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Abstract: The 30◦ slanted axial-flow pump device is widely used in agricultural irrigation and urban
drainage in plains areas of China. However, during the actual operation process, the 30◦ slanted
axial-flow pump device is prone to vibration, noise, cracks in the blades, and other phenomena
that affect the safe and stable operation of the pump device. In order to analyze the flow pressure
pulsation characteristics of the 30◦ slanted axial-flow pump device under different flow conditions,
the time–frequency domain analysis method was used to analyze the pressure pulsation of each flow
structure of the 30◦ slanted axial-flow pump device. The results showed that the internal pulsation
law of the elbow oblique inlet flow channel is similar. At the 1.2 Qbep condition, the amplitude
fluctuation of the pressure pulsation was small, and the main frequency is 4 times the rotating
frequency. The monitoring points at the outlet of the elbow oblique inlet flow channel were affected
by the impeller rotation, and the pressure pulsation amplitude was larger than that inside the elbow
oblique inlet flow channel. The pressure fluctuation of each monitoring point at the inlet surface of
the impeller was affected by the number of blades. There were four peaks and four valleys, and the
main frequency was 4 times the rotating frequency. The amplitude of pressure fluctuation increased
gradually from the hub to the rim. The main frequency of pressure fluctuation at each monitoring
point of the impeller outlet surface was 4 times of the rotating frequency, and the low frequency was
rich. The amplitude of pressure fluctuation was significantly lower than that of the impeller inlet.
With the increase of flow rate, the peak fluctuation of pressure coefficient decreased gradually, and
the amplitude of pressure fluctuation tended to be stable. Under 0.8 Qbep and 1.0 Qbep conditions,
the large fluctuation of the pressure fluctuation amplitude on the outlet surface of the guide vane
was mainly affected by the low-frequency fluctuation. Under the 1.2 Qbep condition, the pressure
fluctuation amplitude changed periodically.

Keywords: axial flow pump; pump device; pressure pulsation; Fourier transform; numerical simula-
tion; model test

1. Introduction

The slanted axial-flow pump device has the characteristics of low head and large
flow rate. Because of its simple structure, low cost, small hydraulic loss, high operational
reliability, and convenient installation and maintenance, it is widely used in low-head
pumping stations in plains areas, which play an important role in improving the disaster
resistance and promoting social and economic development in plains areas. At present,
the slanted axial-flow pump device is used in ultra-low-lift pumping stations such as
Shanghai Jiangzhen River Pump Gate, Hangzhou Sanbao Drainage Pumping Station,
Guangdong Guipanhai Pumping Station, and Guangdong Wentouling Pumping Station,
which are widely distributed in the Yangtze River Delta and the Pearl River Delta in
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China. The 30◦ slanted axial-flow pump device shown in this paper is one of the slanted
axial-flow pump devices and is widely used. The pump stations of Shanghai Diandong
Pump Gate, Guangdong Shunde Jingkou Second Pumping Station, and Zhejiang Drainage
Sanbao Pumping Station employ the 30◦ slanted axial-flow pump device. Domestic and
foreign scholars have done a lot of research on the slanted axial-flow pump; for example,
Zhang et al. [1] numerically simulated the cavitation performance of the slanted axial-flow
pump under different working conditions and explored the causes of the collapse of the
cavitation performance of the slanted axial-flow pump. Wang et al. [2] found that there was
a flow deviation phenomenon in the S-shaped channel of the 15◦ slanted axial-flow pump,
and carried out numerical simulation research and field measurement on the test bench to
clarify the mechanism of this phenomenon. Yang et al. [3], based on Reynolds-averaged
Navier–Stokes equations and RNG k-ε turbulence model, studied the three-dimensional
fluid flow in a slanted axial-flow pump, analyzed the velocity distribution and stress
distribution of the flow field in the slanted axial-flow pump under different working
conditions, and found that they were in good agreement with the experimental study.
Fu et al. [4] studied the transient characteristics of the slanted axial-flow pump in the start-
up process, and used a numerical simulation method to simulate the start-up transition
process of the slanted axial-flow pump. The results of the latter study could help to avoid
the start-up vibration problem in engineering. Kan et al. [5] used the VOF method and
RLH method to deal with the free water surface of the slanted axial-flow pump, and
compared the advantages and disadvantages of the two water surface treatment methods
by numerical simulation, laying the foundation for the study of gas–liquid two-phase flow
in the pump device. Wang et al. [6] used an unsteady numerical simulation method to
simulate the flow pattern of 15◦ slanted axial-flow pump, and studied the characteristic
curve, pressure fluctuation, and radial force of pump impeller. Zhang et al. [7] studied
the influence of different tip clearances on the hydraulic performance of a slanted axial-
flow pump by using a curvature-corrected filtering model. Wu et al. [8] designed four
relative position schemes of guide vanes to conduct numerical calculation research on
an S-type slanted axial-flow pump under different working conditions, and studied the
influence of guide vane position on its hydraulic performance. Xie et al. [9] carried out
numerical simulation on vertical shaft and slanted axial-flow pump devices. On the
premise of maintaining the same hydraulic model and flow channel length, the performance
differences between the two were compared to provide reference for pump station selection.
Huang et al. [10] used an orthogonal experimental design method to optimize the slanted
axial-flow pump device, combined with CFD technology to study the influence of inlet
geometry size on pump device performance. Based on CFD technology, Xie et al. [11]
studied the cavitation performance and pressure pulsation of an 15◦ slanted axial-flow
pump device and expounded the difference from the vertical axial flow pump. Based on a
SST k-ω turbulence model, Tang et al. [12] used RANS and URANS methods to numerically
calculate the transient and steady states of the slanted axial-flow pump, and compared the
differences in flow pattern and velocity distribution between the two. Wang et al. [13] used
three common boundary circulation distribution methods for numerical simulation, and
compared the eccentric flow, vortex, and turbulence characteristics of the outlet channel of
the slanted axial-flow pump. Combined with experimental comparison, it was found that
the numerical reliability of the nonlinear model was good.

In the past, scholars have mainly focused on the flow field in the pump device, the
position of the hydraulic model, the cavitation performance and the improvement of the
geometric size of the inlet and outlet flow channel. However, there have been few studies
on the pressure pulsation analysis of the slanted axial-flow pump device. The internal
flow field distribution of the slanted axial-flow pump device is complex, and the pressure
pulsation inside the pump device is difficult to measure and the test time is long [14].
Numerical simulation technology is an effective means by which to study the pressure
pulsation of a slanted axial-flow pump device. In order to clarify the hydraulic stability and
internal flow characteristics of a 30◦ slanted axial-flow pump device, this paper analyzed
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the pressure pulsation of a 30◦ slanted axial-flow pump device, which provides a theoretical
basis for the optimization of the 30◦ slanted axial-flow pump device.

2. Numerical Calculation and Experimental Verification
2.1. Computation Model

The slanted axial-flow pump device includes four flow passages: elbow oblique inlet
flow channel, impeller, guide vane, and straight pipe outlet flow channel. UG software
was used to establish a three-dimensional solid model of the elbow oblique inlet flow
channel calculation domain and the straight pipe outlet flow channel calculation domain.
ANSYS TurboGrid software was used to establish a three-dimensional solid model of the
impeller calculation domain and the guide vane calculation domain. The hydraulic model
of the slanted axial-flow pump device was ZM3.0-Y991. The design of the ZM3.0 axial flow
pump adopts the radial balance equation to calculate the flow and, according to the plane
mountain theory, the cascade model is solved by the surface element method [15]. The
nominal diameter of the impeller is 1.68 m, the number of impeller blades is 4, the hub
ratio is 0.402, the thickness of the blade end is 28.2 mm, and the thickness of the blade root
is 52.3 mm. According to the requirements of the water conservancy industry standard
of the People’s Republic of China Specification of equipment installation and acceptance for
pumping stations (SL317-2015), the tip clearance is 1.5 mm. The design of the guide vane
was carried out directly using a simplified three-dimensional flow model [15], and the
number of vanes is five. The rated speed n of the pump device is 250 r/min, the designed
flow Qbep is 10.66 m3/s, the rotational frequency is 4.17 Hz, and the blade frequency is
16.67 Hz. The three-dimensional solid model of the pump device is shown in Figure 1, and
the geometric dimensions of the elbow oblique inlet flow channel and straight pipe outlet
flow channel are shown in Figure 2.
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2.2. Calculation Method and Boundary Conditions

The RNG k-ε turbulence model takes into account the rotation and swirl flow in the
average flow, and can better deal with flows with a high strain rate and large streamline
curvature. It is mainly applied to the flow in rotating coordinate systems. The model can
better reflect the dynamic and static interference caused by the rotation of the impeller,
and can effectively predict the unsteady three-dimensional flow and pressure pulsation of
an axial flow pump device. In References [16–18], the Reynolds-averaged Navier–Stokes
equation and RNG k-ε turbulence model were used to numerically simulate the flow in an
oblique 30◦ axially extended tubular pump. The inlet boundary condition was the flow
inlet, the flow rate was set to 10.66 m3/s, the outlet boundary condition was the pressure
outlet, the pressure value was set to 1 atm, the solid wall was a non-slip wall, and the
convergence accuracy was set to 1.0 × 10−5. The interface between the calculation domain
of the impeller and the calculation domain of the inlet channel and the calculation domain
of the guide vane body was set as the dynamic and static interface, and the Transient Rotor
Stator interface type was used for the unsteady calculation [14,19,20]. The interface of
another computing domain was set as the static interface, and the None interface model
was adopted. The unsteady constant value simulation of the 30◦ slanted axial-flow pump
device was calculated once every 3◦ of the impeller rotation [21,22], with one revolution of
the impeller taking 120 steps. In order to stabilize the simulation results of the unsteady
flow field and control the amount of calculation, the present study calculated eight impeller
rotation cycles, a total of 960 steps. According to the pump device speed conversion, the
impeller rotation 3◦ time was 0.002 s and the total time of eight revolutions was 0.92 s. As
the rotation time increased, the flow field movement tended to be stable. Therefore, the
authors of this paper selected the pressure pulsation data of the last four rotation cycles to
analyze the pump device.

2.3. Verification of Grid Number Independence and Convergence

The ICEM CFD software was used to divide the structure grid of the inlet and outlet
channels, and the calculation domain of the impeller and the guide vane body were divided
into a structural grid using the Ansys TurboGrid software.

The grid independence analysis of the whole pump device was carried out under
the optimal working conditions, and the numerical simulation was carried out using
eight groups of grids from 1.64 million to 5.14 million. The efficiency calculation results
corresponding to different grid numbers were compared and analyzed. The relationship
curve between the overall grid number and efficiency of the pump device is shown in
Figure 3. It can be seen from Figure 3 that the efficiency of the pump device increased with
the increase in the number of grids. When the number of grids ranged from 1.64 million to
4.29 million, the efficiency increase was relatively large; when the number of grids reached
4.29 million, the efficiency change trend tended to be flat. When the number of grids was
increased to 4.83 million, the efficiency increase was within 0.3%, which met the accuracy
requirements of numerical simulation.
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Figure 3. Independence of the number of grids.

In order to further test grid convergence, References [23,24] introduced the grid
convergence index GCI (Grid Convergence Index). Using GCI as the criterion, three
groups of grids of 4.29 million, 4.83 million, and 5.14 million were selected (Numbers 1–3,
respectively). We compared the simulated values and extrapolated values obtained from
three groups of different grid numbers and selected a set of appropriate grid numbers to
make the numerical simulation solution reach the pseudo-steady-state condition.

According to the calculation steps of GCI in Reference [25], after calculation of
GCI21 = 0.02% and GCI32 = 0.02%, both GCI21 and GCI32 were less than 1%, indicating that
the discrete error was within a reasonable range [25] and the grid convergence was good.
The three groups of grids were suitable for numerical simulation. In view of the fact that
the pump device efficiency reached 78.55% when the grid was 4.83 million, the final grid
number was 4.83 million.

When designing the flow conditions, the y+ values of the flow components of the
slanted axial-flow pump device studied in this paper were as follows: the elbow oblique
inlet flow channel was about 289, the impeller was about 28, and the guide vane body was
about 53. The straight pipe outlet flow channel was about 201, which met the requirements
of numerical simulation solution [26,27]. The impeller guide vane grid is shown in Figure 4.
The impeller mesh details are shown in Figure 5.
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2.4. Experimental Verification of Numerical Calculations

The physical model test bench of the 30◦ slanted axial-flow pump device was tested
in accordance with the water conservancy industry standard of the People’s Republic
of China Code of Practice for Model Pump and Its Installation Acceptance Tests (SL140-2006).
The nominal diameter of the impeller used in the model test was 300 mm, the rotational
speed was 1400 r/min, the number of blades of the impeller was four, the number of
blades of the guide blade was five, and the blade placement angle was 0◦. The physical
model test diagram of the 30◦ slanted axial-flow pump device is shown in Figure 6. The
nD value is another expression of the impeller flange velocity of axial flow pump, which
reflects an abstract index of the energy and cavitation characteristics of the pump device.
Therefore, the cavitation performance and energy performance of the prototype pump
and the model pump should be maintained with the same cavitation performance and
energy performance, so that the nD value of the model pump and the prototype pump
is equal. In order to verify the reliability of the numerical simulation, the geometric size
of the prototype pump device was converted to the model according to the principle of
equal nD value. The impeller speed of the converted physical model pump device was
1400 r/min and the nominal diameter of the impeller was 0.3 m. The prototype of the flow
structure was scaled to the model according to the scale of 0.1786. Under the condition
of 0◦ blade placement angle, the head and efficiency of the pump device model under
different flow conditions were collected. The equivalent efficiency conversion method
was used to convert the physical model test results of the pump device to the prototype.
The performance results of the converted physical model were compared with the energy
performance results of the numerical simulation, as shown in Figure 7. The variation trend
of the performance curve predicted by the model of the 30◦ slanted axial-flow pump device
studied in this paper was basically consistent with that of the test curve. The maximum
difference between the head of the pump device predicted by the numerical simulation and
the physical model test was 4.0%, and the minimum difference was 1.2%. The maximum
difference between the efficiency of the pump device predicted by the numerical simulation
and the physical model test was 5.88%, and the minimum difference was 0.3%. The small
error indicates the effectiveness and reliability of the numerical simulation of the 30◦

slanted axial-flow pump device.
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2.5. Pressure Pulsation Monitoring Point Layout

In order to monitor and analyze the pressure fluctuation in the inlet and outlet passages
and the blade area of the slanted axial-flow pump device, a total of 19 pressure fluctuation
monitoring points were set up. The monitoring points were arranged as shown in Figure 8.
Six monitoring points were arranged in the elbow oblique inlet flow channel passage:
Monitoring points 1 and 4 were 0.417D from the impeller center line, monitoring points
2 and 5 were 0.595D from the impeller center line, and monitoring points 3 and 6 were
0.833D from the impeller center line. The pressure pulsation monitoring points P7–P9
were arranged at the impeller inlet (distance from the impeller centerline 0.167D), and the
pressure pulsation monitoring points P10–P12 were arranged at the interface between the
impeller and the guide vane body (distance from the impeller centerline 0.167D). Pressure
pulsation monitoring points P13–P15 were arranged at the outlet of the body (0.76D from
the centerline of the impeller), and the three cross-section pressure pulsation monitoring
points were equidistantly distributed. The pressure pulsation monitoring points P7–P9
were arranged at the impeller inlet (distance from the impeller centerline 0.167D), and the
pressure pulsation monitoring points P10–P12 were arranged at the interface between the
impeller and the guide vane body (distance from the impeller centerline 0.167D). Pressure
pulsation monitoring points P13–P15 were arranged at the outlet of the body (0.76D from
the centerline of the impeller), and the three cross-section pressure pulsation monitoring
points were equidistantly distributed. Four monitoring points were arranged in the straight
pipe outlet flow channel. Monitoring points 16 and 18 were 1.190D away from the impeller
center line, and monitoring points 17 and 19 were 4.727D away from the outlet section of
the slanted axial-flow pump device.



Processes 2021, 9, 1404 8 of 25Processes 2021, 9, x FOR PEER REVIEW 8 of 26 
 

 

 
Figure 8. Position diagram of pressure fluctuation monitoring points. 

3. Time–Frequency Analysis of Pressure Pulsation 
3.1. Time Domain Analysis of Pressure Pulsation 

According to Reference [28], this paper selected 0.8 Qbep, 1.0 Qbep, and 1.2 Qbep as the 
three flow conditions of pressure pulsation for analysis. The pressure pulsation analysis 
method is divided into the time domain method and the frequency domain method. The 
time domain is a real domain, where the independent variable is time and the dependent 
variable is signal data. The dependent variable in this paper was the pressure value. In 
the process of time domain analysis, in order to eliminate the static pressure and other 
interference, it was necessary to deal with the instantaneous pressure dimensionlessly. 
Reference [29,30] introduced the pressure coefficient Cp, for which the expression is as 
follows: 

2
20.5ρ

−=p
p pC
u

 (1)

where p is the transient pressure value in Pa, p  is the average pressure value in Pa, ρ is 

the density of water in kg/m3, and u2 is the impeller outlet circumferential velocity in m/s. 
Figure 9 shows the time domain diagrams of the pressure fluctuation of the monitor-

ing points 1–3 in the elbow oblique inlet flow channel. Monitoring points 1–3 were located 
at the hub side. At each flow condition, the pressure law and pressure value of the moni-
toring points 1–3 were approximately equal, and the distance from the monitoring point 
to the impeller inlet section had no obvious effect on the pressure of the monitoring point. 
The pressure coefficient of monitoring points 1–3 was in the range of −0.0005–0.0005, and 
did not change greatly with the change of flow rate. Under the condition of 0.8 Qbep, the 
pressure fluctuation range in four rotation cycles was large and did not show regularity. 
Under the condition of 1.0 Qbep, the fluctuation range of the maximum and minimum val-
ues in the pressure fluctuation time domain diagram was significantly improved com-
pared with that under the condition of 0.8 Qbep. When the flow rate increased to 1.2 Qbep, 
the pressure pulsation of monitoring points 1–3 had a strong regularity, and there were 
four peaks and four troughs in a rotation cycle, indicating that the pressure of monitoring 
points 1–3 was affected by the impeller rotation under the 1.2 Qbep condition. 

Figure 8. Position diagram of pressure fluctuation monitoring points.

3. Time–Frequency Analysis of Pressure Pulsation
3.1. Time Domain Analysis of Pressure Pulsation

According to Reference [28], this paper selected 0.8 Qbep, 1.0 Qbep, and 1.2 Qbep as the
three flow conditions of pressure pulsation for analysis. The pressure pulsation analysis
method is divided into the time domain method and the frequency domain method. The
time domain is a real domain, where the independent variable is time and the dependent
variable is signal data. The dependent variable in this paper was the pressure value. In
the process of time domain analysis, in order to eliminate the static pressure and other
interference, it was necessary to deal with the instantaneous pressure dimensionlessly.
References [29,30] introduced the pressure coefficient Cp, for which the expression is
as follows:

Cp =
p − p

0.5ρu2
2

(1)

where p is the transient pressure value in Pa, p is the average pressure value in Pa, ρ is the
density of water in kg/m3, and u2 is the impeller outlet circumferential velocity in m/s.

Figure 9 shows the time domain diagrams of the pressure fluctuation of the monitoring
points 1–3 in the elbow oblique inlet flow channel. Monitoring points 1–3 were located at
the hub side. At each flow condition, the pressure law and pressure value of the monitoring
points 1–3 were approximately equal, and the distance from the monitoring point to the
impeller inlet section had no obvious effect on the pressure of the monitoring point. The
pressure coefficient of monitoring points 1–3 was in the range of −0.0005–0.0005, and did
not change greatly with the change of flow rate. Under the condition of 0.8 Qbep, the pres-
sure fluctuation range in four rotation cycles was large and did not show regularity. Under
the condition of 1.0 Qbep, the fluctuation range of the maximum and minimum values in
the pressure fluctuation time domain diagram was significantly improved compared with
that under the condition of 0.8 Qbep. When the flow rate increased to 1.2 Qbep, the pressure
pulsation of monitoring points 1–3 had a strong regularity, and there were four peaks and
four troughs in a rotation cycle, indicating that the pressure of monitoring points 1–3 was
affected by the impeller rotation under the 1.2 Qbep condition.

Figure 10 shows the pressure pulsation time domain diagrams of the elbow oblique
inlet flow channel monitoring points 4–6. Monitoring points 4–6 were located on the side
of the wheel flange. Under the 0.8 Qbep and 1.0 Qbep working conditions, monitoring
points 4–6 were better than the other monitoring points. There were obvious regularities
in the results of monitoring points 1–3, indicating that the rim side of the elbow-shaped
inclined water inlet channel was more affected by the rotation of the impeller than the hub
side. The pressure fluctuation of monitoring points 4–6 gradually tended to become stable
with the increase of flow rate. Monitoring point 4 was closest to the impeller inlet section,
and its pressure change was significantly affected by the impeller rotation. The absolute
values of the maximum and minimum pressure pulsation coefficients were greater than
the pressure pulsation coefficients under various flow conditions. In one rotation cycle,
the pressure pulsation of monitoring point 4 had four peaks and four troughs. Monitoring
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points 5 and 6 were far away from the impeller inlet section, and the pressure fluctuation
fluctuated periodically under the 1.2 Qbep condition.
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Figure 11 shows the pressure fluctuation time domain diagrams of the impeller in-
let monitoring points under different flow conditions. It can be seen that the pressure
fluctuation at the monitoring points of the impeller inlet section was relatively regular,
forming a sine wave shape with obvious periodicity. In each rotation cycle, there were four
peaks and four troughs, and the peaks and troughs appeared at roughly the same time.
This is because the impeller rotates and the pressure produces alternating fluctuations.
Although the flow at the impeller inlet section does not enter the impeller rotating channel,
the impeller rotation affects the flow at the impeller inlet and outlet channels. The number
of impeller blades in the pump device was four, which was consistent with the number of
peaks and troughs, indicating that the impeller inlet pressure pulsation was affected by the
number of impeller blades. The pressure pulsation amplitude increased from the impeller
hub (monitoring point P1) to the flange (monitoring point P3). Under the 0.8 Qbep working
condition, the pressure pulsation amplitude at the flange was about 2.68 times that at the
hub, and 1.25 times that at the middle point of the flow channel. Under the condition of
1.0 Qbep, the pressure pulsation amplitude at the flange was about 1.5 times that at the hub,
and 1.4 times that at the middle point of the flow channel. Under the 1.2 Qbep condition,
the pressure fluctuation amplitude at the flange was about 3.58 times that at the hub, and
1.55 times that at the middle point of the flow channel. Under the 0.8 Qbep condition, the
pressure pulsation amplitude of each monitoring point at the impeller inlet was the highest,
being significantly higher than that under the design flow condition. With the increase of
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flow rate, the pressure pulsation amplitude at the impeller inlet fluctuated slightly and
tended to be stable.

Figure 12 shows the time domain diagrams of pressure fluctuation at each monitoring
point of the impeller outlet under different flow conditions. At the impeller outlet, the flow
was still obviously affected by the impeller rotation, and there were also four peaks and four
troughs in each rotation cycle. The guide vane blade is fixed on the hub, which changes
the flow direction, makes the spiral flow advance axially, and recovers kinetic energy.
Under the guide vane interference, the maximum pressure amplitude at the impeller
outlet decreased significantly, which decreased by about 30% under the 0.8 Qbep condition,
by about 53.5% under the 1.0 Qbep condition, and by about 58.7% under the 1.2 Qbep
condition. Under the influence of static and dynamic interference, the flow at the impeller
outlet was unstable, and the pressure fluctuation amplitude fluctuated. With the increase
of flow rate, the fluctuation decreased gradually. Under the condition of 0.8 Qbep, the
pressure fluctuation amplitude increased from the hub to the rim. The pressure fluctuation
amplitude at the rim was about 1.86 times that at the hub, and 1.45 times that at the middle
point of the flow channel. Under the 1.0 Qbep condition, the pressure fluctuation amplitude
at the flange decreased. Under the 1.2 Qbep condition, the pressure fluctuation law was
similar to that under the 1.0 Qbep condition and the fluctuation amplitude was small. The
pressure fluctuation amplitude at the hub was about 1.34 times that at the flange.
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Figure 13 shows the time domain diagrams of pressure fluctuation at each monitoring
point of the guide vane outlet under different flow conditions. Under each flow condition,
the amplitude of pressure pulsation at the outlet of the guide vane was similar. It can be
seen from Figure 13a,b that under small flow conditions and the 1.0 Qbep condition, the
pressure pulsation law at the outlet of the guide vane showed a great change compared
with the inlet and outlet section of the impeller. Under the 0.8 Qbep working condition, the
pressure pulsation amplitude of the three monitoring points at the guide vane outlet was
significantly decreased compared with that at the impeller outlet, and there was a large
fluctuation. The pressure pulsation amplitude at the hub and flange was larger than that at
the intermediate point. Under the 1.0 Qbep condition, the pressure fluctuation amplitude at
hub and flange of guide vane outlet was small. Under the 1.2 Qbep condition, the pressure
fluctuation at the outlet of the guide vane was still periodic, and there were four peaks and
four valleys in one rotation cycle, which indicates that the pressure fluctuation was still
greatly affected by the impeller rotation. The pressure fluctuation amplitude at the middle
points of the flow channel was greater than that of the other two monitoring points, and
the pressure fluctuation law at the hub and rim was similar.
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Monitoring points 16 and 17 were located at the center of the straight pipe outlet flow
channel, for which the pressure fluctuation time domain diagram is shown in Figure 14.
Monitoring points 18 and 19 were located at the boundary of straight pipe outlet flow
channel, for which the time domain diagram of pressure fluctuation is shown in Figure 15.
Monitoring point 16 was close to the outlet section of the guide vane. Affected by the
residual circulation, there was one extremum in each rotation cycle under 0.8 Qbep and
1.0 Qbep conditions. Monitoring point 17 was far from the outlet section of the guide
vane and the pressure fluctuation was small. With the increase of flow rate, the maximum
pressure coefficients of monitoring point 16 and monitoring point 17 decreased significantly.
Under the 1.2 Qbep condition, the pressure fluctuation coefficient fluctuated around 0, and
the fluctuation was more severe than that under the 0.8 Qbep and 1.0 Qbep conditions.
Monitoring point 18 was affected by the residual circulation; under the conditions of
0.8 Qbep and 1.0 Qbep, the fluctuation amplitude of pressure pulsation was more obvious
than that of monitoring point 19. Under the condition of 1.2 Qbep, there were four peaks
and four troughs in a rotating shaft. The fluctuation amplitude of monitoring point 19
increased with the increase of flow rate.
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3.2. Frequency Domain Analysis of Pressure Pulsation

Time domain analysis can be used to analyze data with obvious characteristics, but
some signals have the same time domain parameters while other parameters are not exactly
the same. It is then necessary to introduce the concept of frequency domain to further
analyze the signal. In this paper, FFT was used to analyze the pressure fluctuation in the
frequency domain [31,32].

Figure 16 shows the pressure fluctuation spectra of monitoring points 1–3. Under each
flow condition, the pressure fluctuation spectra of the three monitoring points had the same
law. The low-frequency fluctuation components under the 0.8 Qbep and 1.0 Qbep conditions
were richer than those under the 1.2 Qbep condition. Under the 1.2 Qbep condition, the
main frequency was 4 times the turn frequency. Figure 17 shows the pressure fluctuation
spectra of monitoring points 4–6. Monitoring points 4–6 were located in the elbow oblique
inlet flow channel near the impeller hub, and the pressure coefficient amplitude was
increased compared with the monitoring points 1–3. Under the 0.8 Qbep and 1.0 Qbep
conditions, monitoring point 4 was close to the impeller inlet section, which was greatly
affected by the impeller rotation, and the pressure coefficient amplitude corresponding
to the main frequency was the largest, reaching 4.5 times those of of monitoring point 5
and 6. Under the 1.2 Qbep condition, the main frequencies of monitoring point 4–6 were
4 times the turn frequency, and the low-frequency pulsation components were reduced
compared with those under the 0.8 Qbep and 1.0 Qbep conditions. The maximum pressure
coefficient amplitude of monitoring point 4 was about 2 times those of monitoring point 5
and monitoring point 6. Under the three flow conditions, the difference in the spectrum
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law between monitoring point 5 and monitoring point 6 was small, being less affected by
the distance from the impeller inlet section.
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Figure 18 shows the pressure pulsation frequency spectra at each monitoring point
of the impeller inlet under different flow conditions. Under different flow conditions, the
frequency domain law of pressure fluctuation at the inlet section of the impeller was similar,
and the amplitude of pressure fluctuation increased from the hub to the rim. Under the
0.8 Qbep condition, the amplitude of pressure fluctuation at the rim reached 3.02 times that
at the hub, and 1.4 times that at the middle monitoring point of the flow channel. Under
the 1.0 Qbep condition, the pressure fluctuation amplitude at the rim reached 2.95 times
that at the hub, and 1.34 times that at the middle monitoring point of the flow channel. The
main frequency of each monitoring point was located at 4 times the rotating frequency,
and the second main frequency was located at 8 times the rotating frequency. The middle
monitoring point of the flow channel and the monitoring point of the rim had a large
frequency division amplitude at 12 times the rotating frequency, indicating that the number
of impeller blades had a significant impact on the pressure fluctuation of the impeller inlet.
With the increase of flow rate, the pressure pulsation amplitude of each monitoring point
decreased to varying degrees. The pressure pulsation amplitude at the flange under the
1.0 Qbep condition was about 32.5% lower than that under the 0.8 Qbep condition. The
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pressure pulsation amplitude at the intermediate monitoring point of the flow channel was
about 30% lower than that under the 0.8 Qbep condition. The pressure pulsation amplitude
at the hub was about 28.51% lower than that under the 0.8 Qbep condition. The pressure
pulsation amplitude under the 1.2 Qbep condition was lower than that under the 1.0 Qbep
condition. In Reference [33], the main frequency of each monitoring point at the impeller
inlet was consistent with the experimental results of pressure pulsation of the real slanted
axial-flow pump, indicating the reliability of numerical calculation.
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Figure 19 shows the spectra of pressure fluctuation at each monitoring point of the
impeller outlet under different flow conditions. Compared with the impeller inlet, the
impeller outlet pressure under different flow conditions did not show an obvious law, and
the low-frequency pulsation was more abundant. The pressure pulsation at each moni-
toring point was still affected by the number of impeller blades, and the main frequency
appeared at a frequency of 4. Under the 0.8 Qbep working condition, the pressure pulsation
amplitude of the impeller increased from the hub to the flange. The pressure pulsation
amplitude at the flange was about 3.01 times that at the hub and 1.59 times that at the
middle point of the flow channel. The second main frequency appeared at the frequency
of 0.75, and there was a large frequency division amplitude at the frequency of 8. Under
the 1.0 Qbep condition, the low-frequency pulsation occurred at the hub and flange of the
impeller. The pressure pulsation amplitude at the hub was the largest: 1.77 times that at
the middle point of the flow channel and 1.3 times that at the flange. Under the 1.2 Qbep
condition, the second main frequency appeared at 8 or 12 times the rotating frequency, the
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hub was affected by abundant low-frequency pulsation, and the middle point of the flow
channel and the rim were affected by integer rotating frequency.
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Figure 20 shows the pressure fluctuation spectra of each monitoring point at the
guide vane outlet under different flow conditions. Under the conditions of small flow rate
and 1.0 Qbep, the main frequency of pressure pulsation at each monitoring point was not
4 times the rotating frequency, indicating that the amplitude of pressure pulsation was
less affected by the number of impeller blades and the section was mainly subjected to
low-frequency pulsation. After the rectification and energy recovery of the guide vane,
the pressure pulsation amplitude at the outlet of the guide vane decreased. Under the
condition of 0.8 Qbep, the pressure pulsation amplitude at the hub was the largest, and
the main frequency was 0.75 times the rotating frequency, which was 1.88 times that
at the midpoint of the flow channel. The main frequency at the rim was 1.0 times the
rotating frequency. Under the condition of 1.0 Qbep, the pressure pulsation amplitude at the
center of the channel was the largest, and the main frequency was 0.5 times the frequency.
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Under the 1.2 Qbep condition, the main frequency of pressure pulsation at each monitoring
point was 4 times the rotating frequency, and the position of the rim was also affected
by the number of impellers. The pressure pulsation at the hub was dominated by low
frequencies, and the amplitude of low-frequency pulsation at the rim and the middle of the
flow channel was greatly reduced. The law of pressure pulsation was similar to those of
the inlet and outlet sections of the impeller, and the high-frequency pressure pulsation was
at the integral frequency.
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Figures 21 and 22 show the pressure fluctuation spectra of monitoring points 16–17
and 18–19, respectively. Under the 0.8 Qbep and 1.0 Qbep conditions, the four monitoring
points were greatly affected by low-frequency pulsation, and the corresponding frequency
conversion ratio of pressure pulsation coefficient in the dominant position was within
3 times that of the frequency conversion. The amplitude of pressure coefficient of each
monitoring point decreased with the increase of flow rate. The distance between monitoring
points 17 and 19 and the outlet section of guide vane was large, and it was less affected by
velocity circulation and elbow. The pressure coefficient amplitude of monitoring point 17
was much smaller than that of monitoring point 16, and the pressure coefficient amplitude
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of monitoring point 19 was much smaller than that of monitoring point 18. Under the
1.2 Qbep condition, the spectra of monitoring point 17 and monitoring point 19 fluctuated,
and there was high-frequency fluctuation. The main frequency was still within 3 times
rotating frequency, and the main frequencies of monitoring point 16 and monitoring
point 18 were 4 times the rotating frequency.
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3.3. Mechanism Analysis of Pressure Pulsation

The elbow oblique inlet flow channel had a good correction of the flow pattern, and the
flow pulsation was smaller than that at the impeller inlet. The main frequency distribution
of the pulsation was consistent with that at the impeller inlet. The main frequency of
pressure pulsation at the inlet of the impeller was 4 times the rotating frequency, because
the flow pattern at the inlet of the impeller was affected by the rotation of the impeller and
the flow field structure is relatively stable, so the main frequency of pressure pulsation at
different measuring points changed uniformly. The pressure pulsation at the impeller outlet
was due to the relative rotation between the impeller and guide vanes, and there was a large
dynamic–static coupling effect, which made the pressure pulsation at the impeller outlet
rich in low frequencies. The highest values of amplitudes of pressure coefficient Cp were at
the relative frequency value of f/fn = 4.,0. This refers to the rotor blades’ passing frequency.
The rotor blade row had four blades. The pressure pulsation at the outlet of the guide
vane originated from the velocity circulation at the outlet. Under various flow conditions,
the guide vane outlet had different velocity circulations, resulting in different changes in
the pressure pulsation at the outlet of the guide vane. The complexity of the outlet flow
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field distribution led to low-frequency pulsation at the outlet of the guide vane, and also
affected the stability of the effluent. There is a theory that the flow pulsations are caused by
shedding off separated vortex structures from guide blades surfaces. A vortex street behind
the guide vane trailing edge could be also considered. A detailed analysis of obtained
unsteady flow results (CFD) could confirm this hypothesis. The pressure pulsation in the
straight pipe outlet flow channel was small because the hydraulic pulsation induced by
the flow into the guide vane after the circulation recovery and rectification was small, and
the pressure pulsation at each monitoring point of the outlet was irregular due to the flow
pattern distribution of the outlet.

3.4. Analysis of Peak-to-Peak Value of Pressure Pulsation

From the above analysis, it can be seen that the pressure pulsation of the pump device
did not follow a pattern of simple linear growth or decrease, and there was periodic
fluctuation or instability. In order to monitor the operation stability of the pump device,
the concept of peak-to-peak value of pressure pulsation was introduced. The peak-to-peak
value of pressure pulsation represents the variation range of pulsation signal in a period,
namely the difference between the maximum value and the minimum value of the signal
in a period. The confidence interval method is usually used to deal with the peak-to-peak
value—that is, the interval estimation of the overall parameters is carried out and the upper
and lower limits of the confidence interval are delimited, showing that the real value has a
certain probability of falling around the result. The concept of confidence interval as used
here is different from that in statistics. In industrial contexts, a 97% confidence interval
is usually used for peak-to-peak values. The pressure fluctuation monitoring data are
arranged in order of size, and the sample data of the first 1.5% and the last 1.5% are deleted.
The peak-to-peak values of pressure fluctuation are obtained by subtracting the maximum
and minimum values in the remaining data, rather than by determining the confidence
interval according to the mean and standard deviation as in statistics.

In order to further analyze the pressure fluctuation of the impeller inlet section and
the dynamic–static interference interface of the impeller guide vane and the outlet section
of the guide vane of the inclined-axis extended flow pump, the peak-to-peak values of
the monitoring points 7–15 were calculated. Figure 23 shows the peak-to-peak values of
the pressure fluctuation for each monitoring point under different flow conditions. The
peak-to-peak value of the impeller inlet section increased from the hub to the rim due to the
influence of blade design. The peak-to-peak values at the middle point of the flow channel
and the rim were generally higher than those at the impeller outlet section and the guide
vane outlet section, indicating that the flow was affected by the impeller rotation before
entering the impeller, and the flow pattern was unstable. The flow impacts the pressure
surface or suction surface of the blade, resulting in a large pressure pulsation. When the
flow flowed through the impeller and was affected by the guide vane rectification, the
pressure gradient decreased and the pulsation pressure decreased. With the increase of
flow rate, the load on the pressure surface and suction surface of the blade decreased
gradually, the pressure gradient decreased, and the peak value decreased gradually. The
peak value of pressure fluctuation at the hub of different sections changed little, and the
peak value of pressure fluctuation at the rim of the impeller was the largest under the
1.2 Qbep condition. The peak value at the rim of the impeller inlet reached 0.02 Pa and the
peak value at the rim of the guide vane outlet was only 0.00055 Pa, which is a reduction of
97.25%. At this time, the flow pattern at the rim of the guide vane outlet was better and
less affected by the impeller rotation.
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4. Conclusions

In this paper, a numerical simulation of a three-dimensional unsteady internal flow
field and a time–frequency analysis of pressure pulsation were carried out for a 30◦ slanted
axial-flow pump device. The main conclusions are as follows:

(1) Each monitoring point in the elbow oblique inlet flow channel had a large pressure
fluctuation amplitude at 4 times the rotating frequency. The fluctuation spectra of the
monitoring points inside the elbow oblique inlet flow channel were similar. Under the
1.2 Qbep condition, the fluctuation of the pressure fluctuation amplitude was smaller than
those under other flow conditions. The edge wall of the elbow oblique inlet flow channel
was affected by the impeller rotation, and the pressure pulsation amplitude gradually
increased from the inlet direction of the elbow oblique inlet flow channel to the outlet
direction of the elbow oblique inlet flow channel.

(2) In a rotating cycle, there were four peaks and four troughs in the pressure pulsation
on the impeller inlet section, and the amplitude of pressure pulsation increased gradually
from the hub to the rim. With the increase of flow rate, the fluctuation amplitude of
impeller inlet pressure fluctuation was small and tended to be stable. The main frequency
of pressure pulsation at the impeller outlet was 4 times the rotating frequency, and the low
frequency was rich. Under the 0.8 Qbep and 1.0 Qbep conditions, the pressure fluctuation of
the guide vane outlet section did not show obvious regularity, and was greatly affected by
low-frequency fluctuation. Under the 1.2 Qbep condition, the guide vane outlet pressure
fluctuation amplitude changed periodically. The peak value of the impeller inlet section
increased from the hub to the rim, and the peak values at the middle point of the flow
channel and the rim were higher than those of the impeller outlet section and the guide
vane outlet section. With the increase of flow rate, the peak value decreased gradually.

(3) The pressure fluctuation in the elbow of the straight pipe outlet flow channel
was affected by the speed loop. The main frequency of 1.2 Qbep was 4 times the rotating
frequency, and the amplitude of the pressure fluctuation is larger than that of the straight
pipe outlet flow channel.
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