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The hydraulic excitation characteristics of axial flow pump unit are studied through
theoretical analysis, numerical simulation and field test in this paper. The correlation
between impeller hydraulic and radial vibration displacement of impeller centroid is
obtained through theoretical analysis. Through the 1-way fluid-solid-interaction (FSI)
numerical simulation, the distributions of water pressure and displacement on the
impeller surface are obtained, and the time-domain and frequency-domain
characteristics of transient hydraulic and radial displacement are revealed. Through the
field test, the external characteristics of axial flow pump unit and the time-frequency
characteristics of the pressure pulsation at the measuring points beside the inlet of the
impeller are obtained. The comparisons between simulation results and experimental
results show that the former is accurate and reliable.
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1 INTRODUCTION

With the construction of the whole line of the South-to-North Water Transfer Project in China and
the renewal of national pumping stations, the number of large-scale axial-flow pumping stations is
gradually increasing, and its safe operation has also attracted attention from all aspects. From the
operation of pump stations built at home and abroad, vibration problems often affect the safe
operation of pumping stations. Hydraulic excitation is one of the main reasons for the vibration of
axial-flow pump unit, especially the rotor system of the unit. Transient hydraulic excitation of axial
flow pump refers to the vibration characteristics of axial flow pump components under complex
unsteady flow actions, such as cavitation, rotating stall, dynamic and static interference, inlet and
outlet reflux and so on. Therefore, the research on the hydraulic excitation characteristics of axial
flow pump includes two aspects: the research on the internal flow field of pump device and the
vibration response of the pump unit.

At present, there are many achievements in the research of the internal flow field of axial flow
pump. Firstly, the velocity distributions at the inlet and outlet of the rotor are studied, and the
unsteady numerical simulation is carried out to understand the complex internal flow structure in the
rotor (Cao et al., 2013). The influence of rotor-stator axial clearance on tonal noise produced by axial
fan used in automotive cooling system is studied (Canepa et al., 2015). The existence of impeller tip
clearance amplifies the pressure fluctuation in the impeller area from the hub to the shroud (Feng
et al., 2016). The steady and unsteady internal flow fields of large vertical axial flow pump are studied,
and the mechanism of low-frequency pressure fluctuation in pump unit under stall condition is
revealed (Kan et al., 2018). The effects of sweep angle, blade pitch angle and hub inlet angle on the
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hydraulic characteristics of submersible axial flow pump were
studied by using three-dimensional Reynolds averaged Navier
Stokes Equation (Kim et al., 2019). The hydrodynamic
characteristics of axial flow pump with inconsistent blade
angle are studied. The results show that the pressure pulsation
caused by blade angle deviation is mainly low-frequency
pulsation (Shi et al., 2021). The above research shows that the
change of internal flow field in axial flow pump is closely related
to inlet and outlet velocity, tip clearance and blade angle. The
stress distribution in the impeller are calculated. The results show
that the equivalent stress in the blade hub firstly increases and
then decreases from the leading edge to the trailing edge (Pei
et al., 2016). The study on the stability of the pump station unit in
reverse generation shows that the stress is mainly concentrated at
the root of the pressure side and suction side of the blade, and the
maximum equal stress appears at the suction side of the blade
(Zhou et al., 2021). The above literature reveals the distribution
law of water acting force on blades. The three-dimensional
unsteady numerical simulation of complex turbulent flow field
in axial flow pump is carried out. The results show that the
dominant frequency is in good agreement with the blade passing
frequency (Shuai et al., 2014). Simulation of the flow rate of three
pumps with different number of blades shows that the blade
passing frequency and its harmonics dominate the pressure
fluctuation spectrum (Kang et al., 2015). The above two
literatures show that the blade passing frequency is the main
frequency component of fluid exciting force in the impeller. Based
on the numerical simulation method, the internal flow pulsation
characteristics of the new S-type axial extension pump device are
studied. It is calculated that the radial force vector diagrams under
different working conditions show petal shape, which further
reveals the characteristics of the fluid exciting force in the
impeller of the axial flow pump (Yang, 2013).

The research on the vibration response of axial flow pump unit
mainly consists of the following results. The transient
characteristics of axial flow pump during start-up are studied
experimentally and numerically (Fu et al., 2020). The numerical
study of vibration characteristics reveals the time and frequency
laws of fluid pressure pulsation and structural vibration at the
same position in a vertical axial flow pump (Zhang et al., 2019).
The impeller fluid structure coupling solution strategy is used to
solve the severe vibration of reversible axial flow pump. It shows
that the total deformation increases and the equivalent stress first
increases and then decreases (Meng et al., 2018). By comparison,
it is found that the pressure pulsation at the inlet of the impeller is
the main reason for the hydraulic induced vibration of the pump
device (Duan et al., 2019). The above research shows that the
vibration of axial flow pump unit is closely related to the change
of internal flow field. The full-scale structural vibration and noise
caused by fluid in an axial flow pump are simulated by hybrid
numerical method. The results are consistent with the 28 spectral
characteristics of unsteady pressure fluctuation, indicating that
there is a correlation between fluid exciting force and vibration
spectrum (Chen et al., 2016). According to the vibration signal
monitoring, the cavitation performance of axial flow pump is
obtained (Shervani-Tabar et al., 2018). The effects of the number
of guide vanes on the pressure fluctuation and structural vibration

acoustics caused by unsteady flow are studied by hybrid
numerical method. The results show that the blade passing
frequency is the dominant frequency of pump vibration
acceleration (Li et al., 2018). A flexural torsional coupling
rotor bearing system with rub impact under electromagnetic
excitation of hydro generator unit is established. The system
reveals that the dynamic characteristics of the system will change
significantly when the composite eccentricity is considered
(Zhang et al., 2021). The mechanical response of the selected
rotor system model to pressure fluctuation is simulated, and the
model accuracy of the system under turbulence effect is improved
(Silva et al., 2021). The small difference between vibration test
results and fluid-solid-interaction (FSI) analysis results is
confirmed, and the applicability and reliability of FSI analysis
method are verified (Lee et al., 2021). The research results on the
vibration response of axial flow pump unit reveal the correlation
between the unit vibration and internal flow field, and the analysis
method is advanced, but no clear conclusions about hydraulic
excitation characteristics of axial-flow pump unit have
been drawn.

As an important graph of rotor vibration signal, the impeller’s
centroid trajectory (the trajectory of its geometric center when the
rotating shaft rotates) can intuitively understand the motion
characteristics of the system. For the rotor system with faults,
the centroid trajectory diagram contains a large amount of fault
vibration information, which is an important basis for judging the
rotor operating state and fault symptoms. Because the impeller is
the part in the rotor system of axial-flow pump unit, which is in
direct contact with water, and the clearance distance at the top of
the blade is very small, the axis trajectory of the impeller is also an
important criterion to judge whether the rotor system is stable or
not. The axis trajectory of a normally operating rotor system
usually presents an elliptical shape with little difference between
the long and short axes. The characteristics of the centroid
trajectory when mechanical faults occur in the rotor system is
summarized. It is found that the axis trajectory will appear “8” or
“crescent” shaped when various misaligned faults occur in the
rotor system (Li and Li, 2014). The characteristics of centroid
trajectory in mechanical faults such as rub impact, asymmetric
support and crack are studied. It is found that the smaller the rub
impact gap is, the thicker the elliptical pattern is and the more
harmonic components are; the closer the crack is to the measured
axis, the more serious the axis trajectory distortion is; the more
serious the asymmetric support fault is; the more obvious the
period doubling phenomenon in the centroid trajectory is (Han
et al., 2010). The hydraulic excitation characteristics of centrifugal
pump model device are studied by using the combination of
experimental measurement and FSI numerical simulation. It is
found that under the action of hydraulic excitation, the elliptical
track of centrifugal pump impeller axis becomes a distorted
ellipse containing high-frequency harmonics, which reveals the
hydraulic excitation mechanism of centrifugal pump (Shi et al.,
2017). This paper will refer to the method of this paper. Firstly,
through theoretical analysis, the relationship between the
hydraulic pressure on the impeller and the axial vibration
displacement of the blade wheel is obtained and the vertical
axial flow pump unit with the box culvert channel is taken as an
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example. Then, the hydrodynamic pressure on the impeller and
the axial vibration displacement of the impeller are calculated
through the 1-way FSI numerical simulation to verify the
rationality of the theoretical analysis. Finally, the accuracy of
the numerical simulation is verified by comparing the field test
results of the pump station with the numerical simulation results.

2 THEORETICAL ANALYSIS

2.1 Mathematical Model of Hydraulic
Excitation
The hydraulic excitation of rotor system of axial flow pump unit
satisfies the general Equation of rotor dynamics. According to
Lagrange’s theorem, the hydraulic excitation Equation is as
follows

M €X(t) + C _X(t) +KX(t) � F(t) (1)

where M, C, and K represent the mass coefficient, damping
coefficient and stiffness coefficient respectively, and the €X(t),
_X(t), and X (t) represent the acceleration, velocity and
displacement of centroid respectively. Assuming that the
elastic coupling between centroid is ignored, X (t) can be
expressed as the motion coordinates of the impeller’s centroid
on the plane, i.e. (x, y). Then the above Equation can be used to
solve the impeller axis trajectory under hydraulic excitation. F (t)
represents the force of water on the impeller. It can be regarded as
the resultant force acting on the central particle of the impeller. If
X (t) can be expressed in Fourier series as follows, then X (t) and F
(t) can be expressed respectively by Eq. (2) and Eq. (3) through
Eq. 1.

X(t) � ∑n
i�1

ai cos(2πfit + φi) (2)

F(t) � ∑n
i�1

bi sin(2πfit + φi + αi) (3)

ai, bi in Eq. (2) and Eq. (3) represent the amplitude of each
frequency component of displacement and force. n is the number
of frequency components. fi is the frequency. φi represents the
phase. αi and bi can be expressed by Eq. 4 and Eq. 5. Eq. (5).

αi � tan−12πMfi − K

C
(4)

bi �
��������������������
2π(K − C − 2πMfi)fiai

√
(5)

It is clear from Eq. (2) and Eq. (3) that the frequencies of force
and displacement correspond one by one, but their phases and
amplitudes are different. The phase angle αi and force amplitude
bi are consistent withM, C, K and fi. If C � 0, X(t), and F(t) are in
the same phase, and if C→∞, the phase difference between X(t)
and F(t) is π/2.

2.2 Rotor-Stator Interaction
The axial flow pump studied in this paper has three blades and
five guide vanes. The expanded section of blade and guide vane at

0.5 times radius is shown as Figure 1A. Rotor-Stator Interaction
refers to the interaction between the flow field in the flow channel
between adjacent guide vanes and the flow field in the flow
channel between adjacent blades. The flow field after
interference will produce periodic force on the blades. It is
clear from Figure 1A that the phase difference between
adjacent guide vanes is 2π/5, while it is 2π/3 between adjacent
blades. Assuming that blade 2 and guide vane 4 are aligned at the
initial time, the phase difference between blade 3 and guide vane 1
is 2π/15, which is the same as the phase difference between blade
1 and guide vane 2. This is shown in Figure 1B. The case shown in
Figure 2B is extended to the case of any number (for example the
number is 1) of guide vanes and three blades, the phase difference

between the blade and the nearest guide vane is
2p� i

3�π
i . Then the

flow force acting on the three blades can be expressed by Eq. 6. It
can be seen from Eq. 6 that the resultant force of the flow field
acting on the three blades only contains the blade passing
frequency (three times of the shaft frequency) and its harmonics.

F(t) � 3Fb0 +∑Nω

i�1
Fbmi cos(ip2πf0t) + Fbmi cos ip 2πf0t +

2p⌈ i
3
⌉

i
− 2π

3
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠+

Fbmi cos ip 2πf0t −
2*⌈ i

3
⌉

i
+ 2π

3
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ � 3Fb0 + 3∑N3ω

i�1
Fbmi cos(ip6πf0t)

(6)

3 NUMERICAL SIMULATION

The hydraulic excitation Eq. 1 mentioned in the theoretical
analysis is a second-order partial differential Equation. In
addition, the force of water on the impeller F (t) in the
Equation needs to be obtained by solving the fluid control
Equation (a partial differential Equation), so it is difficult to
obtain the axis trajectory under hydraulic excitation by analytical
method. In this paper, the 1-way FSI analysis method based on
Workbench software is used to realize the numerical simulation
of hydraulic excitation. That is, in each calculation time step,
firstly the numerical calculation of the internal flow field control
Equation of the axial flow pump device is completed, then the
calculation results to the FSI interface in the impeller is
transferred, and the numerical calculation of the structural
control Equation of the rotor system is completed. On the FSI
interface, the variables such as stress, displacement, heat flow and
temperature of fluid and structure are equal or conserved. The
fluid control Equation is the Equations combining RANS
Equation and SST k-ω model. The fluid force on the interface
of FSI was obtained by CFX solver based on finite volume method
(using the fully implicit multigrid coupling method to solve the
momentum Equation and continuity Equation). The turbulence
model uses SST k-ω model because it uses mixing functions to
gradually transition from the standard k-ωmodel near the wall to
the high Reynolds number k-εmodel outside the boundary layer.
This paper mainly studies the characteristics of water force on the
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FIGURE 1 | Schematic diagram of rotor-stator expanded section and interaction sketch.

FIGURE 2 | Structural composition of vertical axial flow pump unit with tank channel.

FIGURE 3 | Fluid domain mesh quality.
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surface of flow passage components, so the turbulence model is
more suitable. The residual type in the convergence criterion
adopts RMS, the residual target is set to 1e−8, and the maximum
number of cycles in each iteration step is set to 10. The structural
control Equation is Eq. 1, which is solved by ANSYS solver based
on the finite element method (the implicit iterative method
combining Newmark time integration and HHT algorithm) to
obtain the displacement distribution at any point of the rotor
system, including radial displacement of impeller’s centroid. The
data transfer on the FSI interface and the coordination of the two
solvers are accomplished through the ANSYSMultifield Coupling
solver. The time step of fluid calculation and structure calculation
is equal to each other.

3.1 Axial Flow Pump Unit Model
The axial flow pump unit studied in this paper consists of four
parts, which are inlet channel, outlet channel, guide vane and
rotor system. The impeller is contained in rotor system. The
structural composition of vertical axial flow pump unit is shown
in Figure 2. This 3D model can be imported into the Workbench
platform to complete the FSI simulation between the water in the
channel and rotor system.

The length, width and height of the inlet channel are
31.0155, 9.66 and 4.4045 m respectively, while they are
28.704, 9.66, and 4.4045 m respectively of the outlet
channel. The diameter of the impeller is 3.45M, and it is
3.4155 m of the guide vane inlet, and outlet diameter is
4.416 m.The rated speed is 100RPM. The design lift is
1.22 m and the design flow is 33,459.25 L/s.

The time step information required for unsteady simulation
has a great impact on the calculation results. The time step setting
should meet the Whittaker-Shannon sampling theorem, so as to
avoid mixing phenomenon at the concerned frequency. It is not
difficult to deduce that total time and time steps satisfy the Eq. 7,
as shown below.

Δt � Δφ
6n

� 1
fs

T � 60C
n

� 1
Δf

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (7)

where, Δt is calculation time step rotation angle of each step; Δφ is
water pump speed; n is sampling frequency; T is total sampling
time; C is rotation number of water pump; Δf is sampling
frequency resolution.

The rated speed of the axial flow pump studied in this paper
is 100RPM, so the rotation frequency is 1.67 Hz. The axial flow
pump has 3 blades and 5 guide vanes, so theoretically, each blade
will be interfered by a static guide vane with 5 times rotating
frequency, and the water quality point between the blade and
guide vane will be interfered by 15 times rotating frequency.
Therefore, the highest frequency concerned is set as 15 times of
the rotating frequency, which is 25 Hz. Therefore, according to
Whittaker-Shannon sampling theorem, in order to avoid
mixing phenomenon at the concerned frequency, the
sampling frequency should be 5 to 10 times of the highest
frequency. From the Eq. 7, the corresponding rotation angle of
each step is 3°, and the time step or time step is 0.005 s. In order
to obtain stable numerical simulation results, the total time is set
as 6 rotation cycles, that is, C � 6 and the total time is 3.6 s. The
stability of the calculated results can be obtained from the time
domain analysis by taking the last four rotation periods as time-
frequency domain analysis.

3.2 Grid Division and Independence Test
The quality of the gridwill affect the stability of the calculation, and the
size and quantity of the grid will lead to great deviation of calculation
results. Therefore, the information and independence test of grid is
very important. The axial flow pump unit is composed of fluid
domain and structure domain. The three-dimensional water model
of the inlet and outlet channels in the fluid domain is meshed in
ANSYS ICEM software. The three-dimensional water area model of
impeller and guide vane and its grid division are completed in
TurboGrid software. The hexahedral structured grid is uniformly
adopted for the calculation grid, so as to improve the computing
efficiency and ensure the calculation accuracy. The renderings of water
area grid division ofmodel pumpdevice is shown in theFigure 3, with
the grid quality exceeding 0.37.

The statistics of grid number and node number are shown
in Table 1. Before numerical calculation, it is necessary to

TABLE 1 | Fluid domain mesh nodes and number of meshes.

Computational domain Node number Grid number

Inlet channel domain 649,446 616,308
Impeller domain 820,566 778,722
Guide vane domain 518,765 480,150
Outlet channel domain 1,100,166 1,057,464
Total 3,088,943 2,932,644

FIGURE 4 | Mesh of rotor system.
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verify whether the number of grids has an impact on the
calculation results. The proof of grid independence of this
model is given in the literature (Shi et al., 2017). It is pointed
out that when the number of grids exceeds 2,500,000, the
calculation results are basically unchanged with the increase of
the number of grids, so the number of grids in this model meets
the requirement of independence. The grid division of rotor
system structure domain is completed through the mesh
function of ANSYS mechanical software, and the
unstructured grid is adopted. The rotor system grid is
shown in the Figure 4.

The grid test of rotor system is completed by increasing
grid size from 0.04 to 0.2 m at an interval of 0.02 m. The radial
static displacement of the impeller under the action of the
steady flow field of the impeller axis under each grid size is
shown in Figure 5.

It can be seen from Figure 5 that, the grid size varies greatly in
the range of 0.1–0.2 m, and it is stable in the range of 0.04–0.1 m,
whose variation displacements do not exceed 0.5 μm. If the grid
size is less than 0.04 m, the calculation time and memory
consumption increase exponentially. After comprehensive
consideration, the element size of the rotor system is selected
as 0.1 m, which is consistent with the fluid grid size, so as to
facilitate the data transmission at the interface of fluid-structure
coupling. The total grid number of the rotor system is 73,251.

3.3 Numerical Simulation Platform
The flow chart of FSI simulation on the Workbench platform is
shown in Figure 6. The flow chart contains four modules,
namely, A, B, C and D. Module A is responsible for steady-
state flow field calculation, while module D is responsible for
unsteady flow field calculation. The water model contained in
inlet channel, impeller, guide and outlet channel is input into
modules A and D. The steady and unsteady forces of the flow
passage parts are solved respectively by solving RANS Equation
and combining with turbulence model. The 3D model of rotor
system is input into module B and C. The calculation results of
module A are loaded on the blades and hub surfaces of the
impeller in module B. Then the static displacement distribution of
the rotor system under the action of steady-state flow field is
calculated by solving Eq. 1, where F(t) is a constant calculated by
model A, while M and C are both equal to zero. The calculation
results of module D are gradually loaded on the blades and hub
surfaces of the impeller in module C, and then the transient
vibration of the rotor system is calculated by solving Eq. 1. The
boundary conditions of rotor model in modules B and C are set
separately, as shown in Figure 7. It can be seen from Figure 7 that
the boundary conditions of the two are basically the same. The
only difference is that the loading force of module C is unstable,
while that of module B is stable.

3.4 Analysis of Simulation Results
3.4.1 Static Response of Impeller Under Steady Flow
Field
The simulation results of modules A and B are shown in Figure 8.
It can be seen from Figure 8 that the maximum value of constant
water pressure acting on the impeller is concentrated at the blade
inlet, followed by the area close to the rim on the pressure surface.
There is a negative pressure area on the suction surface. The
maximum deformation occurs in the blade, which is consistent
with the pressure distribution, followed by the hub axial and the
motor rotor.

3.4.2 Verification of Rotor-Stator Interaction
The time and frequency domain diagram of unsteady flow field force
on three blades, which are calculated by module D are shown in
Figure 9. It can be seen from the figure that the time domain
waveform of the force on three blades has no obvious periodicity,
but the periodicity of the synthetic force on three blades is obvious. It

FIGURE 5 | Grid test of rotor system.

FIGURE 6 | Flow chart of fluid structure coupling calculation.
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can be seen from the frequency domain diagramof force that the force
spectrum of the three blades are completely consistent. The main
frequency is twice of shaft frequency, which can be recorded as f1, and

the secondary domain frequency contains f3, f4, f5. However, the
spectrum of the resultant force of the three blades only contains f3, f6,
f9, which is consistent with the conclusion of Eq. 6.

FIGURE 7 | Boundary conditions of rotor model.

FIGURE 8 | Steady force of impeller and static displacement of rotor system.

FIGURE 9 | Time and frequency domain diagram of the force on three blades.
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3.4.3 Time-Frequency Domain Analysis of Impeller
Force and Radial Centroid Trajectory
The radial force and radial centroid trajectory of the impeller are
shown as Figure 10. It can be seen from Figure 10 that the radial
force of the blade and the hub are basically the same, but their
shapes are different, and the rotational symmetry of the radial force
on blades is more obvious. The radial centroid trajectory shows
obvious triangular characteristics. According to the analysis of the
numerical simulation results of the water receiving force of the
impeller, the characteristics of the water receiving force of the blade
are caused by the dynamic and static interference between the
blade, the inlet channel and the guide vane. The hub is of rotational
symmetry geometric characteristics, and the water bearing force is
evenly distributed at most of the overflow wall. However, the water
bearing force distribution at the junction of blade and hub is the
same as that of blade, which is the main reason why the radial
forces of blade and hub are basically the same. The radial centroid
trajectory shows obvious triangular characteristics, indicating that
the three times conversion frequency component accounts for the
main proportion in the radial synthetic displacement frequency
component. The time and frequency domain diagrams of the
impeller radial force and radial centroid displacement are shown
in Figure 11. It can be seen from Figure 11 that the dominant
frequencies of radial force and radial centroid displacement of

impeller are both f1, and other frequency components can be
ignored. The amplitude and phase of f1 are different from radial
force to axial displacement, which is consistent with the conclusion
of Eqs 2 and 3. The force spectrums of blade in X and Y direction
are basically the same, which is the same as the force spectrums of
hub and displacement spectrums of axis center point, indicating
that the radial force and displacement are balanced.

According to the time domain response in Figure 11, it can be
found that there is an obvious periodicity of the radial force on the
axial flow pump blade in the last four rotation cycles of the total
calculation time, indicating that the numerical calculation results are
convergent. In order to further verify the accuracy of numerical
simulation, the field test is carried out, and the numerical simulation
and field test results of the external characteristics of the axial flow
pump unit and the pressure pulse action of the measuring point at
the inlet of the impeller are compared, as described below.

4 COMPARISON BETWEEN FIELD TEST
AND NUMERICAL SIMULATION

4.1 Test Platform
The axial-flow pump unit introduced in this paper has been applied
in a pump station project of a water conservancy project and has

FIGURE 10 | Radial force and radial centroid trajectory of impeller.

FIGURE 11 | Time and frequency domain diagram of the impeller radial force and axial displacement.
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completed the trial operation. In the field test, the pressure pulsation
signals of two measuring points at the impeller inlet are detected by
Keller pressure pulsation sensor 23SY and transmitted to TN-8000
data collector. The head of the pump unit is obtained by measuring
the water level difference between the inside and outside of the
pump station, and the flow is measured by the Doppler tester. The
shaft power is calculated by the voltage, current and power factor
data collected by the sensor, and the efficiency is calculated by head,
flow and shaft power.

The flow, head, torque, speed and other sensors in the field test
instrument have been verified by the nationally recognized
measurement and calibration department in China, and the
calibration time is within the validity period. The uncertainty
of the test system can be reflected by the total uncertainty of
efficiency test, and the calculation formula is as follows

Eη � ±
�����������
(Eη)2s + (Eη)2r

√
(8)

where Eη is the total uncertainty of efficiency test; (Eη)s is the
system uncertainty; (Eη)r is random uncertainty.

(Eη)s can be expressed by Equation (9),

(Eη)s � ±
����������������
E2
Q + E2

H + E2
M + E2

n

√
% (9)

where EQ is system uncertainty of flow measurement, and the full
range of its calibration result is ±0.18%; EH is system uncertainty of
static head measurement, and the full range of its calibration results
is ±0.015%. The dynamic head can be ignored because of the large
cross-sectional area of the pressure measuring section between the
inlet and outlet water channel and small flow velocity. Therefore, EH
is the system error of device head measurement. EH is the system
uncertainty of torque measurement, and the uncertainties of torque
and speed sensor are ±0.24%; EH is system uncertainty of speed
measurement. When the sampling period of the measurement
system is 2 s and the speed is not less than 1000 RPM, the
uncertainty is ±0.05%. From the Eq. 9, the system uncertainty is
±0.2612%. Under the working condition near the stable design head,
the uncertainty of performance test is estimated according to the
dispersion degree of efficiency measurement. The calculation
formula is as Equation (10)

FIGURE 12 | Comparison of pressure fluctuation.

FIGURE 13 | Time frequency domain diagram of pressure by simulation.
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(Eη)r � ±t0.95(n−1) × S�η
�η

× 100% (10)

where S�η is the standard deviation of the average efficiency,
which equals to 0.0322%; �η is the average efficiency, equals to
59.34%; t0.95(n−1) is the value of t distribution corresponding to
0.95 confidence rate and n−1 degrees of freedom, which is 2.26.
The random uncertainty is ±0.123%. According to the Eq. 10,
the total uncertainty of efficiency test is ±0.2163%, which is
better than the requirements for the total uncertainty (Standard,
2007).

4.2 Comparison of External Characteristics
The comparison of external characteristics between test and
simulation is shown in Figure 12. It can be seen from
Figure 12 that the test values of head and efficiency match
well with the simulation values in the range from small flow
to design flow. In the large flow area, the maximum head
difference between test value and simulation value is 0.4 m,
and the maximum efficiency difference is 28%.

There is a certain difference in the head and efficiency curves
in Figure 12, but the values with large differences are
concentrated in the large flow area, and the matching degree
between the small flow area and the design flow area is high.
According to the efficiency calculation formula, the efficiency
difference between numerical simulation and field
measurement is mainly due to the large head value obtained
by numerical simulation at large flow. The axial flow pump unit
model used in the numerical simulation is greatly simplified
compared with the actual unit, such as the roughness of the

surface of the flow passage parts, the installation process of the
unit and the structural composition of the unit, which leads to
the small hydraulic loss in the numerical simulation, so the
calculated head is too large. However, under large flow, the
impeller is more fully affected by the fluid, so the difference of
external characteristics does not affect the characteristics of
radial centroid trajectory caused by hydraulic excitation under
large flow. This paper mainly studies the variation law of
hydraulic excitation radial centroid trajectory under the flow
condition corresponding to the maximum efficiency (i.e.
1.2 times the design flow). The error of numerical simulation
is relatively small, and the comparisons between experimental
measurement and numerical simulation results of pressure
pulsation at the measuring points beside the impeller inlet
under this flow will further prove the reliability of numerical
simulation.

4.3 Comparison of Pressure Fluctuation
The time-frequency domain diagram of numerical simulation of
pressure fluctuation at the measuring points beside impeller inlet
obtained through simulation and test are shown in Figures 13,14,
respectively. By comparing Figures 13, 14, it is clear that the
pressure at the two measurement points are almost the same, but
the amplitude is different. The dominant frequency of both is f3
(blade passing frequency) with an amplitude of about 3.5 kPa in
simulation, while its amplitude is almost 2.0 kPa in field test. The
comparison results of simulation and test on the aspect of
external characteristics and pressure fluctuation show that the
numerical simulation can accurately reflect the actual operation
of axial flow pump unit.

FIGURE 14 | Time frequency domain diagram of pressure by test.
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5 CONCLUSION

In this paper, the hydraulic excitation characteristics of axial flow
pump unit are studied through theoretical analysis, numerical
simulation and field test. Through theoretical analysis, it is found
that the frequency of the axial displacement corresponds to the
force acting on the impeller, but the amplitude and phase, which
are related to the mass coefficient, damping coefficient, stiffness
coefficient and frequency, are different from the displacement to
the force. The force on a single blade includes the rotor-stator
interaction frequency component between the blade and the
guide vane. However, in the resultant force of the three blades,
there is only blade passing frequency and its harmonics. Through
numerical simulation, it is found that the pressure distribution of
the impeller corresponds to the vibration deformation
distribution, and the motor rotor and shaft also deform under
the hydraulic action of the impeller. The frequency component of
the force on the blades is the same as that of transient centroid
trajectory displacement, which is consistent with the conclusions
of theoretical analysis. The external characteristics of the axial
flow pump unit obtained from the field test and the pressure
pulsation value at the measuring point beside the impeller inlet
are basically consistent with the numerical simulation results,
which shows that the numerical simulation results are accurate
and reliable.
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