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To study the influence of inlet guide vanes (IGVs) on the pressure pulsation of a shaft tubular pump, this paper first conducts an
experiment to study IGVs. ,en, numerical calculations of the shaft tubular pump with and without IGVs are performed to
analyze the hydraulic performance and pressure fluctuation characteristics. Finally, the reliability and accuracy of the data are
verified by a model test. Numerical simulation results show that with additional IGVs, the pressure pulsation amplitude at the
impeller inlet first decreases and then increases under small-flow and design conditions but gradually increases under large-flow
conditions. When the IGVs are added to the impeller inlet of the shaft tubular pump, the hydraulic loss in front of the impeller
inlet increases, resulting in a significant drop in the head and efficiency of the pump device when the flow rate is less than 1.12 Qd;
when the flow rate is greater than 1.12Qd, the head and efficiency of the pump device do not change significantly. IGVs can
improve the condition of impeller water inflow and reduce pressure fluctuation on the blade surface.

1. Introduction

A shaft tubular pump is a kind of axial flow pump. In China,
shaft tubular pumps are widely used in large-flow and low-
head pump stations. ,e shaft tubular pump has the ad-
vantages of straight flow passage, smooth internal flow, and
small hydraulic loss [1–5]. However, in the actual con-
struction process of the shaft tubular pumping station, the
size of the pump is large, and the flow channel usually adopts
a reinforced concrete structure. ,e tensile performance is
poor, so it is necessary to add IGVs at the impeller inlet to
support the flow channel. ,e addition of IGVs can not only
improve the overall structural strength of the inlet channel
but also improve the flow pattern of the pump. ,erefore,
the study of IGVs has great reference significance for en-
gineering practice. In addition to its application in water
pumps, IGVs are also widely used in compressors, gas
turbines, and other applications [6–12].

In the present paper, the airfoil design and placement
angle of the IGVs are based on the research results of some

experts on centrifugal pumps [13–15]. Wang [16] et al.
studied the effect of IGVs on unsteady flow in centrifugal
pumps. ,e results showed that after installing the IGVs of
−36° to 36°, the pressure fluctuation in the impeller and
volute changed a little. After installing IGVs of −60° and
+60°, the pressure pulsation amplitude increased signifi-
cantly due to the blocking effect of the IGVs. Liu [17] et al.
studied the difference in pressure pulsation in centrifugal
pumps without IGVs and with 2D and 3D IGVs. ,e study
found that under the design conditions, the main frequency
amplitude of the pump was reduced by installing IGVs at the
impeller inlet. 3D IGVs had a better reduction effect on the
main frequency of pressure pulsation than 2D IGVs. Shi
et al. [18] studied the effect of the angle difference of impeller
blades on the performance of an axial flow pump.,e results
showed that the blade angle deviation caused irregular
pressure changes in the impeller, and the low-frequency
pressure pulsation increased significantly. Yang et al. [19]
designed several IGVs of axial flow pumps with different
installation angles. ,rough numerical calculation, it was
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found that IGVs with a 0° angle had little effect on the
hydraulic characteristics of the pumps in high-efficiency
areas and low-flow conditions. ,e larger hydraulic loss
from the IGVs was the main reason for the low efficiency of
the pumps under large-flow conditions.

,ere have been a relatively large number of studies on
rear guide vanes [20–26]. Yang et al. [27] studied the angle of
the IGVs of an axial flow pump. When the angle of the blade
was adjusted from positive to negative, the performance
curve shifted in the direction of large flow. Zhao et al. [28]
studied the IGVs of an axial flow pump in turbine mode. It
was found that the efficiency range of the pump was ex-
panded by the IGVs. Kim et al. [29] found that IGVs greatly
interfered with the steady and unsteady characteristics of a
pump. In particular, the efficiency was most affected by the
IGVs. Guo et al. [30] found that the installation angle of
IGVs had a greater impact on the cavitation of a pump. Yang
et al. [31] studied the influence of the impeller inlet baffle on
its performance. It was found that the distance between the
inlet baffle and the impeller had the greatest impact on water
pump performance. ,e inlet baffle could constrain the
backflow of the impeller inlet and improve the efficiency of
the pump. Xing et al. [32] set a baffle plate at the impeller
inlet and analyzed it numerically. ,e study found that the
baffle plate mainly affected the tangential velocity of the
impeller inlet and could improve the impeller working
ability. Dai et al. [33] researched the positions of IGVs. ,e
closer the IGVs were to the impeller, the better the working
condition of the impeller was. ,e efficiency of the pump set
was also improved. Deng et al. [34] found that IGVs had a
substantial impact on the external characteristics and vi-
bration characteristics of pumps.

,e present paper adopts a research method that
combines numerical simulation and model tests [35–38].
First, the influence of the number of IGVs on the perfor-
mance and pressure pulsation of the shaft tubular pump is
studied through model tests. ,en, the 5 IGVs scheme,
which offers better performance than other schemes, and the
shaft tubular pump without IGVs are selected for numerical
simulation and comparison. Finally, several model tests are
used to prove the accuracy of the calculation data. We
mainly analyze the influence of the number of IGVs and the
addition of IGVs on the performance and pressure pulsation
characteristics of the pump unit.,e purpose of this article is
to derive the change law of the pressure pulsation of the shaft
tubular pump [39–41] and provide guidance for the
structural design and operation of pump stations.

2. Model Test

2.1. Test Scheme Design. A shaft tubular pump without
IGVs and a shaft tubular pump with 4 IGVs, 5 IGVs, and 6
IGVs were designed. Tests on the external characteristics
and pressure fluctuations were performed on a hydraulic
machinery test bench that was accurately calibrated. ,e
system error eS and measurement error eR of the test
bench are ±0.231% and ±0.171%.,e test speed is the same
as the calculation, which is 1163 r/min. Figure 1 is a
schematic diagram of the test bench. ,e impeller

diameter of the shaft tubular pump is 300mm. Figure 2(a)
shows a physical picture of the impeller. ,e number of
blades is 3, and they are made of brass. ,e guide vanes
and IGVs are welded with 5mm thick steel materials. ,e
guide vanes and IGVs are shown in Figures 2(b) and 2(c)–
2(e).,ree monitoring points, P1 ∗ at the IGVs inlet, P2 ∗
at the impeller inlet, and P3 ∗ at the guide vane outlet,
were measured in the pressure fluctuation test. Figure 2(f )
is the physical map of the test device and the layout of the
measuring points.

2.2. Test Results and Analysis. Figure 3 shows the test results
of the external characteristics of pumps with 4 IGVs, 5 IGVs,
and 6 IGVs. ,e change trends of the head and efficiency
curves of the three schemes are basically the same. ,e
number of IGVs has an obvious effect on the efficiency of the
pump but has little effect on the head. When the number of
IGVs gradually increases, the efficiency of the pump first
increases and then decreases. ,e efficiency of the pump
with 5 IGVs is the highest under the design condition, which
is approximately 1.26% higher than that of the shaft tubular
pump with 4 IGVs.

To analyze the pressure pulsation, the nondimensional
parameters of the pressure pulsation coefficient Cp and
pressure pulsation intensity C∗p are introduced to express the
results. ,e formulas are as follows:

CP �
P − P

0.5ρu
2,

CP
∗
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,
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where P is the average pressure at the monitoring point, Pa,
P is the instantaneous pressure at the monitoring point, Pa, ρ
is the liquid density, kg/m3, n is the impeller revolution, and
u is the impeller outlet circumferential velocity, rad/s.

Figure 4 shows the test results for the pressure fluctu-
ation of shaft tubular pumps with 4 IGVs, 5 IGVs, and 6
IGVs. Since the IGVs have an obvious influence on the
pressure fluctuation at the impeller inlet, the following in-
vestigation mainly analyzes point P1∗ at the impeller inlet.
,e figure shows that with increasing flow rate, the pressure
fluctuation amplitude at the impeller inlet of the three
schemes gradually decreases. When the number of IGVs
gradually increases, the amplitude of pressure fluctuation at
the impeller inlet first decreases and then increases under
small-flow conditions and design conditions but gradually
increases under large flow conditions. Under the design
conditions, the pressure fluctuation amplitudes of the 4
IGVs and 6 IGVs shaft tubular pumps are approximately 2.6
times and 1.8 times that of the 5 IGVs shaft tubular pump,
respectively. According to the results of the tests on the
pressure fluctuation and external characteristics, the per-
formance of the shaft tubular pump with 5 IGVs is the best.
,erefore, the following selection of the 5 IGVs scheme and
no IGVs scheme shaft tubular pump are numerically cal-
culated and compared.
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3. Numerical Calculation

3.1.CalculationModel. Numerical simulations of the 5 IGVs
schemes and the scheme without IGVs are performed. ,e
speed of the pump is 1163 r/min. Under the design condition
Qd, when the temperature is 25°C, the Reynolds number of
the inlet section of the impeller of the shaft tubular pump is
1510268. ,e hub diameter D1 of the shaft tubular pump is
110mm, and the impeller diameter D is 300mm. ,e pump
has 3 impellers.,e tip clearance d is 0.15mm.,e hub ratio
dr is 0.4. ,e design flow Qd is 288 L/s. ,e single-sided
spread angle of the guide vane shroud is 5 degrees. ,e IGVs
adopt 2D a straight blade form. ,e installation angle of the
IGVs is set to 0 degrees. ,e number of IGVs is 5, and their
thickness is 5mm. ,e distance between the IGVs and the
impeller is set at 0.85D. Figure 5 shows the three-dimen-
sional model of the shaft tubular pump impeller.

,e calculation model of the scheme without IGVs is
composed only of impellers, guide vanes, inlet channels, and
outlet channels. In addition to the above four parts, the
calculationmodel of the IGVs scheme adds the IGVs section.
,e grids of the impeller, guide vanes, and IGVs are modeled
by TurboGrid and divided into structured grids. ,e grid
number of guide vanes is approximately 840,000. ,e grid
number of IGVs is approximately 960,000. ,e inlet and
outlet flow channels are first modeled by Creo and then
divided into structured grids using ICEM. ,e numbers of
grid elements are approximately 1.41 million and 710,000.
,e mesh of each part of the model is shown in Figure 6.
After the mesh of each part is completed, the calculation
model is assembled in CFX.,e three-dimensional diagrams
of the calculation model are shown in Figure 7.

Because the convergence of the calculation is greatly
affected by the grid quality, grid-independence analysis of

21 3

4 5 6 7

8 9 10 11 12

Figure 1: Two-dimensional diagram of the hydraulic machinery test bench (1: auxiliary pump motor; 2: auxiliary pump; 3: solenoid globe
valve; 4: shut-off valve; 5: auxiliary pump; 6: electromagnetic flowmeter; 7: electric control gate valve; 8: vacuum water tank; 9: main motor;
10: shaft tubular pump device; 11: pressure water tank; and 12: water storage tank).

(a) (b) (c) (d) (e)

Inlet Outlet

P1* P2* P3*

(f )

Figure 2: (a) Impeller, (b) guide vanes, (c) 4 IGVs, (d) 5 IGVs, (e) 6 IGVs, and (f ) diagram of test device.
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Figure 3: Test results for shaft tubular pumps with 4, 5, and 6 IGVs.
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Figure 4: Test results for the pressure pulsation test of shaft tubular pumps with 4, 5, and 6 IGVs: (a) 0.75Qd and (b) Qd and 1.25Qd.
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the shaft tubular pump with and without IGVs is performed.
Figure 8 shows the relationship between the grid element
number and the efficiency of the pump device.

When the number of grid elements for the pump device
without and with IGVs is 3.2 million and 4 million, re-
spectively, the efficiency is basically no longer affected by
changes in the grid. To reduce the workload of the numerical
calculations, a total number of grid elements of the pump
device without and with IGVs are selected to be 3.43 million
and 4.4 million, respectively.

3.2. Governing Equation. ,e basic governing equation in
this article is the N-S equation. ,e turbulence model uses
RNG k-ε turbulence model. ,e k-ε turbulence model is a
common calculation model suitable for most projects. ,e
RNG k-ε turbulence model is an improved equation based
on the standard k-ε turbulence model, which can deal with
swirling and large aberration flows, so it is more widely used.

(1) ,e k equation and ε equation of the RNG k-ε
turbulence model are

z(ρk)
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+
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Figure 5: ,ree-dimensional model of the impeller.

(a) (b) (c) (d) (e)

Figure 6: Grid of each part. (a) Inlet channel. (b) Outlet flow channel. (c) IGVs. (d) Impeller. (e) Guide vanes.
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Figure 7: ,ree-dimensional diagram of the calculation model of the pump device (a). Scheme of the shaft tubular pump without IGVs
(b). Scheme of the shaft tubular pump with IGVs.
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where ρ is the fluid density, xi and xj are the co-
ordinate components, μt is the turbulent viscosity, ui

and uj are the time-averaged velocity components,
αk and αε are the corresponding coefficients of k and
ε, respectively, and μeff is the effective turbulent flow
viscosity coefficient:

μeff � μ + μt;

μt � ρCμ
k
2

ε
;

R �
Cμρφ

3 1 − φ/φ0( 􏼁ε2

1 + βφ3
􏼐 􏼑k

;

Cμ � 0.0845;

C1ε � 1.42;

C2ε � 1.68;

φ � 2Eij􏼐 􏼑
k

3
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2
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􏼠 􏼡;

φ0 � 4.377;

β � 0.012.

(3)

(2) ,e three-dimensional incompressible turbulent
continuity equation and momentum equation are

zρ
zt

+ ∇ · (ρU) � 0,

zρU

zt
+ ∇ · ρU · U′( 􏼁 − ∇ · μeff∇ · U′􏼐 􏼑 � ∇P′ + ∇ · μeff∇U􏼐 􏼑

T
+ B,

(4)

where P′ � P + 2/3ρK is the static pressure, μ′ is the
velocity component, and B is the sum of additional
forces.

3.3.BoundaryConditionandPressureFluctuationMonitoring
Points. ,e governing equation is the N-S equation in the
unsteady numerical simulation of the pump device. ,e
RNG k-ε turbulence model is a basic turbulence model
[42, 43]. ,e inlet boundary condition is set as the total
pressure inlet, and its pressure value is one atmosphere. ,e
outlet boundary condition is set as the mass flow outlet. ,e
impeller is set as rotating domain. ,e other parts are set as
static domain. ,e nonslip condition satisfying viscous fluid
is adopted.,e dynamic and static interface adopts the stage
interface model with average speed. ,e other parts of the
interface adopt the none interface type [44, 45]. ,e time
step is calculated and set to 4.7619×10−4 s. ,e total time
step is the time required to rotate 8 revolutions, which is set
to 0.45714286 s. To verify the independence of the time step,
two time steps of 1.5873×10−4 s (equivalent to 1 degree
impeller rotation time) and 3.174610×10−4 s (equivalent to 2
degree impeller rotation time) are calculated for the tubular
pump without IGVs. We extract the pressure pulsation at
point P5 at the impeller inlet under the design condition Qd
for comparison, as shown in Figure 9. ,e difference in
pressure pulsation calculated by the three time steps is
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Figure 8: Grid-independence analysis.
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relatively small. ,erefore, to reduce the calculation time, it
is reasonable to select 3 degrees as a time step for calculation.

We arrange monitoring points in the shaft tubular pump
to analyze the pressure fluctuation characteristics.,e P1-P4
monitoring points are arranged radially on the IGVs inlet
section. ,e P5-P8 monitoring points are arranged radially
on the impeller inlet section. ,e P9-P12 monitoring points
are arranged radially on the impeller outlet section.,e P13-
P16 monitoring points are arranged radially on the guide
vane outlet section. ,e three-dimensional layout of mon-
itoring points is shown in Figure 10.

4. Comparison of the Results of the Calculation
and the Experiment

4.1.ExternalCharacteristicResults. ,emodel test results for
the shaft tubular pumpwith and without IGVs are compared
with the calculation results. Figure 11 shows the comparison
result. ,e figure shows that when the operating condition
deviates from the design condition, the efficiency measured
by the model test is higher than that of the calculation.When
the flow is higher than the design flow conditions, the head
curve fits better. ,e head deviation is larger when it is less
than the design flow, but the maximum relative error does
not exceed 5%. ,is shows that the numerical simulation
results of the shaft tubular pump are accurate and credible.
,is also demonstrates that the performance of the shaft
tubular pump will be significantly affected by the IGVs.

4.2. Pressure PulsationResults. ,emodel test also tested the
pressure pulsation at point P1∗ under three characteristic
working conditions (0.75Qd, Qd, and 1.25 Qd) of the shaft
tubular pump with 5 IGVs and no IGVs. Figures 12 and 13
show the comparison between the pressure pulsation test
and the numerical calculation results. ,emain frequency of
the pressure fluctuation of the two schemes is the impeller
passing frequency, and the amplitude deviation is small. ,e

calculation results of the pressure fluctuation are shown to
be accurate and reliable.

5. Numerical Results

5.1. Analysis of the Hydraulic Performance. To analyze the
performance difference of the shaft tubular pump without
IGVs and with 5 IGVs schemes, numerical simulation
calculations are performed on the two pump devices. Fig-
ure 14 shows the comparison results of the performance
curves. After adding the IGVs in front of the impeller, the
pump head and efficiency are reduced under design con-
ditions and small-flow conditions. ,e smaller the flow is,
the greater the drop in the head and efficiency of the shaft
tubular pump device are. However, there is basically no
change in the head and efficiency under large-flow condi-
tions. Under the design condition, the efficiency of the pump
with IGVs is nearly 1.63% lower than that of the scheme
without the IGVs, and the head is nearly 0.06m lower. ,e
IGVs have a greater impact on the performance of the shaft
tubular pump.

To further analyze the influence of the IGVs, Figure 15 is
the comparison of the flow uniformity Vu and the speed
weighted average angle θ of the impeller inlet of the two
pump schemes. With increasing flow, the uniformity of the
flow velocity and the velocity-weighted average angle of the
impeller inlet section of the two schemes gradually increase.
After adding the IGVs in front of the impeller, the flow
uniformity of the impeller inlet section increases by ap-
proximately 1.11%, and the speed-weighted average angle is
reduced by approximately 0.7°. ,is shows that the IGVs can
improve the hydraulic conditions of the impeller of the shaft
tubular pump:

Vu � 1 −
1

Va

�������������

􏽐
n
i�1 Vai − Va( 􏼁

2

m

􏽳

⎛⎜⎝ ⎞⎟⎠ × 100%, (5)
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Figure 9: Independence of the time step.
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Figure 11: Comparison between the results of the calculation and the test. (a) Shaft tubular pump without IGVs and (b) shaft tubular pump
with IGVs.
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Figure 12: Test of the pressure fluctuation and numerical simulation comparison of impeller inlet of shaft tubular pumps with no IGVs
under (a) 0.75Qd, (b) Qd, and (c) 1.25Qd.
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where Vai is the axial velocity of the ith grid node of the
impeller inlet section, m/s, Va is the average axial velocity of
the impeller inlet section, m/s, and m is the number of grids
of the impeller inlet section:

θ �
􏽐

n
i�1 90° − arctan Vti/Vai( 􏼁( 􏼁Vai

􏽐
n
i�1 Vai

, (6)

where Vti is the lateral velocity of the ith grid node on the
impeller inlet section, m/s.

Figure 16 shows the change in the static pressure of each
calculation area in the shaft tubular pump with and without
IGVs under three characteristic working conditions (0.75
Qd, Qd, and 1.25 Qd). △H is the average static pressure
difference between each section and the impeller inlet. Z is
the distance from the section to the central section of the

impeller [46]. After adding the IGVs in front of the impeller
under various working conditions, △H of the inlet flow
passage and the IGVs section significantly decrease. As the
flow rate increases, △H decreases more, but the values of
△H of the impeller, guide vanes, and outlet channel basically
do not change. It can be found from the results that the
hydraulic loss of the inlet channel will increase by adding the
IGVs, and the performance of the shaft tubular pump will
decrease.

,e axial velocity diagrams of the impeller inlet section
of the shaft tubular pump under three characteristic con-
ditions (0.75Qd, Qd, and 1.25 Qd) are considered for com-
parison, as shown in Figures 17 and 18.,e figures show that
due to the influence of the impeller, three high-velocity areas
and three low-velocity areas appear on the inlet of the
impeller of the two schemes under three working conditions,

Cp=0.00545
Cp=0.00631

0.000
0 3 6 9 12

Frequency Multiplier
15 18 21 24

0.002

0.004

0.006

0.008

Cp

Test of the Model Pump Device
Numerical Simulation of the
Model Pump Device

(a)

Cp=0.00233
Cp=0.00187

0.000
0 3 6 9 12

Frequency Multiplier
15 18 21 24

0.001

0.002

0.003

0.004

Cp

Test of the Model Pump Device
Numerical Simulation of the
Model Pump Device

(b)

Cp=0.00215
Cp=0.00318

0.000
0 3 6 9 12

Frequency Multiplier
15 18 21 24

0.001

0.002

0.003

0.004

Cp

Test of the Model Pump Device
Numerical Simulation of the
Model Pump Device

(c)

Figure 13: Test of the pressure fluctuation and numerical simulation comparison of the impeller inlet of shaft tubular pumps for the 5 IGVs
scheme under (a) 0.75Qd, (b) Qd, and (c) 1.25Qd.
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Figure 16: Hydraulic curves of each calculation area of the shaft tubular pump under (a) 0.75Qd, (b) Qd, and (c) 1.25Qd.
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which are consistent with the number of blades. After adding
the IGVs, the axial velocity decreases under three working
conditions. ,is is because of the thickness of the IGVs and
the frictional resistance of the contact surface between the
blade and the water flow. It has an obstructive effect on the
water flow, resulting in a decrease in the axial velocity of the
water flow at the inlet of the impeller. ,ere is frictional
resistance between the IGVs and the water flow, which
causes a decrease in the axial velocity of the impeller.

5.2. Pressure Pulsation Analysis. To analyze the difference
between the pressure pulsation in the shaft tubular pump of
the two schemes, the main frequency amplitude of pressure
pulsation in the shaft tubular pump under three charac-
teristic conditions (0.75Qd, Qd, and 1.25Qd) is taken for
comparison, as shown in Figure 19. ,e inlet of the impeller
is the area with the largest amplitude of pressure fluctuation,
and the second is the impeller outlet. Because the inlet
channel and the guide vanes are far from the impeller, the
pressure fluctuation amplitude is small. ,e pressure pul-
sation amplitude of the shaft tubular pumps of the two
schemes under small-flow conditions is the smallest under
the three conditions. ,e pressure fluctuation amplitude
under the design condition is the smallest, which is

approximately 2/5 of that under the small-flow condition.
,erefore, more attention should be given to pressure
pulsation under the condition of small flow when the shaft
tubular pump is running. After the IGVs are added to the
impeller inlet, the pressure pulsation of the entire pump
device is reduced under each flow condition, especially the
pressure pulsation of the impeller inlet, which greatly de-
creases. ,is shows that the IGVs can not only improve the
uniformity of the impeller inlet flow rate but also suppress
the pressure pulsation at the inlet of the impeller. After the
IGVs are added, the pressure fluctuation amplitude in the
inlet channel and the guide vanes is also very small. ,is is
because the inlet channel and the guide vanes are far from
the impeller and are less affected by the impeller.

,e pressure pulsation intensity C∗p distribution of the
impeller inlet section of the pump under three conditions
(0.75Qd, Qd, and 1.25Qd) is taken for comparison, as shown
in Figures 20 and 21. ,e figures show that there are 3 high-
pressure areas and 3 low-pressure areas at the inlet section of
the impeller of the two schemes, which correspond to the
number and position of impellers. ,is is because the ro-
tation of the impeller is the source of pressure fluctuation
inside the pump unit. After adding the IGVs, the pressure
pulsation intensity at the entrance of the impeller will be
greatly reduced under all working conditions.
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Figure 17: Axial velocity distribution of the pump impeller inlet in the no IGVs scheme (a) 0.75Qd, (b) Qd, and (c) 1.25Qd.

0
0.45
0.91
1.36
1.82
2.27
2.72
3.18
3.63
4.09
4.54

Velocity Axial (m/s)

(a)

0
0.57
1.14
1.70
2.27
2.84
3.41
3.98
4.54
5.11
5.68

Velocity Axial (m/s)

(b)

0
0.68
1.35
2.03
2.70
3.38
4.05
4.72
5.40
6.08
6.75

Velocity Axial (m/s)

(c)

Figure 18: Axial velocity distribution of the pump impeller inlet in the 5 IGVs scheme under (a) 0.75Qd, (b) Qd, and (c) 1.25Qd.
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To analyze the pressure fluctuation intensity distribu-
tion on the blade surface, the middle span circumferential
section (span � 0.5) of the hub and shroud of the impeller
was removed for analysis. ,e midspan surface is shown in
Figure 22. Figure 23 shows the pressure pulsation intensity
distribution at the midspan. ,e pressure fluctuation

intensity on the pressure side of the two schemes is higher
than that on the suction side.,e existence of IGVs reduces
the pressure fluctuation intensity on the blade surface.
With the decrease in the flow, the effect becomes in-
creasingly obvious. After adding the IGVs, the pressure
pulsation amplitude of the pressure side and suction side of
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Figure 19: Main frequency of pressure pulsation in the shaft tubular pump under (a) 0.75Qd, (b) Qd, and (c) 1.25Qd.

0.020
0.027
0.034
0.041
0.048
0.055
0.062
0.069
0.076
0.083
0.090

CP*

(a)

0.020
0.023
0.026
0.029
0.032
0.035
0.038
0.041
0.044
0.047
0.050

CP*

(b)

0.020
0.024
0.028
0.032
0.036
0.040
0.044
0.048
0.052
0.056
0.060

CP*

(c)

Figure 20: Pressure fluctuation intensity distribution of the pump impeller inlet in the no IGVs scheme under (a) 0.75Qd, (b) Qd, and
(c) 1.25Qd.
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Figure 21: Pressure fluctuation intensity distribution of the pump impeller inlet in the 5 IGVs scheme under (a) 0.75Qd, (b) Qd, and (c)
1.25Qd.
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the blade is greatly reduced. ,e maximum pressure
fluctuation intensity of the vane pressure side (ignoring the
blade head and tail area) and suction side of the vertical well
tubular pump without IGVs is approximately 1.3 times and
1.1 times that of the IGVs scheme.

To analyze the effect of the IGVs on the pressure pul-
sation of the impeller inlet of the pump device, time domain
diagrams at four monitoring points along the radial dis-
tribution of the impeller inlet section are taken out for
research, as shown in Figures 24 and 25. ,e time domain

diagrams of the two pumps are similar in the change trend
under the same flow conditions. In a rotation period, the
time domain graph has three peaks and troughs. Along the
direction from the hub to the shroud, the pressure pulsation
amplitude at the inlet of the impeller of the two pumps
gradually increases. When the flow rate gradually increases,
the pressure pulsation amplitude of the impeller inlet of the
two pumps first decreases and then increases. ,e reason is
that the pressure difference between the inlet and outlet of
the impeller is large under the small-flow condition, and the
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Figure 23:,e pressure distribution of the suction surface and pressure surface of the blade in the midspan under (a) 0.75Qd, (b)Qd, and (c)
1.25Qd.
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Figure 22: Schematic diagram of the midspan of the impeller.
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Figure 24: Time domain distribution of the shaft tubular pump without IGVs under (a) 0.75Qd, (b) Qd, and (c) 1.25Qd.
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tip clearance backflow is serious. ,erefore, the impact of
backflow and incoming flow results in a turbulent flow
pattern at the inlet. It can also be found that the pressure
pulsation amplitude of the impeller inlet of the pump device
without IGVs is smaller than that of the IGV scheme under
all working conditions. In the IGV scheme, the pressure
pulsation amplitude of the impeller inlet P5 of the pump at
0.75 Qd, Qd, and 1.25 Qd is approximately 1/3/, 3/5, and 3/10
of the scheme without IGVs.

6. Conclusion

First, the influence of the number of IGVs on the perfor-
mance and pressure fluctuation of the shaft tubular pump
was experimentally studied. ,en, numerical simulations of
the shaft tubular pump with and without IGVs were per-
formed by CFD. ,e influence of the IGVs on the hydraulic
performance and pressure fluctuation characteristics of the
shaft tubular pump was studied. Finally, tests on the external
characteristics and pressure fluctuation were performed to
prove the accuracy of the calculation data. Based on the
analysis of the pressure fluctuation at the impeller inlet, the
following conclusions were obtained:

(1) ,e number of IGVs has a great impact on the
performance of the shaft tubular pump. With the
increase in the number of IGVs, the pressure pul-
sation amplitude at the inlet of the impeller decreases
first and then increases under small-flow conditions
and design conditions but gradually increases under
large-flow conditions.

(2) After the IGVs are added to the impeller inlet, the
hydraulic losses of the inlet channel and the IGVs
section increase. At the same time, the head and
efficiency of the pump device are reduced. ,e IGVs
can improve the uniformity of the impeller inlet flow
and improve the impeller water inlet condition, but
they have a negative impact on the impeller inlet
axial speed.

(3) ,e impeller inlet is the area with the largest pressure
pulsation amplitude inside the shaft tubular pump
device, followed by the impeller outlet. Since the
IGVs and the guide vanes are far from the impeller,

the pressure pulsation amplitude is very small. After
adding the IGVs, the overall pressure pulsation value
of the shaft tubular pump is reduced. In particular,
the pressure pulsation at the inlet of the impeller is
significantly weakened.

(4) ,e advantage of the IGVs is that they reduce the
pressure pulsation of the pump device and improve
the structure and operation stability of the pump
device. ,e disadvantage is that the head and effi-
ciency are slightly reduced. For the drainage
pumping station, due to the short running time of
the pumping station, its economic operation is
secondary to safety and stability. In summary, the
advantages of installing IGVs at the inlet of the shaft
tubular pump are more favorable than the
disadvantages.

(5) ,e results for the numerical simulations and model
tests of the shaft tubular pumps are in good agree-
ment. ,is shows that it is accurate and feasible to
study the hydraulic performance and pressure
fluctuation characteristics of shaft tubular pumps by
numerical simulation methods.

Abbreviations

n: Impeller revolution, r/min
dr: Hub ratio
d: Tip clearance
eS: System error
eR: Measurement error
Cp: Pressure pulsation coefficient
C∗p: Pressure pulsation intensity
D: Impeller diameter, mm
P: Instantaneous pressure, Pa
Q: Flow, L/s
ρ: Liquid density, kg/m3

η: Efficiency, %
P: Average pressure, Pa
u: Circumferential velocity, rad/s
Qd: Design flow, L/s
H: Head, m
D1: Hub diameter, mm
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Figure 25: Time domain distribution of the shaft tubular pump with 5 IGVs under (a) 0.75Qd, (b) Qd, and (c) 1.25Qd.

14 Shock and Vibration



ui, uj: Time-averaged velocity component
αk, αε: ,e coefficients of k and ε
U′: Velocity component
μt: Turbulent viscosity
xi, xj: Coordinate component
B: Sum of additional forces
μeff: Effective turbulent flow viscosity coefficient
P′: Static pressure, Pa
Vu: Flow uniformity, %
Vai: Axial velocity of the ith grid node, m/s
θ: Velocity-weighted average angle, °
Va: Average axial velocity, m/s
△H: Average static pressure, Pa
Vti: Lateral velocity of the ith grid node, m/s
Z: Distance from the section to the central section of the

impeller, mm
m: Number of grids of the impeller inlet section.
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