in Research Center of Fluid
Machinery Engineering and Technology, Jiangsu University.
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(e test bench meets the accuracy requirement of first class,
and the experiment equipment is shown in Figure 2.(e test
rig mainly composed of a control valve, turbine flowmeter,
regulator tank, cut-off valve, torque tachometer, model
pump, and other components. (e regulator tank is used to
supply water and harmonize system pressure.

(e energy performance parameters of the model pumps
are measured by different devices. (e torque tachometer
(ZJ-type) with precision of 0.2 was used for the torque and
the tachometric measurement. (e turbine flowmeter
(LWGY-type) with precision of 0.5 was set in the system to

measure the flow rate. Besides, the pressure sensor (MPM-
type) with 0.5% FS (full-scale) precision was equipped at the
inlet and outlet of the mixed-flow pump to measure the
pressure. Finally, the hydraulic machinery tester (HSJ-2010)
was used to acquire experimental data from the above-
mentioned sensors and all the signals were then transported
from hydraulic machinery tester to the computer. (e high-
frequency pressure sensors are installed on the impeller end
wall of different positions to measure the local pressure
pulsation.(e positions of the sensors are shown in Figure 3.
(e pressure pulsation of mixed-flow pump with different
tip clearances (t� 0.2mm, t� 0.5mm, t� 0.8mm, and
t� 1.1mm) under designed flow condition is collected. In
order to ensure the implementation of different tip clear-
ances, four impellers with different tip clearances are
manufactured. During the implementation of impeller tip
clearance, the feeler gauge is utilized to measure the size
value of different positions along the blade chord to keep the
tip clearance uniform. (ree positions are selected to be
measured during this test: the impeller inlet (A), middle (B),
and outlet (C). Four pressure sensors are utilized and equally
spaced 90° apart in the circumferential direction at each
position. As all the sensors are installed on the pipe, the
pressure signal obtained is the pressure pulsation near the
wall. (e output signal of pressure sensor ranges from 4mA
to 20mA, and then the electric signal is converted to
pressure signal by using a hydraulic machinery tester and
computer.

3.2. Experimental Procedure. (e external characteristic test
and the pressure pulsation experiment are conducted si-
multaneously. All the following experimental procedures are
applied to the experiment of mixed-flow pump with dif-
ferent kinds of tip clearance size. At the first procedure of
experiment, all the experimental facilities are tested, and the
supporting software of hydraulic machinery tester is
debugged in order to record the pressure date successfully.
(e opening degree of the inlet valve and outlet valve are
adjusted to the maximum at the beginning stage of the

Impeller Guide vane

(a) (b)

Figure 1: Mixed-flow pump model.

Table 1: Parameters of the mixed-flow pump model.

Parameters Value
Design operating point
Designed flow rate Qdes (m3/h) 380
Designed rated head H (m) 6
Rated speed n (r/min) 1450
Specific speed ns 480

Impeller
Number of impeller blades Z 4
Width of the impeller b2 (mm) 67.2
Inlet diameter of the impeller D1
(mm) 185.2

Outlet diameter of the impeller
D2 (mm) 243.2

Average inlet blade angle β1 (°) 24.9
Average outlet blade angle β2 (°) 31.8

Tip clearance of blade t (mm) 0.2mm, 0.5mm, 0.8mm,
and 1.1mm

Diffuser
Number of guide vane blades Zd 7
Inlet diameter D3 (mm) 266.6
Outlet diameter D4 (mm) 281.8
Average inlet blade angle α3 (°) 45.6
Average outlet blade angle α4 (°) 86.5

Pipe system
Inlet diameter of the impeller
Din (mm) 200

Outlet diameter of the impeller
Dout (mm) 250

Shock and Vibration 3



experiment as well. (e converter power source has been
turned on and the rotating speed of the pump is kept at
1450 r/min. (e flow rate conditions are changed by
adjusting the opening of the outlet valve. All the parameters
of energy characteristics are recorded during the experi-
ment. At the same time, the data of pressure pulsation
experiment is also recorded. After finishing recording all the
experimental data, the power source would be turned off.
(e above-mentioned experiment was repeated three times
after the fluid in the test system became stable. (e ex-
perimental site (left) and the installation location of the
pressure sensor (right) are shown in Figure 4.

4. Results and Discussion

4.1. Comparison of Energy Performance under Different Tip
Clearances. As can be seen from Figure 5, the energy
performance of mixed-flow pump under four tip clearances
is acquired. At the same tip clearance, as the flow rate in-
creases, the head gradually decreases, and the efficiency value
has a maximum value in the design conditions, indicating
that the hydraulic pump has a better hydraulic design
structure. Under different tip clearances, under the design
flow conditions, when the tip clearance increases from
0.2mm to 0.5mm clearance, the changes in head and effi-
ciency are not obvious. However, when the tip clearance
increases from 0.5mm to 1.1mm, the head and efficiency
decrease a lot obviously. Totally, when the tip clearance
increases from 0.2mm to 1.1mm, although the tip clearance
increased by 0.9mm, the head and efficiency decreased by
18.1% and 11.6%, respectively. Under small flow conditions,

the head change is more unstable under the flow rate
condition of 0.4Qdes. However, under large flow rate con-
ditions, the changes of the head and efficiency under dif-
ferent tip clearance are not obvious. At the same time, from
the smallest tip clearances to the largest tip clearance, the
head and efficiency show an increasing trend first and then a
decreasing trend. In summary, the tip clearance size has a
great business with the energy performance of mixed-flow
pump. When the tip clearance is 0.2mm or 0.5mm, the
pump head or efficiency does not change much. However,
when the tip clearance is 0.8mm or 1.1mm, the pump head
or efficiency decreases significantly. (ese characteristics
indicate that the tip clearance should be kept within 0.5mm
in this situation if the pump always operates under designed
flow rate.

4.2. Time-Domain Characteristics of Pressure Coefficient
under Different Tip Clearances. In this section, in order to
study the effect of tip clearance size (t� 0.2mm, t� 0.5mm,
t� 0.8mm, and t� 1.1mm) on the pressure pulsation of
mixed-flow pump, the pressure pulsation distributions at the
impeller inlet, impeller middle, and impeller outlet are ac-
quired at designed flow rate. As transient relative pressure
values at each monitoring point acquired by high-frequency
pressure sensors are different according to the local position,
the pressure pulsation coefficient is employed to normalize
the relative pressure value. Meanwhile, the pressure pulsa-
tion coefficient is dimensionless and could eliminate the
effect of flow rate conditions. (us, the pressure pulsations
of various positions could be compared with each other at

Cut-off valve

Regulator tank

Control valveFlowmeter

Motor Model pump

Torque tachometer

Figure 2: Experimental setup.
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Guide vane
Impeller

High-frequency pressure sensor Sensor 1

Sensor 2
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Figure 3: Mixed-flow pump model.
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the same level. (e pressure coefficient Cp could be
expressed as

Cp �
(1/N) 

N
i�1 Pi(t) − Pi 

0.5ρu2
2

, (2)

where p is the relative static pressure measured by pressure
sensor, Pa; u2 is the circumferential velocity of impeller
outlet, m/s; ρ is the density of water at room temperature,
1000 kg/m3; N is the number of pressure pulsation signals.

Figure 6 shows the original time-domain characteristics
of pressure pulsations of mixed-flow pump at the inlet,
middle, and outlet of impeller at designed flow conditions
with four tip clearances. For convenient analysis, a short
segment of pressure signals is selected. It can be seen from
the figure that the time-domain response of pressure pul-
sation at each monitoring point is rather large. At impeller

inlet, the average amplitude of pressure pulsation in time-
domain curve is smaller than that of other positions, and its
periodicity is also weaker. At the middle of impeller, the
periodicity of pressure coefficient pulsation curve is more
obvious, and 4 peaks and troughs appeared within one
impeller rotation cycle (T� 0.0414 s), which coincides with
the BPF (f≈96.68Hz). At the same time, the time-domain
amplitude of pressure pulsation curve also increases sig-
nificantly at the middle of impeller. At the impeller outlet,
the average pressure pulsation amplitude reduces compared
with the results of impeller middle, but the influence of BPF
is still obvious. Specifically, the amplitude of pressure pul-
sation curve is still obvious, and the frequency of peaks and
troughs is still large. Meanwhile, the RSI of impeller and
guide vane is also obvious at the outlet of impeller. Four
peak-to-peak differences in the pressure curve within a
period are large, indicating that the unsteady effect of RSI
zone is strong.

In terms of different tip clearances, the characteristics of
pressure pulsation curve in each tip clearance are quite
different at impeller inlet as well. When the tip clearance is
smallest, the fluctuation intensity of time-domain curves
varies greatly with time, and the maximum peak-to-peak
difference of pressure pulsation curves in adjacent periods is
about 0.1. With the increase of tip clearance, the peak-to-
peak value of pressure coefficient curve decreases first and
then increases. When the tip clearance is 0.5mm, not only is
the fluctuation amplitude of pressure curve low, but also the
amplitude difference between the peak and trough value is
not large. When the tip clearance is increased to 1.1mm, the
curve begins to show good periodicity and the fluctuation of
pressure coefficient is relatively stable. At this time, the time
of pressure curve elapsed in one cycle is about 0.06 s (as
shown by red dashed line), which is slightly larger than the
rotation period of impeller. At the middle of impeller, the
difference in pressure pulsation curves of different tip
clearances is not obvious, and the period of pressure pul-
sation curve is about 1/4 of impeller rotation period resulting
from the influence of BPF. However, the periodicity of
pressure pulsation curve of 0.5mm tip clearance is better

Computer

Mixed-flow pump

HSJ-2010

Inlet value

Motor

(a)

Pressure sensor

(b)

Figure 4: Arrangement of external characteristic and pressure pulsation measurement.

0.4 0.6 0.8 1.0 1.20.2
Q/Qdes

3

4

5

6

7

8

9

10

11

H
 (m

)

10

20

30

40

50

60

70
η 

(%
)

t = 0.2mm
t = 0.5mm
t = 0.8mm
t = 1.1mm

t = 0.2mm
t = 0.5mm
t = 0.8mm
t = 1.1mm

Figure 5: Comparison of energy performance curves with different
tip clearances.

Shock and Vibration 5



∆Cp≈0.1

Cp

Cp

Cp

Cp

–0.16
–0.08

0.00
0.08
0.16

–0.16
–0.08

0.00
0.08
0.16

–0.16
–0.08

0.00
0.08
0.16

0.05 0.10 0.15 0.20 0.25 0.300.00
t (s)

t = 0.8mm
t = 1.1mm

t = 0.2mm
t = 0.5mm

–0.16
–0.08

0.00
0.08
0.16

(a)

Cp

Cp

Cp

Cp

t = 0.8mm
t = 1.1mm

t = 0.2mm
t = 0.5mm

0.20 0.25 0.30 0.35 0.400.15
t (s)

–0.48
–0.24

0.00
0.24
0.48

–0.48
–0.24

0.00
0.24
0.48

–0.48
–0.24

0.00
0.24
0.48

–0.48
–0.24

0.00
0.24
0.48

(b)

Cp

Cp

Cp

Cp

t = 0.8mm
t = 1.1mm

t = 0.2mm
t = 0.5mm

0.05 0.10 0.15 0.20 0.25 0.300.00
t (s)

–0.24
–0.12

0.00
0.12
0.24

–0.24
–0.12

0.00
0.12
0.24

–0.24
–0.12

0.00
0.12
0.24

–0.24
–0.12

0.00
0.12
0.24

(c)

Figure 6: Time-domain characteristic of impeller inlet, middle, and outlet under different tip clearances. (a) Impeller inlet. (b) Impeller
middle. (c) Impeller outlet.
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than that of the other three tip clearances. (ere is a dif-
ference between the peak and trough value of pressure
amplitude within different impeller rotation cycles when the
tip clearance is small, while the harmonic components of
pressure curve increase significantly when the large tip
clearance is large. At impeller outlet, under the dual in-
fluence of BPF and RSI between impeller and guide vane,
there is more information in the pressure coefficient curve of
each tip clearance, which is not easy to be distinguished. In
general, with the increase of tip clearance, the amplitude of
pressure pulsation also shows a decreasing trend first and
then an increasing trend. In summary, the size of tip
clearance does affect the pressure pulsation characteristics of
impeller inlet, middle, and outlet of mixed-flow pump, while
the impeller inlet and impeller outlet are significantly more
affected in comparison to impeller middle.

4.3. Wavelet Transform of Pressure Pulsation under Different
Tip Clearances. It is known that the time-domain signals of
pressure pulsation could only provide the characteristics
with time, and the characteristics in frequency space could
not be described. In recent years, the emergence of con-
tinuous wavelet transform can not only describe the change
of signals with time but also obtain the characteristics of
signals in spatial frequency. (erefore, continuous wavelet
transform is used in this section to analyze pressure pul-
sation signals. (e energy spectrum function of the con-
tinuous wavelet transform is defined as

WX(s, t) � 
+∞

− ∞
x(τ)ψ∗

τ − t

s
 dτ, (3)

where x(τ) is the time series signal; WX(s, τ) is the wavelet
transform coefficient; ψ∗(τ) is the conjugate function of
wavelet function.

Unlike the Fourier transform whose basis is always
orthogonal, the choice of wavelet base is more versatile. For
the same time series, different wavelet bases can lead to a
completely different spectrum. (erefore, the choice of
wavelet base is crucial to wavelet analysis. In this study, the
wavelet base function used is the derivative of a Gaussian
(DOG), which is better for the application to tip flows.

(e wavelet base function is as follows:

ψ0(τ) �
(− 1)m+1
���������
Γ(m + 1/2)


dm

dtm
e

− τ2/2
 ,

ψ0(ω) �
(− i)m+1

���������
Γ(m + 1/2)

 (sω)
m

e
− (sω)2/2

.

(4)

(e wavelet base is normalized by


∞

− ∞
ψ0 ω′( 



2dω′ � 1, (5)

where m is the derivate order and ω is the frequency.
Figure 7 shows the wavelet transform results with

wavelets of different frequency-space resolutions at the inlet,
middle, and outlet of the impeller under different clearances.
(e times of pressure signals have been transferred to the
number of revolutions of impeller, which could be

abbreviated as Rev. (e method to relate wavelet scale s to
Fourier frequency can be found in [40]. In order to weaken
the edge effects and error of finite length of experimental
signals [41], the number of pressure pulsation signals, which
is corresponding to the integer power of 2, has been selected
to be analyzed. Also, the time-averaged wavelet spectrum is
shown on the right side of each wavelet transform figure. It
can be seen from the figure that most of the energy of wavelet
spectrum is basically concentrated from 8Hz to 64Hz under
different tip clearances, and the modulus value of the first-
order peak formed in the time-averaged wavelet spectrum
curve is higher. However, compared with other gaps, the
frequency range of energy concentration is narrower when
the tip clearance is 0.2mm, nearly from 16Hz to 64Hz,
which indicates that the pressure signal at impeller inlet
under small tip clearance is more stable and periodic. With
the increase of tip clearance, the high-energy value region of
the wavelet spectrum expands towards the low frequency,
and the second-order peak is formed when the tip clearance
is 0.5mm or 0.8mm, and the second-order peak value at
0.8mm is significantly higher than that of 0.5mm. However,
the time-averaged wavelet spectrum in the low-frequency
band is significantly higher under the tip clearance of
0.5mm, indicating that the low-frequency disturbance at
impeller inlet is obvious currently. With the increase of tip
clearances, the energy of wavelet spectrum changes greatly.
For instance, when the tip clearance is 1.1mm, the frequency
corresponding to the first-order peak of wavelet spectrum
significantly reduces, while the frequency corresponding to
the second-order peak is higher, indicating that the main
frequency pulsation of impeller inlet has changed at large tip
clearances. At the same time, comparing the time-averaged
wavelet spectra of four tip clearances, it is found that the
extreme value of wavelet spectrum decreases rapidly and
then increases slightly with the increase of tip clearance, and
the extreme value tends to be stable at two large tip clear-
ances. (is shows that although the increase of TLF reduces
the disturbance frequency at impeller inlet under large tip
clearances, the intensity of the disturbance does not increase
much.

Similarly, Figure 8 shows the wavelet modulus spec-
trum and time-averaged wavelet modulus spectrum curve
at impeller middle with different tip clearances. Under the
circumstance of different tip clearances, the first-order
peaks of the wavelet spectrum stand from 64Hz to 128Hz,
which is consistent with the frequency band where BPF is,
indicating that the impeller middle of four tip clearances is
significantly affected by the BPF. However, it can be seen
from the time-averaged wavelet spectrum that as tip
clearance increases, the time-averaged value of wavelet
modulus spectrum gradually decreases, indicating the
intensity of pressure pulsation caused by TLF from im-
peller blade middle rim decreases, further explaining that
the pressure difference on both sides of blades at impeller
middle reduces.

Figure 9 shows the wavelet modulus spectrum and time-
averaged wavelet modulus spectrum curve at impeller outlet
with different tip clearances. As can be seen from the figure,
the energy distribution of wavelet spectrum at impeller

Shock and Vibration 7



outlet is quite different under different tip clearances, so the
wavelet spectrum is divided into high-frequency bands and
low-frequency bands for analysis, which is marked with
dashed lines. In general, compared with the four tip
clearances, the wavelet energy is still concentrated in high-
frequency band, indicating that the influence of BPF is still
obvious. Among four tip clearances, the wavelet energy
concentration in the high-frequency region is the best at
0.5mm tip clearance, and most of the high-frequency energy
is in the interval of 64–128Hz. However, when the tip
clearance decreases or increases, part of the energy in the

high-frequency region overflows toward the high-frequency
direction.(at is, when the frequency is greater than 128Hz,
the wavelet energy spectrum value is still high. At the same
time, it can be seen from the first-order peak value of the
time-averaged wavelet spectrum that the extreme value of
time-averaged wavelet energy also decreases first and then
increases with the increase of tip clearance. Within low-
frequency band, the value of wavelet energy spectrum is also
higher under the situation of four tip clearances as a result of
the RSI effect. At 0.5mm tip clearance, the wavelet energy in
the low-frequency band does not fluctuate much in
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Figure 7: Wavelet modulus spectrum of pressure pulsation at impeller inlet with different tip clearances. (a) t� 0.2mm. (b) t� 0.5mm. (c)
t� 0.8mm. (d) t� 1.1mm.
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frequency space, and the time-average wavelet modulus
value is small. However, under the circumstance of other tip
clearances, the time-averaged wavelet energy fluctuates
greatly, and the second-order peaks are obvious. Like
wavelet energy distribution within the high-frequency band,
the wavelet energy extreme value decreases first and then
increases within the low-frequency band as the tip clearance
increases. (ese phenomena indicate that the size of tip
clearance can indirectly affect the flow fields in the RSI zone.
As the tip clearance increases, the high-frequency distur-
bance in RSI zone decreases first and then increases, so there
is an optimal tip clearance value of impeller in which the
smallest disturbance exists.

4.4. Coherence of Pressure Pulsation under Different Tip
Clearances. In mathematics, coherence refers to the content
of correlation between two variables. (e wavelet coherence
analysis has a strong ability to analyze non-steady-state
models in the process of pressure pulsation signals. For two
time series pressure pulsation signals x(t) and y(t), the
wavelet coherence spectrum between them can be defined as

R
2
(a, b) �

S a− 1WXY(a, b)( 



2

S a− 1WX(a, b)( S a− 1WY(a, b)( 
, (6)

where R(a,b) is coherence coefficient and S is smoothing
operator.
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Figure 8: Wavelet modulus spectrum of pressure pulsation at impeller middle with different tip clearances. (a) t� 0.2mm. (b) t� 0.5mm.
(c) t� 0.8mm. (d) t� 1.1mm.
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In order to further analyze the coherence of pressure
signals at different locations, a wavelet transform coherence
(WTC) analysis is performed on the dynamic pressure
pulsation signals collected under the tip clearance of 0.5mm.
In the analysis process, adjacent pressure sensors (sensor 1
and sensor 2) and axisymmetrical pressure sensors (sensor 1
and sensor 3) are selected for coherence analysis processing,
respectively. Figures 10 and 11 are the wavelet coherence
spectrum obtained from adjacent pressure sensors and
axisymmetrical pressure sensors in the same axial section
when the tip clearance is 0.5mm, respectively. On the right
side of wavelet coherence spectrum, time-averaged results of

wavelet coherence spectrum are shown simultaneously, as
shown in the previous sections. For more convenience of
analysis, the signals of different positions are divided into
three kinds. (e first is from 2Hz to 16Hz, which is named
L-region.(e second is from 16Hz to 64Hz, which is named
M-region. (e third is from 64Hz to maximum, which is
named H-region. Because of the signal edge effect, the error
is higher in the COI (cone of influence) region; only the
wavelet coherence in the confidence interval is studied. It
can be seen from the figure that, no matter whether the
distance of two sensors is far or close, the wavelet coherence
is strong near the BPF and within 2∼16Hz at the section of
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Figure 9: Wavelet modulus spectrum of pressure pulsation at impeller outlet with different tip clearances. (a) t� 0.2mm. (b) t� 0.5mm. (c)
t� 0.8mm. (d) t� 1.1mm.
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impeller inlet. It indicates that the similarity of two time
series pressure signals is high in frequency spaces. Fur-
thermore, the wavelet coherence of pressure pulsation

becomes lower when two pressure sensors distribute
asymmetrically, but it still shows the high coherence region,
which indicates that the inlet disturbance is stable at the
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Figure 10: Wavelet coherence spectrum of pressure pulsation of adjacent pressure sensors with different tip clearances. (a) Impeller inlet.
(b) Impeller middle. (c) Impeller outlet.
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impeller inlet. At the same time, it can be known that the
flow field at the impeller inlet is mainly affected by the
disturbance of low frequency and BPF, which is consistent
with the analysis of the wavelet spectrum. However, the
wavelet coherence spectrum shows that the low-frequency
fluid disturbance is relatively stable in different positions,
and the influence of BPF on impeller inlet is unstable.

At impeller middle, there is not much difference between
the two sets of wavelet coherence spectrum, both of which

have high coherence between 64Hz and 128Hz, indicating
that the two sets of signals are affected by the stable BPF and
also the stability of impeller rotational speed. In the inter-
mediate frequency region and low-frequency region, the
wavelet coherence spectrum of two group shows weaker
wavelet coherence, but strong coherence value appears only at
some moments, such as in the interval of 10∼15Rev and
35∼45Rev. In fact, these two regions correspond to the high
coherence in the low-frequency band of impeller inlet from
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Figure 11: Wavelet coherence spectrum of pressure pulsation of axisymmetrical pressure sensors with different tip clearances. (a) Impeller
inlet. (b) Impeller middle. (c) Impeller outlet.
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the coherence spectrum of axisymmetric sensors, which in-
dicates that the low-frequency disturbance of impeller inlet
will also affect the flow fields of impeller middle to a certain
extent, but the impact is not great. At impeller outlet, the
wavelet coherence value near BPF is still high, and the in-
tensity of wavelet coherence shows a decreasing trend as the
frequency drops in the intermediate-frequency space and low-
frequency space. Comparing the wavelet coherence spectrum
of two pairs of pressure sensors, the time-averaged coherence
difference at the intermediate frequency band is significantly
different, followed by the low-frequency band. Within in-
termediate frequency band, when the sensors are adjacent, the
interaction between adjacent flow channels makes the cor-
relation signal between the pressure pulsation signals, so the
coherence of the entire frequency band is strong. When two
sensors are far away, there is an isolated flow channel between
the corresponding flow channels, so the interaction effects
reduce, and the coherence strength of the low-frequency
region of the intermediate frequency band is weakened.
However, at this time, the coherence in the high-frequency
part of intermediate frequency band is still strong, and it is
located near the axial frequency of impeller, indicating that
the axial frequency disturbance is strong locally. (erefore,
the distance between sensors is also one of the factors affecting
coherence. In the low-frequency band, the coherence between
the two sets of pressure pulsation signals is further weakened,
but the coherence is also greater at somemoments. When two
sensors are close, the maximum coherence appears near
18Rev, and when two sensors are far away, the maximum
coherence appears near 22Rev, indicating that the signal has a
random pulsation and nonstationarity.

5. Conclusions

In this paper, the energy performance and pressure pulsation
characteristics of a mixed-flow pump under different tip
clearances are analyzed based on wavelet analysis; some
findings are as follows:

(1) (e change of tip clearance can affect the head and
efficiency of mixed-flow pump. Under different
clearances, when the tip clearance increases from
0.2mm to 1.1mm, the head and efficiency decreased
by 18.1% and 11.6%, respectively, under designed
flow rate condition. When the tip clearance is
0.2mm or than 0.5mm, the pump head or efficiency
does not change much. However, when the tip
clearance is 0.8mm or than 1.1mm, the pump head
or efficiency decreases significantly. (erefore, in
order to ensure that the mixed-flow pump operates
at a higher head and efficiency point, the tip clear-
ance of the impeller needs to be kept at a small level.

(2) (e size of tip clearance of mixed-flow pump affects
the time-domain characteristics of pressure pulsa-
tion. Due to the strong influence of BPF of four
blades at the middle of impeller, the period of
pressure pulsation curve is about 1/4 of impeller
rotation period, and the effect of tip clearance change
is not obvious compared with the impeller inlet and

impeller outlet. (e amplitude and intensity of
pressure pulsation at impeller inlet are mainly af-
fected by the change of tip clearances. With the
increase of tip clearance, the peak-to-peak value of
pressure pulsation curve and the fluctuation degree
of pressure pulsation show a decreasing trend first
and then an increasing trend. Meanwhile, the change
of tip clearance also makes the time-domain features
of impeller outlet more complicated.

(3) Compared with the similar wavelet spectrum of
pressure pulsation at impeller middle, the pressure
wavelet energy spectra at the impeller inlet and the
impeller outlet are significantly different. At impeller
inlet, the low-frequency pulsation with energy
concentration is the main disturbance frequency,
and, with the increase of tip clearance, not only does
the high-value region of wavelet spectrum expand to
low-frequency direction, but also it is easy to form
second-order peaks in the time-averaged wavelet
curve. Although the main frequency pulsation of
impeller inlet under the large tip clearance reduces,
the increase of disturbance intensity is not obvious.
At impeller outlet, affected by BPF and RSI, the
extreme value of the time-averaged wavelet curve
also decreases first and then increases with the in-
crease of tip clearance, indicating that the high-
frequency disturbance in RSI area decreases first and
then increases. (erefore, there is an optimal tip
clearance value to make the minimum disturbance.

(4) (e wavelet coherence at different positions indi-
cates a higher similarity of low-frequency pulsation
at impeller inlet in the circumferential direction, also
demonstrating that the low-frequency disturbances
of impeller inlet flow field are more stable than those
in other positions, but the low-frequency distur-
bances in impeller inlet still affect the low-frequency
pulsation at impeller middle. (ere is still a high
degree of coherence at different positions of impeller
outlet impacted by BPF, and the coherence at the
intermediate frequency band is not weak as well. (e
interaction between adjacent flow channels also
makes the coherence between adjacent pressure
sensors in intermediate frequency band stronger, but
when the two sensors are far away, the interaction
between flow channels weakens. However, the co-
herence of axial frequency is strong, which indicates
that the axial frequency disturbance is strong there.
(erefore, sensor distance is also one of the most
important factors for coherence analysis.
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