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Abstract: The pressure pulsation characteristics of the blade’s surface have an impact on the lifespan
of the multiphase pump impeller. To explore the influence of the gap matching relation on the pressure
pulsation characteristics at blade’s surface of the pump, the axial clearance coefficient (ACC) between
the impeller and diffuser and the relative tip clearance of the impeller were defined. By combining
of numerical simulation and experiment, the pressure pulsation characteristics at blade’s surface
of the single pressurization unit of the pump were studied under different gap matching relations.
The results show that the size of tip leakage flow and the strength of rotor-stator interaction caused
by different relative tip clearances have a decisive influence on the pressure pulsation characteristics
in the impeller. With the increase of tip clearance, the internal flow field distribution law was greatly
changed, which had a great impact on the pressure pulsation peak-to-peak value and dominant
frequency amplitude of the suction surface. In addition, the pressure pulsation characteristics of
the diffuser were mainly affected by the strength of rotor-stator interaction. When the strength of
rotor-stator interaction weakened, the amplitude of the dominant frequency pulsation was decreased
by degrees. As the ACC increased, the variation of the pressure pulsation peak-to-peak value and
the dominant frequency amplitude coefficient were gradually slowed down in the diffuser, and the
dominant frequency amplitude of the monitoring points were most sensitive to change in the ACC.
The research results can provide a theoretical reference for the optimal design of the multiphase
pump blades.

Keywords: gap matching relation; multiphase pump; pressure pulsation; pressurization unit

1. Introduction

Due to the potential impact of marine oil resources in the oil and gas industry, the
demand for exploration of marine oil resources around the world is imperative [1,2].
Therefore, the multiphase pump has become the mainstream direction of future oil and gas
resources transportation development research because of its large flow rate, high efficiency,
simple structure, convenient manufacturing, low cost, sand resistance and many other
advantages. However, owing to the complexity of oil and gas transportation mediums, the
stability of the pump is poor in the working process, which seriously affects the safe and
reliable transportation.

At present, research on the pump mainly involves numerical simulation and experi-
ments. In terms of numerical simulation, Yang et al. [3] conducted a study on the pump
and found that when the inlet gas void fraction (IGVF) is less than 10%, the pump has a
good pressurization performance. Shi et al. [4] established a numerical analysis method for
multiphase flow characteristics to predict the performance and reliability assessment of the
pump, and studied the effects of different turbulence models, wall roughness, bubble size
and interphase resistance models on hydraulic performance. Li et al. [5] carried out the
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numerical simulation on the three-stage pump, and the results showed that under different
IGVFs, the higher the IGVF, the more obvious the impact on the pressurization capacity and
the pressure pulsation characteristics of the pump. Ma et al. [6] studied the internal flow
and external characteristics of the pump and found that the degree of gas-liquid separation
in the pump would gradually increase with the increase of rotating speed. Ming et al. [7]
used a numerical method to optimize the pump under the condition of the IGVF of 10%.
After optimization, the gas phase and pressure distribution in the optimized pump were
more uniform, and the pressure rise was increased by 6.69%. Xiao et al. [8] discovered
that the basic reason of the radial force generation of the pump was mainly caused by
the uneven distribution of fluid in the flow channel. Moreno et al. [9] found that a larger
inlet angle would lead to a larger volume of ‘air sac’ and more obvious flow separation
under the same IGVF. Zhang et al. [10] used a numerical simulation on the pressurization
unit of the axial pump. It was found that the average pressure at the junction of the im-
peller and the diffuser at all levels have decreased because of the blades number and the
rotor-stator interaction.

In the aspect of experimental research, for example, Xu et al. [11] tested two kinds
of pumps under single-phase and multi-phase conditions and found that the IGVF of
the two pumps with the maximum stable operation was up to 50%. Saadawi et al. [12]
investigated the performance of the pump and showed the pressurization capacity and
the efficient operation range of the pump increased with the increase of rotating speed.
Zhang et al. [13] found that the gas in the impeller channel was mainly gathered near
the suction surface at the outlet of the impeller hub under different IGVFs, while the
gas in the diffuser mainly gathered at the hub. Serena et al. [14,15] discovered that the
bubbles in the pump would be broken by the sheer force at high speed. At the same
time, the average diameter of bubbles would decrease accordingly, and the two-phase
distribution in the pump was more uniform under a visual experimental study of the
pump. Chang et al. [16] discussed the pressurization characteristics of the centrifugal pump
under single-phase and two-phase conditions. The experimental results showed that the
pressurization performance of the pump was related to the IGVF and rotating speed, but
not to the liquid flow rate in the range of 10~26 m3/h. Yu et al. [17] performed an order
of magnitude analysis of the interphase force in the pump under different IGVFs, bubble
diameter and rotating speed. The research showed that the resistance dominated and the
turbulent dispersion force could be ignored. Meanwhile, the increase of rotating speed
would increase the interphase force. Shi et al. [18–20] studied the internal flow law and
the working ability of the pump under different working conditions, and pointed out that
in the front half of the blades, the closer to the shroud, the stronger the pressurization
performance of the impeller. Zhang et al. [21] investigated the effect of the IGVF on the
energy performance and the pressure pulsation of the pump. It was found that the tip
leakage flow induced the vortex formation near the leading edge of the suction side of
blades, which affected the pressure fluctuation in the impeller. Liu [22] studied the coupling
mechanism between the tip leakage vortex (TLV) and the pressure pulsation of the pump.
Then, it was discovered that the presence of gas phase would make the maximum pressure
pulsation intensity in the tip clearance closer to the tip leakage flow outlet at the beginning
of the formation of the TLV. Kong et al. [23] found that the pressurization of the pump was
no longer linearly increased with the series, but a quadratic function relation by considering
the compressibility of gas.

To sum up, although different scholars have undertaken plenty of research on the
multiphase pump, there are relatively few studies on the effect of the gap matching relation
on the pressure pulsation characteristics at blade’s surface of the pressurization unit of the
multiphase pump. However, different matching relations have a great influence on the
stable operation of the pump, especially the unstable pressure pulsation on the blade’s
surface greatly affected the lifespan of the pump impeller. Therefore, it is very important to
study the pressure pulsation characteristics at blade’s surface of the pump under different
matching relations between the axial clearance and the blade’s tip clearance. Then, it verifies
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the reliability of the numerical simulation results through experimental research, and
discusses the influence of the gap matching relationship on the hydraulic performance of
the pump, so as to provide a reference for the optimization design of the multiphase pump.

2. Computational Model

In the present work, the single pressurization unit of the multiphase pump is chosen
for analysis. To reduce the effect of boundary conditions on the calculation accuracy, the
inlet and outlet are appropriately extended. Thus, the calculation domain includes inlet
extension section, outlet extension section, axial clearance, impeller, and diffuser.

Based on the outer diameter of the impeller, the ACC between the impeller and the
diffuser is defined as δA; and the impeller relative tip clearance is defined as δT , which can
be calculated by Formulas (1) and (2), respectively. Additionally, the computation model
of the pump is shown in Figure 1, the basic parameters are listed in Table 1, and the main
structural parameters of the impeller and diffuser are listed in Table 2.

δA =
l

Di
. (1)

δT =
h

Di
. (2)

where l is the axial clearance between the impeller and diffuser; h is the tip clearance; and
Di is the outer diameter of the impeller. In the present work, the research range of the ACC
is from 0 to 0.17; the relative tip clearance is from 0‰ to 9‰, which the specific values are
δA = 0, 0.05, 0.09, 0.13, 0.17; and δT = 0‰, 3‰, 6‰, 9‰.
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Table 1. Main performance parameters of the multiphase pump.

Parameters Symbol Unit Value

Design flow rate Q m3/h 90
Design rotating speed n rpm 3600

Number of impeller blades Zi (–) 3
Number of diffuser blades Zd (–) 11

Outer diameter Di mm 161

Table 2. Main structural parameters of the impeller and diffuser.

Parameters Impeller Diffuser

Number of impeller blades 3 11
Outer diameter (mm) 161 161

Inlet hub ratio 0.7 0.78
Blade inlet angle(hub/shroud) (o) 9.05/6 0/0

Blade outlet angle(hub/shroud) (o) 27.05/24 35/35
Axial length (mm) 60 66

3. Numerical Simulation Method and Boundary Conditions
3.1. Turbulence Model

Under the gas-liquid two-phase condition, the influence of gap matching relation
on the unsteady flow characteristics of the pump is studied. The internal flow state
of the pump is extremely complex and accompanied by flow separation, and the SST
k-ω turbulence model considers the transportation of turbulent shear stress, which can
accurately predict the start of flow and the separation of fluid under a negative pressure
gradient condition [24]. Therefore, the SST k-ω turbulence model is selected for calculation.

The SST k-ω turbulence model can be defined as follows:

∂(ρk)
∂t

+∇·(ρUk) = ∇
[(

µ +
µt

σk1

)
∇k

]
+ Pk − β′ρkω. (3)

∂(ρω)

∂t
+∇·(ρUω) = ∇

[(
µ +

µt

σω1

)
∇ω

]
+ α1

ω

k
Pk − β1ρω2. (4)

µt = ρ
k
ω

. (5)

where ρ, µt, µ, k and ω represent the density, the turbulent viscosity, the dynamic viscosity,
the turbulent kinetic energy and the turbulent frequency, respectively; the constant values
are β′ = 0.09; α1 = 5/9; β1 = 0.075; σk1 = 2; σω1 = 2; β2 = 0.0828; and Pk is the turbulence
generation rate.

3.2. Grid Division and Boundary Conditions

ICEM CFD was used for the meshing grid of the inlet and outlet extension section
and the axial clearance; TurboGrid was used for the meshing grid of the impeller and
the diffuser, and the mesh refinement of the moving impeller and static impeller channel
passage using O topology, as shown in Figure 2. In addition, it can be seen in the local
amplification figure that the grid density between the impeller and the diffuser was almost
uniformly arranged. Moreover, considering the convergence of numerical simulation and
other factors, this performed the mesh independence verification. Finally, 4.26 million grids
were used for calculation.
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On the one hand, the inlet boundary condition was set as the velocity inlet, and the
IGVF was 5%, meanwhile, the outlet boundary condition was set as the static pressure
outlet, and the value is 7 atm. On the other hand, the automatic wall treatment model
based on the k-ω equation was used, so that the wall function was automatically adapted
to the low Reynolds number wall equation in the near-wall area. The convection term and
the turbulent kinetic energy phase were solved by the second-order upwind scheme, and
the convergence criterion was set to 1 × 10−4.

In the unsteady numerical simulation, the result of steady simulation was used as the
initial value of unsteady simulation, so as to accelerate the convergence speed and prevent
the divergence of calculation results. On the side, the specific setting parameters were as
follows: the design rotating speed n = 3600 rpm; when the impeller rotates 2 degrees, a
time step is formed, and the time step ∆t = 9.26 × 10−5 s; and the total time is set to 0.5 s to
complete 30 calculation cycles. Finally, the pressure pulsation data in the last three cycles
were extracted for analysis after the unsteady calculation results were stable.

To accurately obtain the transient pressure variation in the simplified pump under
different gap matching relations, it is necessary to set pressure monitoring points in the
impeller and diffuser. At 0.5 span of the pressure and suction surface of the impeller
blades, 12 pressure monitoring points are set from the inlet to the outlet, which are named
YPS1~YPS6 and YSS1~YSS6, respectively. Similarly, 10 pressure monitoring points are set
on the diffuser, named DPS1~DPS5 and DSS1~DSS5, as shown in Figure 3.

3.3. Experimental Study

This experimental system platform can test the hydraulic performance of the mul-
tiphase pump and gas-liquid two-phase transportation experiments. In this study, the
external characteristics test of a single pressurization unit of a pump is mainly carried out.
In order to more easily capture the flow state in the impeller during the test, the diffuser
and the pump body are made of transparent plexiglass, as shown in Figure 4.

The experiment of the multiphase pump experimental platform are frequency con-
verter, torquemeter, inlet and outlet throttle valve, inlet and outlet pressure sensor and
electromagnetic flow meter, and so on, as shown in Figure 5. The precision of main equip-
ment and the parameters of the high-speed camera are shown in Tables 3 and 4, respectively.
The accuracy of the above experiment equipment is reliable, and at the same time, the head
and efficiency obtained in this way are also real and credible.
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Table 3. The precision of main equipment.

Instrument Range Precision Unit

Inlet pressure gauge 0–0.8 0.3 class Mpa
Outlet pressure gauge 0–1 ±0.2% Mpa

Water flow meter 0–140 ±0.5% m3/h
Air flow meter 0–60 1.5 class m3/h
Torquemeter 0–50 0.2 class N·m

Table 4. Main parameters of high-speed camera.

Parameters Value Unit

Camera speed 4000 fps
Shutter speed 1/80,000 s

Resolution 1240 × 1240 ppi
Sensitivity 40,000 (–)
Memory 8 GB
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3.4. Experimental Verification

The accuracy of numerical results can be verified by experiment. The experimental
results are compared with the numerical simulation results, as shown in Figure 6, where
the test values of head, efficiency, and power of the pump with 3000 rpm rotating speed
and 1.0 mm tip clearance in water condition. The power and efficiency can be defined as
Equations (6) and (7), respectively.

Pe = ρgQH. (6)

η =
Pe

P
. (7)

where ρ is the medium density, g is the gravity acceleration, Q is the rate of flow, H is the
head, and P is the input power.

According to the figure, the relative error between the test and the simulation values
are all less than 5% in the test flow range of 60~120 m3/h, which means the simulation
values are in good agreement with the experimental values. The main reasons for the
deviation between the test and the simulation values is that the calculation model is
simplified in the numerical simulation, and the leakage loss of the impeller inlet is ignored.
At the same time, the wall roughness is not considered, so the simulation values are often
higher than the test values. Therefore, the numerical simulation method used in this
study has high reliability, and the calculation results can accurately predict the transport
performance of the multiphase pump.
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4. Result Analysis
4.1. Method of the Pressure Pulsation Analysis
4.1.1. Pressure Pulsation Coefficient

To facilitate the analysis and comparison of the pressure pulsation characteristics, the
pressure pulsation coefficient is used to characterize the pressure pulsation amplitude, Cp
is calculated according to Equation (8) [25].

Cp =
p− _

p
1
2 ρU2

tip
. (8)

where p, p, ρ and Utip stand for the instantaneous pressure, the mean pressure, the density
of water, and the circumferential velocity of the blade’s tip, respectively.

4.1.2. Fast Fourier Transform

Fast Fourier Transform (FFT) is one of the most common frequency domain analysis
methods by simplifying Discrete Fourier Transform.

Let X(n∆t) be a long sequence with finite length, the length was M; and the spectrum
was X( f ), which formed a corresponding relation with the discrete value Xm (where m = 0,
1, 2, . . . , M− 1), as shown in Equation (8).

Xm = X(m∆ f ) =
1
M

M−1

∑
n=0

x(n∆t) exp
(
−j

2πnm
M

)
. (9)

where ∆ f is the frequency resolution; M is the number of sampling points; and ∆t is the
sample interval.

4.2. Effect of the Gap Matching Relation on the Pressure Pulsation Characteristics at Blade’s
Surface of the Multiphase Pump
4.2.1. Time Domain Characteristics Analysis

The unsteady static pressure data of each monitoring point on the impeller blade’s
pressure and suction surface is extracted and processed, and the instantaneous pressure
variation with time is characterized by the pressure pulsation coefficient Cp. Figure 7
shows the time domain diagram of 0.5 span with pressure pulsation on the impeller blade’s
surface, where the abscissa represents the time used for three cycles of the impeller, and is
represented by t, and the ordinate represents the pressure pulsation coefficient.
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It can be seen from Figure 7 that in the first half of the impeller blades, the monitoring
points are YPS1, YPS2, YPS3, YPS4 on the pressure surface and YSS1, YSS2, YSS3, YSS4
on the suction surface. Because the monitoring points are far from the diffuser at this
time, the time domain diagram shows a poor regularity. As the monitoring points move
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to the impeller outlet, the closer to the diffuser, the stronger the rotor-stator interaction is.
Therefore, when the monitoring points are YPS5, YPS6, YSS5 and YSS6, there are obvious
and regular periodic fluctuations in the three calculation cycles. Furthermore, it can also be
found that the monitoring points YPS5 and YPS6 near the outlet of the blade’s pressure
surface, in addition to the working condition of δT = 3‰, the performance law of the
other working conditions is that 11 similar peaks and troughs appear in a rotating cycle,
corresponding to 11 diffusers. At this time, the monitoring points are obviously interfered
by the diffuser.

In addition, by comparing the time domain diagram of the pressure and suction
surface, it can be seen that the regularity of the monitoring points in the front half of the
suction surface is greater than that of the pressure surface, while it is opposite from the
middle to the outlet of the blades. After analysis, this is mainly because the greater influence
of the tip leakage flow on the mainstream area near the second half of the blades, resulting
in the deterioration of the regularity of the time domain diagram of the monitoring points
on the suction surface. Then, comparing the time domain diagrams of different relative tip
clearances at the same monitoring point, it can be found that when δT = 3‰, the regularity of
the blade’s surface pressure pulsation is generally poor. The reason for the above situation
may be that the influence of different tip clearances on the tip leakage flow is not the same,
so the distribution of the pressure pulsation characteristics is also different. Thus, the size
of tip leakage flow and the strength of rotor-stator interaction caused by different relative
tip clearances have a decisive influence on the pressure pulsation characteristics in the
impeller. In summary, the existence of tip clearance changes the periodic characteristics of
the pressure pulsation in the impeller.

4.2.2. Frequency Domain Analysis

To explore the influence of different gap matching relations on the frequency domain
characteristics of the pressure pulsation in the impeller of the pump, and the time domain
pressure of each monitoring point is transformed by FFT. Then, the pressure pulsation
amplitude of the transformed frequency spectrogram is dimensionless. Additionally, the
impeller rotating frequency is fn = n/60 = 60 Hz, so the impeller blade frequency is 3 fn,
and the diffuser frequency is 11 fn.

As can be seen from Figure 8, the low frequency components of suction surface at
each monitoring point are more than those of pressure surface, and the low frequency
dispersion with large amplitude is produced. This may be caused as the tip leakage flow
near the blade’s suction surface is greater than that on the pressure surface. On the one
side, from the inlet to the middle position of the blades, the dominant frequency amplitude
of the pressure pulsation at each monitoring point is mainly concentrated in low frequency,
and the dominant frequency amplitude is large. The phenomenon of low frequency and
high amplitude is related to the jet effect of the tip clearance. On the other side, for the
same monitoring point, with the increase of the relative tip clearance, the overall trend
of the dominant frequency amplitude is upward. Besides, it can still be concluded that
in the second half of the blade’s pressure surface and at the monitoring point YSS6, the
overall pulsation regularity of each monitoring point is better, because the closer the
monitoring points are to the diffuser, the stronger the interference effect is. At this time,
the dominant frequency amplitude of the pressure pulsation is 11 fn, which is equal to the
diffuser frequency.

4.2.3. Analysis of the Pressure Pulsation Peak-to-Peak Value and the Dominant Frequency
Amplitude Coefficient

Under different relative tip clearances, the peak-to-peak value of the pressure pulsation
in the time domain and the amplitude coefficient of the dominant frequency pressure
pulsation in the frequency spectrogram of impeller blade’s surface monitoring points are
extracted, and the results are shown in Figures 9 and 10.
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It can be seen from the figures that the distribution laws of the peak-to-peak value and
the dominant frequency amplitude coefficient are similar, and the size of the value and
coefficient and their variation range along the flow direction are greater than those of the
suction surface. In addition, the average peak-to-peak value and the dominant frequency
amplitude coefficient of the pressure surface are 54.98% and 48.61% higher than those of
the suction surface, respectively. Moreover, the vibration amplitude in the middle of the
impeller blades is the smallest, which is mainly because of the full mixing of gas and liquid,
so that the flow pattern distribution at this position is more uniform.

At δT = 0‰, 3‰, 6‰, from the inlet to the outlet of the pressure surface blades, the
peak-to-peak value and the amplitude coefficient change slowly at first, and then increase
rapidly at the outlet. This is on account of the increase of the rotor-stator interaction when
the monitoring points are close to the outlet of the impeller.

When δT = 9‰, the peak-to-peak value of the pressure pulsation on the blade’s
surface and the amplitude coefficient of the dominant frequency decrease first and then
rise. This may be owing to the further increase of the clearance, which greatly changes the
distribution law of the internal flow field in the pump, so that the range of the pressure
coefficient increases sharply.

Meanwhile, it can also be found that when δT = 0‰, the monitoring points at different
positions have the smallest influence on the peak-to-peak value and the dominant frequency
amplitude on the suction surface. Because without the existence of tip clearance, there is no
leakage flow and jet effect. In consequence, the flow state of the impeller suction surface of
the multiphase pump is better than that with tip clearance.
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4.3. Effect of the Gap Matching Relation on the Pressure Pulsation Characteristics of the Diffuser
4.3.1. Time Domain Characteristics Analysis

By comparing the different axial clearance coefficients, it can be seen that with the
increase of the ACC, the pressure pulsation amplitude coefficient of monitoring points
decreases gradually. At the same time, through horizontal comparison (pressure and
suction surfaces), it is concluded that the pressure coefficient of the pressure surface is
greater than that of the suction surface, as shown in Figure 11.
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In addition, the pressure pulsation of monitoring points at different positions is
regular under different working conditions. According to the observation waveform, the
pressure pulsation law can be divided into two categories: 1© It presents sinusoidal periodic
fluctuations, such as monitoring points DPS1, DSS1, DPS2 and DSS2 at δA = 0.17; 2©When
δA = 0, the waveforms of DPS1, DPS2, DPS3 and DPS4 are periodically, but not the standard
sine curve. However, no matter the sine curve or the periodic fluctuation, there are three
main peaks and troughs in a rotating cycle, which are equal to the number of impeller
blades. The above analysis indicates that the pressure pulsation characteristics in the
diffuser are mainly affected by the rotor-stator interaction. It is found that there are obvious
secondary peaks and troughs in type 2©waveform, and the pressure pulsation regularity
of the suction surface is poor. Because of the large twist on the suction surface profile of
the diffuser blades, the gas-liquid separation occurs easilyunder the effect of inertia, which
leads to the deterioration of the flow pattern and the pressure pulsation regularity of the
suction surface.

4.3.2. Frequency Domain Analysis

To further study the pressure pulsation on the diffuser blade’s surface, the frequency
spectrum analysis of pressure pulsation in three calculation cycles of each monitoring point
under different axial clearance coefficients is carried out. The frequency spectrograms of
DPS1~DPS5 and DPS1~DSS5 are shown in Figure 10. The f/fn in the figure indicates the
pump rotating frequency, where the x axis is the frequency ratio, the y axis is the pressure
pulsation amplitude coefficient, and the z axis is the relative ACC. As can be seen from
Figure 12, the low frequency pulsation does not appear in the frequency spectrogram of
each monitoring point, and the dominant frequency is 3fn. Meanwhile, there are obvious
pulsation peaks at 6fn, 9fn and 12fn, etc.
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When δA = 0, it is indicated that the amplitude of the dominant frequency pulsation at
each monitoring point is greater than that of other ACCs. There are multiple secondary
frequency pulsations which decrease with the increase of frequency. As the coefficient
increases, the amplitude of the dominant frequency pulsation is gradually smaller. This is
because the increase of the axial clearance makes the monitoring points keep away from
the rotor-stator interface, which weakens the rotor-stator interaction. For the same axial
clearance, from the diffuser inlet to the outlet, the dominant frequency amplitude also
presents similar variation.

4.3.3. Analysis of the Pressure Pulsation Peak-to-Peak Value and the Dominant Frequency
Amplitude Coefficient

The peak-to-peak value of the pressure pulsation can intuitively reflect the maximum
pressure of the monitoring points in the diffuser in a rotating cycle. By comparing the
peak-to-peak value of the pressure pulsation at each monitoring point in the diffuser under
different ACCs. It can be seen that the variation trend of the peak-to-peak value of the
pressure pulsation at different clearance coefficients are similar. With the increase of the
clearance coefficient, the peak-to-peak value of monitoring points decreases accordingly.
For monitoring point DPS1, the value of the pressure pulsation at δA = 0 is 4.69 times that
of δA = 0.17, as shown in Figure 13.
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sure surface; (b) suction surface.

The peak-to-peak value of the pressure surface monitoring points along the flow
channel also shows a decreasing trend, and the value of DPS1 at the diffuser inlet is
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14.2 times that of DPS5 at the outlet, because the monitoring points are constantly far away
from the rotor-stator interaction surface.

To observe the pressure pulsation characteristics of the diffuser suction surface, it is
found that the pressure pulsation law at the monitoring points DSS3 and DSS4 is abnormal.
The reason is that the curvature of the diffuser profile is the smallest, and gas-liquid
separation is easy to occur, which results in a large amount of gas gathering here, and
causing the blockage of the flow channel. As a result, the monitoring points become
abnormal, and the smaller the ACC, the more the fluctuation of the peak-to-peak value.

The dominant frequency amplitude of the pressure pulsation in the diffuser cannot
only clearly reflect the dominant frequency amplitude of each monitoring point under
different gap coefficients, but also reflect the change of the pressure pulsation amplitude
coefficient of different monitoring points with the ACC.

As can be seen from Figure 14, the dominant frequency amplitude distribution of each
monitoring point under different ACCs is similar to the peak-to-peak value. At the inlet
of the diffuser pressure surface, the dominant frequency amplitudes of the monitoring
points are most sensitive to the change of the ACC. When δA = 0, the dominant frequency
amplitude of the pressure pulsation is 3.87 times that of δA = 0.17, and the dominant
frequency amplitude at the inlet of the diffuser is 7.82 times that at the outlet. Furthermore,
it is found that the ACC has little effect on the dominant frequency amplitude of the pressure
pulsation at the inlet and outlet of the suction surface and the outlet of the pressure surface.
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5. Conclusions

(1) The pressure pulsation regularity of the monitoring points in the first half of the
impeller blade’s suction surface was better than the pressure surface, while the pres-
sure pulsation regularity was opposite from the middle to the outlet of the blades.
This may be due to the larger influence of the tip leakage flow on the mainstream
area near the second half of the blades. As the monitoring points moved towards the
outlet of the impeller, the closer to the diffuser, the stronger the rotor-stator interaction.
Therefore, the regularity of the pressure pulsation at the monitoring points was better,
and 11 similar peaks and troughs appeared in a rotating cycle at the impeller outlet
monitoring points, corresponding to 11 diffusers.

(2) On the pressure surface of the impeller, the size of peak-to-peak value and the domi-
nant frequency amplitude coefficient and their variation range along the flow direction
were greater than those on the suction surface. What’s more, the vibration amplitude
in the middle of the impeller blades was the smallest. On the whole, the existence
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of tip clearance greatly changed the pressure pulsation in the impeller. In the dif-
fuser, the variation of the pressure pulsation peak-to-peak value and the dominant
frequency amplitude coefficient with different axial clearance coefficients were similar.
Additionally, the peak-to-peak value decreased with the increase of the ACC, and the
dominant frequency amplitude of the monitoring points was most sensitive to the
change of the ACC at the inlet of the diffuser pressure surface.

(3) The pressure pulsation in the diffuser fluctuated periodically, and the fluctuation
period was the same as the number of impeller blades, which indicated that the
main reason for the pressure pulsation inside the diffuser was the interference of
the impeller rotation. As the increase of the ACC, the pressure pulsation amplitude
coefficient of the monitoring points gradually decreased. What’s more, for the same
working condition monitoring points, the pressure coefficient of the pressure surface
was greater than the suction surface. With the increase of the ACC and the direction
from the diffuser inlet to the outlet, the amplitude of the dominant frequency pulsation
was gradually smaller.
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