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Abstract: Axial-flow pumps are widely employed in urban flood control and drainage pumping stations. The inlet vortex is one factor 
that seriously threaten the safe, stable and efficient operation of axial-flow pump units. In this paper, the vortex recognition 
performances of two vortex identification methods, the -Q criterion and Liutex methods, are compared based on an axial-flow pump, 

and the interactions between the impeller and vortex are explored. A flat plate vortex generator is installed in front of the impeller to 
continuously induce a stable vortex. The numerical simulation results show that the Liutex method can not only simultaneously 
identify strong and weak vortices but also reduce the influence of shear force at the sidewall. The vortex and the impeller influence 
each other. Under the influence of rotating blades, the vortex changes from a low frequency to the blade frequency, and the vortex 
significantly changes the tangential velocity inside the impeller. The accuracy of the numerical simulation results is verified by 
experiments on the external and internal characteristics. 
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Introduction  

In recent years, flood disasters in southern China 
have become increasingly frequent, posing a great 
threat to people’s lives and property safety in these 
areas. To protect against natural disasters, many cities 
have begun to plan and build drainage axial-flow 
pumping stations. Due to the large change in the water 
level, drainage pumping stations often deviate from 
the design working condition, resulting in unstable 
operation and other problems, and an inlet vortex is 
one of the important factors. An inlet vortex causes a 
decrease in efficiency, serious cavitation, and an 
increase in noise and can even cause the pump unit 
not to operate[1-3]. Designers try to avoid an inlet 
vortex during design, but it may still appear in 
engineering applications. A picture of an inlet vortex 
is shown in Fig. 1. 

Since an inlet vortex was first recognized to have 
a negative effect on the performance of axial-flow 
pump, extensive research has been done on it. 
Rajendran et al.[4] simulated the three-dimensional 
turbulent flow in a water pump intake bay and valida-  
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Fig. 1 (Color online) Picture of an inlet vortex 
 
ted the results by experiments. The results showed that 
the predicted number, location, and general structure 
of the vortices were in good agreement with those 
observed in the experiments, but the predicted vortices 
were generally larger and weaker than the measured 
vortices. Kim et al.[5] analyzed the vortex and swirl 
angle in the pump sump station model by methods of 
experimental and numerical simulation. They obtained 
the vortex core region by the submerged bottom 
vortex method and suppressed the vortex by use of an 
anti-vortex device. Song and Liu[6] investigated the 
influence of a floor-attached vortex on the pressure 
pulsation at a pump sump through theoretical and 
experimental analysis and found that the pressure 
pulsation induced by the floor-attached vortex 
fluctuates periodically with time. An inlet vortex is a 
typical three-dimensional unsteady flow phenomenon 
that is often discontinuous in time and unstable in 
position, which brings great difficulties to the research. 
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Therefore, to reveal the change trend of an inlet vortex 
in an impeller, a stable vortex must be generated. 
Vortex generators (VGs) are often used to control 
flow fields in research on airfoils and heat transfer[7-9]. 
Recently, some scholars have also applied this 
technology in hydraulic turbine research. Tian et 
al.[10-11] studied the application of VGs by numerical 
simulations and experiments based on a model draft 
tube, and the results showed that choosing the optimal 
VG parameters can effectively increase the static 
pressure recovery coefficients and working stability. 
Existing research results fully show the control effect 
of a VG. In this paper, a plate is installed in front of 
the impeller to induce an inlet vortex. 

Although the mechanism of inlet vortex forma- 
tion and elimination is widely studied, the propagation 
and evolution of a vortex in an impeller are rarely 
examined. Because the impeller rotates at a high speed, 
with the small space limitation, obtaining the shape of 
the vortex in the impeller by high-speed photography 
and other experimental methods is difficult. Many 
scholars have made great efforts to effectively identify 
vortex structures, and some vortex recognition 
methods have been proposed. Hunt et al.[12] used a 
numerical simulation method to develop suitable 
criteria for defining eddying or vortical zones, and a 
set of objective criteria was found that describe 
regions in which the streamlines circulate, converge or 
diverge and form high streams of high velocity flow. 
Liu et al.[13] proposed the - method based on the 
idea that vorticity overtakes deformation in a vortex. 
With the development of many studies, Liutex/Rortex 
was proposed as a new method[14]. Zhang et al.[15-16] 

introduced the recent progress in the vortex identifica- 
tion methods with a focus on the newly proposed 
omega method and noted that the new omega method 
could be successfully applied to vortex identification 
in reversible pump turbines. In recent years, many 
achievements[17-19] have been made in vortex 
identification research; however, few studies have 
been performed on the vortex identification criteria for 
the impeller of an axial-flow pump. To reveal changes 
in the vortex and their influence on the flow field, the 
applicability of the identification method of a vortex 
in an impeller is worth studying. 
    In this paper, based on an axial-flow pump, the 
recognition performances of the vortex identification 
criteria in the rotation domain and the static domain 
are verified, and the interaction between the inlet 
vortex and the impeller is revealed. First, the accuracy 
of the numerical simulation is verified by experiments 
on the external and internal characteristics. Then, a 
flat VG is installed at the front of the impeller to 
generate a stable inlet vortex. Finally, the vortex 
identification performances of the -Q criterion and 
Liutex method in the pump are compared, and the 

effects of the rotating impeller and vortex evolution 
are analyzed. 
 
 
1. Vortex identification methods 

To study the effect of a vortex on pump perfor- 
mance, the primary step is to accurately identify and 
extract the vortex structure from the flow field. In this 
paper, we compare and analyze the performances of 
the -Q criterion and Liutex vortex identification 

methods in an impeller. As the velocity gradient 
tensor is independent of the Galilean frames of 
reference, these two methods are Galilean 
invariant[20]. 
    The characteristic polynomial equation of the 
velocity gradient tensor u  can be given by the 
following formula 
 

3 2 + = 0P Q R                                                   (1) 
 
where   is the eigenvalue of u , P , Q  and R  

are the first, second and third invariants of u , 
respectively. 
    The -Q criterion borrows the definition of the 
second invariant of the velocity gradient tensor. For an 
incompressible flow, the trace of u  is 0. Thus, Q  

can be simplified as 
 

2 21
= (

2
)Q Ω S                                                           (2) 

 
where the  notation stands for the Frobenius norm 

of a tensor. Ω  and S  are defined by 
 

T= tr( )Ω Ω Ω                                                           (3) 

 
T= tr ( )S S S                                                            (4) 

 
where > 0Q  represents the existence of a vortex, 

thus the Q  criterion defines vortices as areas where 

the vorticity magnitude is greater than the magnitude 
of the strain rate. 
    The Liutex represents the local fluid rotation, and 
precise definitions can be obtained from Refs. [21-23], 
summarized here as follows: 
    (1) Determine the direction of Liutex vector r  

If the velocity gradient tensor u  has three real 
eigenvalues, then the fluid motion contains stretching 
and deformation but no rotational motion. In this 
condition, the magnitude of the Liutex vector is zero. 
If u  has one real and two conjugate complex 
eigenvalues, then there exists a vortex in this local 
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region. The Liutex vector is aligned in the direction of 
the eigenvector corresponding to the only real eigen- 
value. The normalized eigenvector is denoted r . 
    (2) Calculate the magnitude of Liutex vector R  
    First, rotate the initial coordinate system xyz  to 

a new coordinate system XYZ  with a transform 
matrix Q, where the initial -z axis is rotated to the 
direction of r . After rotation, the velocity gradient 
tensor becomes 
 

T

0

= = 0

X X

Y Y

Z Z Z

U U

X Y
U U

X Y
U U U
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U Q uQ                     (5) 

 
where ( , , )X Y ZU U U  is the velocity component in 

XYZ  coordinates. 
    Then, by a second transformation with matrix 
P  the -Z axis is rotated by θ , define P  as 
 

cos sin 0

= sin cos 0

0 0 1

θ θ

θ θ

 
  
  

P                                              (6) 

 
    The velocity gradient tensor becomes 
 

T=PU P UP                                                             (7) 

 
    The rotating angle θ  is calculated to ensure that 
the absolute value of /X θ

U Y   is minimal. The 

magnitude of the Liutex vector is then given by 
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    (3) Obtain the Liutex vector by = RR r  
    After the two coordinate rotations, the expression 
seems too complex. Wang et al.[24] gave an explicit 
formula of the Liutex vector 

 

 2 2= , , 4 ciR ω r ω r λ r                                  (11) 

 
 
2. Numerical simulation 
 
2.1 Research objectv 

This study is based on an axial-flow pump seg- 
ment. The calculation domains include inlet straight 
pipe, VG, impeller, guide vane, outlet elbow and 
outlet straight pipe. The number of impeller blades is 
four, and the number of guide vane blades is five. The 
diameter of the impeller is 150 mm, and the rotation 
speed is 1 450 rpm. The design flow ( )dq  of the 

pump is 45 L/s. The simulation model of the 
axial-flow pump segment is shown in Fig. 2. 
 

 
 

 

 

 

 
 
 
 
 

Fig. 2 (Color online) Simulation model of the axial-flow pump 
segment 

 
    To analyze the interaction between the vortex 
and impeller blade and the influence of the rotation 
domain on the vortex shape, three schemes are 
calculated, and the differences among them are shown 
in Table 1. 
 
Table 1 Difference among simulation schemes 

Schemes VG Blade of 
guide vane 

Blade of 
impeller 

Rotate 
domain

1F  No Yes Yes Yes 

2F  Yes Yes Yes Yes 

3F  Yes No No No 
 
    The difference between 1F  and 2F  lies in the 
presence or absence of the VG. The difference 
between 2F  and 3F  is that the impeller position is 

set to the static domain in 3F , in which the impeller 

and guide vane both do not have blades. 
To generate a controllable vortex into the im- 

peller, a flat plate VG is installed at 0.6D  in front of 
the impeller center. The installation form of the VG is 
shown in Fig. 3, and each parameter value is shown in 
Table 2. 
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Fig. 3 (Color online) Installation form of the VG 
 
Table 2 Parameters of the VG 

Parameter Value 
l /m 0.04 
s /m 0.05 

w /mm 4 
 / 60 

 
2.2 Numerical simulation method 
    In this work, ANSYS CFX is utilized for the 
flow field calculation, and the flow is governed by the 
RANS equations for the numerical simulation of a 
three-dimensional incompressible turbulent flow in 
pump devices. The SST-CC model is applied for this 
simulation, which has been extensively tested on a 
wide range of both wall-bounded and free shear 
turbulent flows with system rotation and/or streamline 
curvature[25]. 
    The inlet pipe, VG, outlet elbow and outlet 
straight pipe were divided into hexahedral structured 
grids using ICEM software. The impeller and guide 
vane were divided into hexahedral structured grids 
using TurboGrid software. Many studies have shown 
that the tip clearance of the impeller greatly influences 
the external characteristics and the internal flow 
field[26-27] and the tip clearance was set to 0.1 mm in 
this paper. The y+  value[28] for the wall of the 
impeller was calculated to be 25 in post processing. 
The boundary layer grids of the impeller and VG were 
encrypted, and the meshes of the impeller and VG are 
shown in Fig. 4. 
 

 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4 (Color online) Meshes of the impeller and VG 

2.3 Grid independence analysis 
Under the design flow rate, the head and effi- 

ciency of the pump segment were verified by a grid 
independence analysis, the results are shown in Fig. 5. 
 

 
 

 

 

 

 
 
 
 
 
 
 
 
 

Fig. 5 (Color online) Grid independence analysis for the pump 
segment 

 
For Fig. 5, the head and efficiency were calcu- 

lated at 6 grid scales. With increasing number of grids, 
the head and efficiency of the pump segment both 
increase, and the trends are basically the same. When 
the grid number is 6.30106, the head and efficiency 
increase by 0.07 m, 1.79%, respectively, compared to 
when the grid number is 2.69106. When the grid 
number is 5.35106, the grid size continues to increase, 
but the efficiency only increases by 0.08%. To ensure 
the accuracy of the calculation and save computing 
resources, the total number of grids in this study was 
set to approximately 5.35106. 
    The entire axial-flow pump segment was first 
simulated as the steady computational domain. The 
impeller was set to the rotation domain, and the other 
calculation fields were set to the stationary calculation 
domain. The calculated flow varied from 0.7 dq  to 

1.1 dq . Then, the dq  result was taken as the initial 

field for the unsteady calculation. The boundary 
conditions of the inlet mass flow rate and outlet static 
pressure were set. All the solid wall surfaces adopted 
no-slip wall conditions. The interface between the 
rotation domain and stationary domains was set to the 
dynamic-static calculation domain interface, the type 
was set to the frozen rotor type, and the other 
interfaces were set to the static-static calculation 
domain interface. In the unsteady calculation, the 
impeller was rotated 2 at each time step, 8 cycles 
were calculated, and the total time was approximately 
0.331 s. 
 

 
3. Validation of the numerical simulation 
 
3.1 Introduction of the experimental bench 

To verify the accuracy of the numerical simula- 
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tion, based on scheme 1F , external characteristics and 

laser Doppler velocimetry (LDV) measurements of 
the pump were performed on a hydraulic mechanical 
experimental bench. The vertical closed cycle system 
and the measurement points of the LDV experiment 
are shown in Fig. 6. 
 

 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 6 (Color online) Photo of the experimental device 

(1Electromagnetic flowmeter, 2Three-axis traverse 
controller, 3Fiberoptic probes, 4-Torque meter, 
5Motor, 6Auxiliary pump, 7Flow control valve) 

 
    In this study, the discharge was measured by an 
electromagnetic flowmeter (DN 150) that had an 
uncertainty of 0.2%, the head was measured by a 
differential pressure transmitter (EJA 110A) that had 
an uncertainty of 0.1%, and the shaft power was 
measured by a rotary torque meter (ZJ 10) that had an 
uncertainty of 0.2%. According to Eqs. (12), (13), 
the external characteristics can be obtained. 
 

= 100%
gqH

N

                                                      (12) 

 
π

= ( )
30

N n M M                                                     (13) 

 
where   is the efficiency, q  is the flow rate, H  

is the head,   is the water density in the experiment, 

g  is the local acceleration of gravity, N  is the input 

power, n  is the rotation speed in the experiment, M  
is the input torque and M   is the mechanical loss 
torque. 
 
3.2 Verification of external characteristics 
    The sustained data collection time was 100 s, and 
the collection results were processed on average. A 
comparison of the external pump characteristics 
between the experiment and numerical simulation is 
shown in the Fig. 7. 

 

 
 

 

 

 

 
 
 
 
 
 
 

 
Fig. 7 (Color online) External characteristics comparison 

between the experiment and numerical simulation 
 

Figure 7 shows that the numerical simulation is 
in agreement with the experimental external charac- 
teristics results overall, while the error is larger when 
the flow rate is less than 0.8 dq . The reason for the 

error at small flows may be that the internal flow 
pattern is relatively disordered, and the experimental 
conditions are not identical to the numerical 
simulation conditions. Under the design conditions, 
the error in the head is less than 3%, and the error in 
the efficiency is less than 0.5%. 
 
3.3 Internal characteristic verification 
    The axial velocity of the impeller inlet were 
measured by LDV. For the LDV measurement, the 
light source was an argon ion laser with a maximum 
power of 2 W operating in multiline mode. An optical 
probe with a lens was mounted on a three-axis 
traverse controller to place the probe volume at the 
location of interest. Through phase-locked technology, 
the variation in the velocity with impeller rotation 
could be measured at the measurement points, and at 
each measurement point, 5 000 data points were 
obtained. The position of a measurement point is 
denoted by L , with L  defined as follow 
 

0 1

2 1

=
L L

L
L L




                                                                (14) 

 
where 0L  is the radius of the measurement point, 1L  

is the radius of the hub and 2L  is the radius of the 

shroud 
    When the measurement point is 0.2D  in front 
of the impeller center, the average axial velocity is 
obtained. In the numerical simulation results, the same 
measurement points as in the experiment are taken, 
and the velocity comparison is shown in Fig. 8. 
    Figure 8 shows that the average axial velocity 
near the middle of the tube is large, approximately   
3 m/s, while the velocity near the sidewall suddenly 
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decreases and approaches 0 m/s because of the 
stationary sidewall. The error between the numerical 
simulation and LDV measurement along the whole 
measurement line is small except near both sidewalls, 
and the results of the numerical simulation are slightly 
larger than those of LDV. The reason for these errors 
may be that the boundary conditions assumed in the 
numerical simulation are not exactly the same as those 
in the experiment, and the sidewalls in the experiment 
are rougher than those in the numerical simulation. In 
the LDV experiment, the velocities of multiple 
periods are superimposed by phase-locked technology, 
while the numerical simulation covers one period. In 
addition, LDV measures the velocity of tracer 
particles, which are slightly different from the actual 
flow, and light refraction is inevitable when a laser 
passes through plexiglass. 
 

 
 

 

 

 

 
 
 
 
 
 
 

 
Fig. 8 (Color online) Comparison between the numerical 

simulation and LDV experiment 
 
    From the comparison results of the external 
characteristics and internal flow field, because the 
study is based on the design conditions, the simulation 
errors in the head and efficiency are all small, the 
velocities of the internal flow are basically consistent, 
and the numerical simulation results can be considered 
accurate. 
 
 
4. Results and discussion 
 
4.1 Vortex identification results 
    The impeller with four blades rotates periodically 
at a uniform speed, and each blade can be considered 
to have the same interference with the vortex. The 
interaction between a blade and the vortex is analyzed 
by taking a blade rotating 90 as a period. To identify 
the vortex by the -Q criterion and Liutex methods, 

and the results are shown in Fig. 9. 
Figure 9 shows that the vortex shapes obtained 

by the two vortex identification methods are similar. 
A pair of vortices formed after the VG, one of which 
is stronger and the other weaker. The stronger vortex  

 

 
 

 

 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 (Color online) Comparison of the two vortex identi- 

fication methods under different blade positions 
 
appears on the inner side of the VG, extends to the 
inside of the impeller and continues to spread 
backward after being cut off by the blade. In contrast, 
the weaker vortex appears on the outer side of the VG, 
extends upward in the shape of a vertical vortex tube 
and then disappears at the inlet of the impeller. With 
rotation of the blade, the vortex shape before entering 
the impeller is basically the same. With rotation of the 
blade, the vortex in the impeller is cut off by the blade 
but still maintains the shape of the vortex tube. 
Comparing the two kinds of vortex identification 
method, the wall of the vortex tube identified by the 
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-Q criterion is smoother, however, there is more shear 

interference near the solid wall, which makes the 
vortex blur in the field of view. The Liutex method 
can identify not only the twisted change in the vortex 
shape due to blade rotation but also the weaker vortex, 
which is marked in the figure by a red rectangle. 

The vortex exhibits obvious fracture at the 
dynamic-static interface (marked in Fig. 9(a) by a 
black rectangle). This may be caused by setting of the 
rotation domain in the numerical simulation, but in 
reality, this situation will not occur. To verify this 
conjecture, the vortex without impeller and guide vane 
blades is taken, as shown in Fig. 10. 
 

 
 

 

 

 

 
 
 

 
Fig. 10 (Color online) Comparison of the two vortex identi- 

fication methods in the static domain 
 
    Figure 10 shows that no obvious discontinuity 
occurs at the interface. It also shows that setting the 
rotation domain will causes errors in the calculation 
and identification of vortices in numerical simulation. 
Compared with Fig. 9, the vortex shape obtained here 
is slightly different. When there is no rotating blade 
effect, the vortex twists less horizontally. The results 
of the two vortex recognition criteria are consistent, 
while the visual field provided by the Liutex method 
is clearer because it does not have a shear vortex at the 
sidewall. 
 
4.2 Interference between the impeller and vortex 
    From the previous analysis, the shape of the 
vortex changes with rotation of the blade. To further 
reveal the cause of this change, based on the 2F , 3F  

results, a plane is taken at 0.3D  in front of the 
impeller center, and the vortex change diagram is 
obtained based on the -Q criterion and Liutex. The 

two-dimensional streamlines of this plane are obtained, 
as shown in Fig. 11. 

Figures 11(a), 11(b) shows that the vortex 
positions obtained by the two methods are consistent, 
but the shapes of the vortex are slightly different. 
Figures 11(c), 11(d) shows that with the influence of 
the impeller, the difference in the vortex shape 
obtained by the two identification methods increases, 
and more weak vortices can be identified by the 
Liutex method. Figures 11(e), 11(f) shows that the 

strong vortices rotate counterclockwise, while the 
weak vortices near the sidewall rotate clockwise. The 
streamline in Fig. 11(e) is only affected by the vortex, 
while the streamline in Fig. 11(f) is affected by both 
the impeller and vortex. Both vortex identification 
methods and streamline diagrams show that the 
rotation of the impeller weakens one vortex and 
enhances the other. 
 

 
 

 

 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11 (Color online) Comparison of vortex identification 

before the impeller 
 

    To analyze the influence of the vortex on the 
flow field in the impeller and compare the recognition 
performance of the two vortex identification methods 
in the rotating impeller, the vortex based on the 1F  

and 2F  results is shown in Fig. 12. 

    Figures 12(a), 12(b) shows that there are 
complex channel vortices in the impeller even without 
an inlet vortex. The vortex distributions in each 
channel are consistent. At the side near the shroud, tip 
cavitation vortices appear at the blade head, and trace 
vortices appear at the blade tail. Figures 12(c), 12(d) 
shows that the inlet vortex occupies approximately 
one-third of the space in a single channel, and it also 
affects the tip cavitation vortex and trace vortex. Due 
to the high-speed rotation of the impeller, the strength 
of the inlet vortex is weaker than that of the channel 
vortex. The results of the two vortex identification 
methods are slightly different in the impeller. The 
Liutex method can identify the detailed structure of 
vortices in the rotating impeller. 
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Fig. 12 (Color online) Comparison of vortex identification 

results in the impeller 
 
4.3 Influence of the vortex on pressure 
    To quantitatively analyze the influence of the 
vortex and blade on the pressure fluctuation, three 
points (as shown in Fig. 10(b)) are inserted inside the 
vortex of the 1F , 2F  and 3F  schemes, and the 

pressures at these three points are 1P , 2P  and 3P . 

Define the interaction pressure between the vortex and 
impeller 2 1( )P   as follows 

 

2 1 2 1=P P P                                                                (15) 

 
    2 1P   and 3P  are transformed by the fast Fourier 

transformation (FFT) method, and the frequency- 
domain diagram is shown in Fig. 13. The multiple 
frequencies ( )nf  of the impeller are defined as 

follows 
 

60
= =n

f f
f

n Fz
                                                         (16) 

 
where f  is the frequency obtained by FFT, Fz  is 

the impeller rotation frequency. 
Figure 13 shows that when there is no influence 

of the impeller, the main frequency of the vortex is a 
low frequency pressure fluctuation. At monitoring 
point 1, the amplitude of the main frequency is 355 Pa, 
and the frequency ranges from 0 Hz to 40 Hz. At 
monitoring point 2, the amplitude of the main 
frequency is 670 Pa, and the frequency ranges from  
0 Hz to 30 Hz. At monitoring point 3, the amplitude of 
the main frequency is 508 Pa, and the frequency 
ranges from 0 Hz to 26 Hz. When the monitoring 
point is far from the VG, the amplitude of the main 

frequency pressure fluctuation first increases and then 
decreases, and the vortex frequency gradually de- 
creases. When there is the influence of a rotating 
impeller, the main frequencies at the three monitoring 
points are all the blade frequency. The closer the 
monitoring point is to the impeller, the greater the 
amplitude of the main frequency is, and the amplitude 
of the pressure fluctuation at low frequencies signifi- 
cantly decreases. 
 

 
 

 

 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13 (Color online) Comparison of pressure fluctuation in- 

duced by the vortex 
 
4.4 Influence of the vortex on velocity 
    To study the influence of the vortex on the 
velocity in the impeller, two points are inserted around 
the vortex. The velocity vector diagram and the 
positions of the inserted points are shown in Fig. 14. 
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Fig. 14 (Color online) Velocity vector diagram and the monitor 

point position 
 

The impeller rotates counterclockwise, and the 
flow velocity vector distribution in the passage not 
affected by the inlet vortex is consistent. The inlet 
vortex also rotates in a counterclockwise direction. 
The direction of the velocity at point 4 is the same as 
the impeller rotation direction, while the direction of 
the velocity at point 5 is opposite to the impeller 
rotation direction. 

The tangential velocity is obviously affected by 
the vortex. To quantitatively analyze the velocity 
variation due to the vortex in the impeller, the 
tangential velocities with and without the inlet vortex 
in the last four periods are taken, as shown in Fig. 15. 
 

 
 

 

 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
Fig. 15 (Color online) Comparison of the tangential velocity 
 

At point 4, without the VG, the average 
tangential velocity is 0.47 m/s, and with the VG, the 

average tangential velocity is 0.07 m/s. At point 5, 
without the VG, the average tangential velocity is 
0.27 m/s, and with the VG, the average tangential 
velocity is 1.29 m/s. When the vortex velocity at the 
monitoring point has the same direction as the main 
flow velocity, the main flow velocity will be increased. 
In contrast, when the direction of the vortex velocity 
at the monitoring point is opposite to that of the main 
flow velocity, the main flow velocity will be 
decreased. In addition, when vortices occur in the 
impeller, the periodic changes in velocity are not 
uniform. The rotation direction of the vortex and its 
position within the impeller directly influence the 
monitoring results. Because vortices often exist in 
pairs, the law of vortex velocity changes in the 
impeller is worthy of further study. 
 
 
5. Conclusions 
    In this paper, both shape and distribution 
analyses of the vortices in an axial-flow pump based 
on the -Q criterion and Liutex vortex identification 

methods are performed. Three different schemes were 
simulated to analyze the interaction between the 
impeller and the vortex. The conclusions can be 
summarized as follows: 
    (1) For the design flow, the results of the 
numerical simulation and experiment show that the 
efficiency error is less than 0.5%, the average axial 
velocity error along the whole measurement line is 
small except near both sidewalls. The accuracy of 
numerical simulations is verified by experiments on 
the external and internal characteristics. 

(2) The results of the two vortex identification 
methods show that both methods can accurately 
identify the shape and position of the main vortex. 
Liutex can not only simultaneously identify strong and 
weak vortices but also reduce the influence of shear 
force at the sidewall, which is more suitable for the 
identification of complex vortices in a rotating 
impeller. 

(3) By installing a flat plate VG, a stable vortex 
can be continuously generated. In the numerical 
simulation, the vortex breaks at the dynamic-static 
interface, which may be caused by data transmission 
errors. 

(4) The vortex and the impeller influence each 
other. The rotation of the impeller deforms the shape 
of the inlet vortex. Without a rotating impeller, the 
main frequency of the pressure pulsation induced by 
the vortex is a low frequency. With a rotating impeller, 
the main frequency of the pressure pulsation induced 
by the vortex is the blade frequency. The vortex 
significantly changes the tangential velocity inside the 
impeller. 
 



 

 
 

243

Acknowledgements 
This work was supported by the Natural Science 

Foundation of Jiangsu Province (Grant No. 
BK20190914), the China Postdoctoral Science 
Foundation (Grant No. 2019M661946), the University 
Science Research Project of Jiangsu Province (Grant 
No. 19KJB570002) and the Priority Academic 
Program Development (PAPD) of Jiangsu Higher 
Education Institutions. The authors especially thank 
Prof. Chaoqun Liu and his team, as this work was 
accomplished using code LiutexUTA, which is 
released by Chaoqun Liu at the University of Texas at 
Arlington. 
 
 
References 
 

[1]  Tang X., Wang F., Li Y. et al. Numerical investigation of 
vortex flows and vortex suppression schemes in a large 
pumping-station sump [J]. Proceedings of the Institution 
of Mechanical Engineers, Part C: Journal of Mechanical 
Engineering Science, 2011, 225(6): 1459-1480. 

[2]  Wang Y., Wang P., Tan X. et al. Research on the non- 
uniform inflow characteristics of the canned nuclear 
coolant pump [J]. Annals of Nuclear Energy, 2018, 115(5): 
423-429. 

[3]  Zhang W., Tang F., Shi L. et al. Effects of an inlet vortex 
on the performance of an axial-flow pump [J]. Energies, 
2020, 13(11): 2854. 

[4]  Rajendran V. P., Constantinescu S. G., Patel V. C. Experi- 
mental validation of numerical model of flow in 
pump-intake bays [J]. Journal of Hydraulic Engineering, 
ASCE, 1999, 125(11): 1119-1125. 

[5]  Kim C. G., Kim B. H., Bang B. H. et al. Experimental and 
CFD analysis for prediction of vortex and swirl angle in 
the pump sump station model [J]. IOP Conference Series: 
Materials Science and Engineering, 2015, 72(4): 042044. 

[6]  Song X., Liu C. Experimental investigation of floor- 
attached vortex effects on the pressure pulsation at the 
bottom of the axial flow pump sump [J]. Renewable 
Energy, 2020, 145: 2327-2336. 

[7]  Godard G., Stanislas M. Control of a decelerating boun- 
dary layer. Part 1: Optimization of passive vortex 
generators [J]. Aerospace Science and Technology, 2006, 
10(3): 181-191. 

[8]  Hansen M. O. L., Charalampous A., Foucaut J. M. et al. 
Validation of a model for estimating the strength of a 
vortex created from the bound circulation of a vortex 
generator [J]. Energies, 2019, 12(14): 2781. 

[9]  Zeng Z., Du P., Wang Z. et al. Combustion flow in 
different advanced vortex combustors with/without vortex 
generator [J]. Aerospace Science and Technology, 2019, 
86(3): 640-649.  

[10] Tian X., Zheng Y., Pan H. et al. Numerical and 
experimental study on a model draft tube with vortex 
generators [J]. Advances in Mechanical Engineering, 2013, 
5: 509314. 

[11] Tian X., Pan H., Hong S. et al. Improvement of hydro- 
turbine draft tube efficiency using vortex generator [J]. 
Advances in Mechanical Engineering, 2015, 7(7): 1-8. 

 
 
 

[12] Hunt J. C. R., Wray A. A., Moin P. Eddies, stream, and 
convergence zones in turbulent flows [R]. Proceeding of 
the Summer Program in Center for Turbulence Research, 
1988, 193-208. 

[13] Liu C., Wang Y. Q., Yang Y. et al. New omega vortex 
identification method [J]. Science China Physics 
Mechanics and Astronomy, 2016, 59(8): 56-64. 

[14] Wang Y. Q., Gao Y. S., Xu H. et al. Liutex theoretical 
system and six core elements of vortex identification [J]. 
Journal of Hydrodynamics, 2020, 32(2): 197-211. 

[15] Zhang Y. N., Liu K. H., Li J. W. et al. Analysis of the 
vortices in the inner flow of reversible pump turbine with 
the new omega vortex identification method [J]. Journal 
of Hydrodynamics, 2018, 30(3): 463-469. 

[16] Zhang Y. N., Qiu X., Chen F. P. et al. A selected review of 
vortex identification methods with applications [J]. 
Journal of Hydrodynamics, 2018, 30(5): 767-779. 

[17] Attiya B., Liu I., Altimemy M. et al. Vortex identification 
in turbulent flows past plates using the Lagrangian method 
[J]. Canadian Journal of Physics, 2019, 97(8): 895-910. 

[18] Liu J., Liu C. Modified normalized Rortex/vortex identi- 
fication method [J]. Physics of Fluids, 2019, 31(6): 
061704. 

[19] Xu S., Long X., Ji B. et al. Vortex dynamic characteristics 
of unsteady tip clearance cavitation in a waterjet pump 
determined with different vortex identification methods [J]. 
Journal of Mechanical Science and Technology, 2019, 
33(12): 5901-5912. 

[20] Wang Y. Q., Gui N. A review of the third-generation 
vortex identification method and its applications [J]. 
Chinese Journal of Hydrodynamics, 2019, 34(4): 
413-429(in Chinese). 

[21] Gao Y., Liu C. Rortex and comparison with eigenvalue- 
based vortex identification criteria [J]. Physics of Fluids, 
2018, 30(8): 085107. 

[22] Liu C., Gao Y., Tian S. et al. Rortex-A new vortex vector 
definition and vorticity tensor and vector decompositions 
[J]. Physics of Fluids, 2018, 30(3): 035103. 

[23] Liu C. Letter: Galilean invariance of Rortex [J]. Physics of 
Fluids, 2018, 30(11): 111701. 

[24] Wang Y. F., Zhang W. H., Cao X. et al. The applicability 
of vortex identification methods for complex vortex 
structures in axial turbine rotor passages [J]. Journal of 
Hydrodynamics, 2019, 31(4): 700-707. 

[25] Smirnov P. E., Menter F. R. Sensitization of the SST tur- 
bulence model to rotation and curvature by applying the 
Spalart-Shur correction term [J]. Journal of Turbo- 
machinery, 2009, 131(4): 041010. 

[26] Chitrakar S., Thapa B. S., Dahlhaug O. G. et al. Numerical 
and experimental study of the leakage flow in guide vanes 
with different hydrofoils [J]. Journal of Computational 
Design and Engineering, 2017, 4(3): 218-230. 

[27] Liu Y., Zhong L., Lu L. Comparison of DDES and 
URANS for unsteady tip leakage flow in an axial 
compressor rotor [J]. Journal of Fluids Engineering, 2019, 
141(12): 121405. 

[28] Shi L., Zhang W., Jiao H. et al. Numerical simulation and 
experimental study on the comparison of the hydraulic 
characteristics of an axial-flow pump and a full tubular 
pump [J]. Renewable Energy, 2020, 153: 1455-1464. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


