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Abstract: The outlet conduit is an important construction connecting the outlet of the pump guide
vane and the outlet pool; in order to study the hydraulic performance of the straight outlet conduit
of the axial-flow pump device, this paper adopts the method of numerical simulation and analyzes
the influence of the division pier on the pressure and velocity distribution inside and near the wall
of the straight outlet conduit based on three design schemes. Four pressure pulsation measuring
points were arranged in the straight outlet conduit, and the low-frequency pulsation characteristic
information inside the straight outlet conduit with and without the division pier was extracted by
wavelet packet reconstruction. The results show that the addition of a division pier has an effect on
the hydraulic loss, near-wall pressure and velocity distribution in the straight outlet conduit. A small
high-pressure zone is formed near the wall at the starting position of the division pier, and a large
high-speed zone is formed on the left side at the starting position of the division pier. The length
of the division pier has no significant effect on the flow distribution of the straight outlet conduit
and the pressure and velocity distribution near the wall. Under different working conditions, each
monitoring point has the maximum energy in the sub-band (0~31.25 Hz). With the increase of the
flow rate, the total pressure energy of the straight outlet conduit decreases gradually. Under each
condition, the difference of the energy proportion of the horizontal monitoring points of the straight
outlet conduit is small, and the difference of the energy proportion of the two monitoring points at
the top and bottom of the outlet channel is relatively large. The energy of the two monitoring points
in the straight outlet conduit with a division pier is smaller than that of the two monitoring points in
the straight outlet conduit without a division pier. There are differences in the main frequency and
the power spectrum corresponding to the main frequency of the monitoring points in the straight
outlet conduit, and the reasonable setting of the division pier is conducive to reducing the pressure
pulsation of the flow in the straight outlet conduit and is beneficial to the safe and stable operation of
the pump device.

Keywords: axial-flow pump device; straight outlet conduit; division pier; numerical calculation;
model test; pressure pulsation

1. Introduction

A pumping station is the most common technical means to solve the imbalance of wa-
ter resources in the world, especially for agricultural irrigation and drainage, water transfer
and urban and rural construction. To date, China has more than 500,000 large, medium and
small pumping stations; the total installed power exceeds 11.4 million kW [1,2], and quite a
few of these pumping stations are large low head pumping stations. The axial-flow pump
is the main pump type applied to low-lift pumping stations and is featured by a simple
structure, flexible installation and various forms. Nearly 300 large axial-flow pumps are
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needed for the third phase of South-to-North Water Diversion Project in China alone, while
the demand for small and medium-sized axial-flow pumps is larger, indicating that the
demand for axial-flow pumps is very large [3,4].

The outlet conduit is the transition section between the outlet of the guide vane and
the outlet pool, and its main role is to guide the orderly and smooth diffusion of water into
the outlet pool and recover the kinetic energy of water as much as possible. According
to previous studies, the hydraulic performance of the outlet conduit has an important
influence on the efficiency of the axial-flow pump device, and its head loss accounts for a
large proportion of the total loss of the pumping station; in particular, for the large low-lift
axial-flow pump pumping stations, it accounts for about 15~25% of the total [5,6]. The
width of the cross section of the outlet conduit of a large low head axial-flow pump station
is more than 3 m [7]; thus, considering the structure, it is necessary to set the division pier
in the outlet conduit to support it and reduce the span of the roof of the outlet conduit so
as to reduce the investment of the civil construction of the pumping station. This division
pier structure has been widely used in the outlet conduits of some large low-lift pumping
stations in China, Japan and the United States. However, the location, length and other
factors of the division pier arrangement often affect the hydraulic performance of the outlet
conduit, such as affecting the flow pattern of the outlet conduit, increasing the hydraulic
loss in the conduit and inducing the vortex to cause severe vibration; this poses hidden
dangers to the safety of the outlet conduit [8]. However, at present, we still lack a deep
understanding of the quantitative results of these impacts.

Previous studies have shown [8,9] that there is an obvious phenomenon of flow
deviation in the outlet conduit of the division pier, and the hydraulic performance of the
conduit has a great influence, such as causing flow pattern disorder and serious vibration
and generating a large amount of noise. Pi et al. [10] used a model test to compare the multi-
parameter analyses of different types of outlet conduits and found that, due to the improper
setting of the division pier, the hydraulic loss in the straight outlet conduit was significantly
higher than that in the siphon outlet conduit, which failed to reflect the superiority of some
hydraulic properties of the straight outlet conduit. In the work by Zhu et al. [11,12], in
order to obtain a suitable large low head vertical axial-flow pump outlet conduit and its
design scheme, a model test was carried out on the outlet conduit of a pumping station; it
was found that the water flowing out of the pump easily impacted the water surface of
the division pier of the outlet conduit and easily formed vortex on the back of the division
pier, resulting in increased hydraulic loss in the outlet conduit. The above research mainly
analyzed the influence of the division pier in the outlet conduit through the model test;
in recent years, with the rapid development of Computational Fluid Dynamics (CFD),
numerical calculation has become an important development direction in the field of pump
device research [13–15], and scholars and engineers in this field have conducted a large
amount of research work on the phenomenon of flow deviation in the outlet conduit. In the
work by Zhu et al. [16], in order to analyze the hydraulic characteristics in the siphon outlet
conduit, the numerical simulation method was used to calculate the three-dimensional
turbulent flow domain in the siphon outlet conduit under different working conditions.
It was found that the outlet flow domain of the guide vane behind the axial-flow pump
had an effect on the flow distribution on both sides of the siphon outlet conduit, and the
right flow was always greater than the left flow. Yang et al. [7,17] analyzed the outlet
conduit and the pump device as a whole system; the CFD method was used to calculate
the outlet conduit, and the time domain and frequency spectrum characteristics of velocity
fluctuation in the outlet conduit under different working conditions were quantitatively
analyzed. It was found that the division pier in the outlet conduit had a great influence on
the energy performance of the pump device, reducing the hydraulic performance of the
pump device, and the main frequency of velocity fluctuation at each monitoring point of
the inlet surface of the outlet conduit under different working conditions was 0.5 times the
frequency conversion. In order to study the hydraulic characteristics of the inclined outlet
conduit of a large low head pumping station, Xu et al. [18] set up water pressure pulsation
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measuring points on the left and right sides of the outlet conduit to obtain the pressure
of the left and right sides of the flow deviation; combined with a numerical simulation,
the causes of the internal flow deviation in the inclined outlet conduit of a 20◦ inclined
axial extension pump device were analyzed, and it was found that a large range of vortices
were generated in the lower part of the right side of the division pier. When the length of
the division pier is 23.35 m, the flow rate on the left and right sides of the inclined outlet
conduit is basically the same, the vortex range on the right side of the division pier is
gradually reduced, and the pressure values on the left and right sides of the outlet conduit
become very close. By means of a model test and numerical simulation, Wang et al. [19,20]
studied the problem of serious flow deviation in the outlet conduit of an inclined axial-flow
pump and found that the flow on the left side of the outlet conduit along the flow direction
is higher than that on the right side, and the residual circulation has an effect on the flow
deviation. It can be seen from the above that a division pier will lead to flow deviation in
the outlet conduit, and a certain vortex area will often appear on both sides of the pier [18];
the vortex in the conduit is the main cause of vibration [21]. In the existing research, some
scholars have used a Fourier transform to analyze the time domain and frequency domain
of pressure fluctuation signals for the phenomenon of flow deviation in the outlet conduit
and found that there were a large number of low-frequency signal components on both
sides of the division pier in the outlet conduit [22,23]. However, the most commonly used
Fourier transform cannot effectively process the low-frequency signal, and further research
on this part of the results to obtain the energy characteristics of the low-frequency signal is
of great significance to understand the vibration characteristics of the deflected flow near
the division pier or to improve the damage of the flow deviation to the outlet conduit in
the future.

In order to further explore the influence of the division pier on the hydraulic perfor-
mance of the outlet conduit, this paper takes the straight outlet conduit of the axial-flow
pump as the research object, uses the physical model test combined with the numerical
simulation technology to analyze the influence of the division pier on the hydraulic perfor-
mance of the outlet conduit and follows the steps in [24–26] to analyze the low-frequency
signals on both sides of the division pier through the wavelet packet method. Furthermore,
the energy and frequency spectrum characteristics of the pressure fluctuation signal in
the outlet conduit with or without a division pier are explored, which can provide some
reference for the design of the same type of outlet conduit structure. The main analysis
methods and steps are shown in Figure 1.
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Figure 1. Analysis flow chart.

2. Numerical Simulation Method
2.1. Model Parameter

Taking the whole flow conduit of the axial-flow pump as the research object, as shown
in Figure 2, the axial-flow pump device includes an elbow inlet conduit, impeller, guide
vane and straight outlet conduit. The impeller diameter D is 120 mm, the hub ratio is 0.40,
the number of blades is 4, the blade placement angle is 0◦, the rated speed is 2200 r/min,
the average blade tip clearance is 0.2 m and the number of blades in the guide vane is 5.
The equivalent diffusion angle of the straight outlet conduit is 2.41◦, the diameter of the
inlet surface is 1.17 times that of the impeller diameter, the outlet area is 2.06 times that of
the inlet area and the horizontal distance between the inlet surface of the test section and
the pump shaft is 1.87 times of the impeller diameter. Figure 3a is the single line diagram
of the elbow inlet conduit, Figure 3b is the single line diagram of the straight outlet conduit
and D means the impeller diameter.



Appl. Sci. 2021, 11, 6774 5 of 22Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 22 
 

 
Figure 2. Three-dimensional model of the axial-flow pump device. 1. Elbow inlet conduit, 2. impeller, 3. guide vane, 4. 
90° elbow, 5. straight outlet conduit. 

 

(a) Single line diagram of the elbow inlet conduit 

 
(b) Single line diagram of the straight outlet conduit 

Figure 3. Single line diagram of the inlet and straight outlet conduit. 

2.2. Grid Scheme and Boundary Conditions 
2.2.1. Grid Scheme and Interface Setting 

The structural grid of each flow passage component of the vertical axial-flow pump de-
vice is divided, and the grid quality of the impeller and the guide vane have an important 
influence on the accuracy of the numerical simulation of the internal flow of the pump de-
vice; the H/J/L-Grid topology structure is adopted for the impeller and the H-Grid topology 
structure is adopted for the guide vane. The grid is densified around the blade, and the wall 
grid of the impeller and the guide vane is shown in Figure 4. The impeller grid orthogonality 

3.73

1.
98

.

DDD

DDDD

28°

9°

Figure 2. Three-dimensional model of the axial-flow pump device. 1. Elbow inlet conduit, 2. impeller, 3. guide vane, 4. 90◦

elbow, 5. straight outlet conduit.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 22 
 

 
Figure 2. Three-dimensional model of the axial-flow pump device. 1. Elbow inlet conduit, 2. impeller, 3. guide vane, 4. 
90° elbow, 5. straight outlet conduit. 

 

(a) Single line diagram of the elbow inlet conduit 

 
(b) Single line diagram of the straight outlet conduit 

Figure 3. Single line diagram of the inlet and straight outlet conduit. 

2.2. Grid Scheme and Boundary Conditions 
2.2.1. Grid Scheme and Interface Setting 

The structural grid of each flow passage component of the vertical axial-flow pump de-
vice is divided, and the grid quality of the impeller and the guide vane have an important 
influence on the accuracy of the numerical simulation of the internal flow of the pump de-
vice; the H/J/L-Grid topology structure is adopted for the impeller and the H-Grid topology 
structure is adopted for the guide vane. The grid is densified around the blade, and the wall 
grid of the impeller and the guide vane is shown in Figure 4. The impeller grid orthogonality 

3.73

1.
98

.

DDD

DDDD

28°

9°

Figure 3. Single line diagram of the inlet and straight outlet conduit.

2.2. Grid Scheme and Boundary Conditions
2.2.1. Grid Scheme and Interface Setting

The structural grid of each flow passage component of the vertical axial-flow pump
device is divided, and the grid quality of the impeller and the guide vane have an important
influence on the accuracy of the numerical simulation of the internal flow of the pump
device; the H/J/L-Grid topology structure is adopted for the impeller and the H-Grid
topology structure is adopted for the guide vane. The grid is densified around the blade,
and the wall grid of the impeller and the guide vane is shown in Figure 4. The impeller
grid orthogonality angle is between 21~161◦, and the guide vane grid orthogonality angle
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is 37~158◦, meeting the requirement of a grid orthogonality angle between 15~165◦ [27].
The determinant 2 × 2 × 2 values of the straight outlet conduit and the 90◦ elbow of
the axial-flow pump device are all above 0.7, which meets the requirements of a value
greater than 0.4; furthermore, the angle values are all greater than 40◦ and the grid quality
is good, which meets the calculation requirements, and the grid y+ value of each flow
component of the axial-flow pump device is shown in Table 1, which meets the requirement
of 30 < y+ < 500 [27].
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Table 1. Grid y+ value of each flow component of the axial-flow pump device.

Overcurrent Parts Elbow Inlet Conduit Impeller Guide Vane 90◦ Elbow Straight Outlet Conduit

y+ 268.083 90.244 71.627 249.616 193.776
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The physical quantities between the rotating area and the static area are transferred
through the interface, the dynamic and static interfaces between the elbow inlet conduit
and the impeller, and the impeller and the guide vane are of the Stage type. The interfaces
between the guide vane and the 90◦ elbow, the 90◦ elbow and the straight outlet conduit
are of the None type.

The straight outlet conduit of the axial-flow pump device was analyzed for the in-
dependence of the number of grids, and the influence curve of the number of grids on
the efficiency of the axial-flow pump device under the optimal working conditions was
drawn as shown in Figure 5. It can be clearly seen that the efficiency of the axial-flow pump
device in the straight outlet conduit increases with the increase in the number of grids.
When the number of grids increases from 3.9 million to 5.1 million, the efficiency of the
axial-flow pump device changes to be significantly less than 1%, and the efficiency of the
pump device tends to stabilize after the number of grids reaches 5.1 million; therefore, a
value of 5.4 million grids for the axial-flow pump device model under grid combing is
selected as the final numerical calculation model.
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At the speed of 2200 r/min, as shown in Figure 6, the results of the model test
and numerical calculation of the pump device and straight outlet conduit are compared
and analyzed. Under the condition of a low flow rate, the Q~H curve of the numerical
calculation is slightly higher than that of the model test; near the optimal operating point,
the Q~H curve of the numerical calculation coincides with that of the model test. The
results show that the Q~η curve of the numerical calculation is higher than that of the
model test, the absolute error of efficiency between the numerical calculation and model
test is 2.6% and the absolute error of each point is less than 3%. It can be seen that the
change trend of the predicted performance curve of the pump device and straight outlet
conduit is basically consistent with the experimental curve, and the curves are in good
agreement; the numerical results are slightly larger than the experimental results, which is
due to physical factors such as rough blade performance, so it is difficult for the numerical
calculation to be completely consistent with the experimental results.
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2.2.2. Boundary Conditions, Governing Equations and Turbulence Model

The inlet boundary condition of the vertical axial-flow pump is the total pressure,
which is set on the inlet surface of the elbow inlet conduit; the total pressure is set at 1 atm.
The numerical simulation results of the flow field in the axial-flow pump are not sensitive
to the selection of the inlet turbulent kinetic energy parameters, so the medium turbulence
intensity Tu = 5% is used on the inlet surface of the elbow inlet conduit; the outlet boundary
condition is mass flow, which is set on the outlet surface of the outlet extension of the
straight outlet conduit. In the near wall region, the retractable wall function is used, and
each solid wall is set as a non-slip boundary condition without considering the influence of
wall roughness; the convergence accuracy is set as 1.0 × 10−5.

Based on the Reynolds time average equation Navier–Stokes (RANS) and the RNG
k-ε turbulence model, the vertical axial-flow pump was numerically solved. The RNG
k-ε turbulence model modified the turbulent viscosity and considered the rotation and
rotation in the average flow; furthermore, the turbulence model can better deal with flow
with a high strain rate and a large curvature of the streamline. The RNG k-ε turbulence
model was verified in [28–30] and can well simulate the internal flow field of the pump
and the pump device. The fluid in the pump device can be approximately considered
as an incompressible three-dimensional viscous turbulence, and the fluid motion follows
the laws of mass conservation, momentum conservation and energy conservation; the
fluid is liquid water at room temperature, and the heat exchange between the fluids is not
considered.

The continuity equation can be simplified as [28]

∂ui
∂xi

= 0

with the momentum equation [28]

∂(ρui)

∂t
+

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xj

(
µ

(
∂ui
∂xj

+
∂uj

∂xi

))
+ Fi

where ρ is the density of fluid, ui and uj are the components of the fluid velocity along i
and j directions, respectively, xi is the coordinate component, t is time, p is the pressure on
the fluid micro element body, µ is the kinematic viscosity coefficient of the fluid and Fi is
the volume force component along direction i.

The RNG k-ε model takes into account the influence of a high strain rate or large
curvature flow surface so as to improve the accuracy of the model in the case of a swirling
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flow and large curvature. The RNG k-ε model is used to simulate the axial-flow pump, and
the governing equations of the RNG k-ε model are as follows:

∂(ρk)
∂t +

∂(ρkui)
∂(xi)

= ∂
∂xj

[
αkµe f f

∂k
∂xj

]
+µt

(
∂ui
∂xj

+
∂uj
∂xi

)
∂ui
∂xj

−ρε

∂(ρε)
∂t +

∂(ρεui)
∂(xi)

= ∂
∂xj

[
αεµe f f

∂ε
∂xj

]
+ C1ε

k µt

(
∂ui
∂xj

+
∂uj
∂xi

)
∂ui
∂xj

−C2ερ
ε2

K −R

where µe f f = µ + µt, µt = ρCµ
k2

ε , Cµ = 0.0845, αk = αε = 1.39, C1ε = 1.39, C2ε = 1.68,

R =
Cµρη3(1−η/η0)

1+βη3 , η =
(
2Eij·Eij

) 1
2 k

ε , Eij =
1
2

(
∂ui
∂xj

+
∂uj
∂xi

)
, η0 = 4.377 and β =0.012.

Because the fluid movement is obviously affected by the wall flow conditions, the
flow Reynolds number in the near wall area is low and the turbulence development is not
sufficient, it is necessary to treat the near wall flow of the solid wall of the pump device as
a function; the tangential velocity of the water near the wall and the wall shear force can be
obtained through the pairwise expression [28]

u+ = 1
k ln(y+) + C

u+ = u
uτ

= ρuτy
µ

y+ = ρ∆yuτ
µ

uτ =
(

τw
ρ

) 1
2

where y+ is the dimensionless distance, τw is the wall shear stress, u is the velocity tangent
to the wall, ∆y is the actual distance from the wall, k is the Von Karman constant and C is
the constant related to the wall roughness (C = 5.2).

3. Test Equipment and Analysis Method
3.1. Test Equipment

The pulsation test and analysis of the straight outlet conduit of the axial-flow pump
device with or without a division pier were carried out. The pulsation test of the straight
outlet conduit was tested on the Φ120 hydraulic mechanical closed-loop test bench, as
shown in Figure 7. The physical model of the axial-flow pump device includes four parts:
an elbow inlet conduit, an impeller, a guide vane and a straight outlet conduit. The impeller
model is ZM55, the nominal diameter of the impeller is 120 mm, the hub ratio is 0.40, the
number of blades is 4, the blade placement angle is 0◦, the average blade tip clearance is
0.2 mm, the number of blades of the guide vane is 5 and the rated speed is 2200 r/min.
The unilateral equivalent diffusion angle of the straight outlet conduit is 2.41◦, the inlet
diameter is 1.17 times the nominal diameter of the impeller, the outlet area is 2.06 times
that of the inlet area and the horizontal distance between the inlet face of the test section
and the pump shaft is 1.87 times the nominal diameter of the impeller. The impeller is
made of brass material, the guide vane is made of stainless-steel metal material and the
elbow inlet conduit and the straight outlet conduit are made of transparent organic glass.
The flow measurement used the LDG-125S-92 electromagnetic flowmeter produced by
Shanghai Smooth Instrument Co., Ltd. (Shanghai, China), the head measurement used the
EJA intelligent differential pressure transmitter and the torque and speed were measured
by the JCO type 0.1 speed torque sensor. The CY302 high precision digital pressure sensor
produced by Chengdu ShengYing measurement and Control Co., Ltd. (Chengdu, China)
was used in the pressure fluctuation characteristic test, the pressure sensor probe size was
Φ5 mm, the sampling rate was 1000 times/s, the accuracy was 0.1% and the test range
was 0–30 kPa. The output terminals of each sensor were connected to the Powerlink JW-3
display. The synchronous collection of the data of the four pressure sensors was realized
through the 485 hub and the data collection software, and the water and air temperature
during the laboratory experiment were kept unchanged, respectively.
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3.2. Total Uncertainty Analysis

To verify the reliability of the test bed and the test method of the axial-flow pump
device under the same test method and operating conditions, the repeatability test of
the energy performance of the pump device with a straight outlet conduit at a speed of
2200 r/min was carried out, and the test results are shown in Figure 8. Obviously, when the
rotational speed was 2200 r/min, the external characteristic trend of the axial-flow pump
with a straight outlet conduit was completely consistent in the three tests, and the data
results under similar working conditions were very close, indicating the stability of the test
bed and the reliability of the test results.
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The comprehensive uncertainty of the axial-flow pump was analyzed, and the cal-
culation results were better than the requirements of the standard of the Code of Practice
for a Model Pump and Its Installation Acceptance Tests (SL140-2006) for the comprehensive
uncertainty of efficiency:

Eη,s = ±
√

E2
Q + E2

H + E2
N + E2

M = ±0.173%

Eη = ±
√

E2
η,s + E2

η,r = ±
√
(0.173%)2 + (0.162%)2 = ±0.237%

where Eη is the comprehensive uncertainty of the test bed, Eη,s is the total system uncer-
tainty of the test bed, Eη,r is the random uncertainty of the test bed, EQ is the systematic
error of flow measurement and the full range measurement error is ±0.1%, EH is the
systematic error of head measurement and the full range measurement error is ±0.01%.
EM is the systematic error of torque measurement and the full range measurement error is
±0.1%. EN is the system error of speed measurement and the full range measurement error
is ±0.1%.

3.3. Measurement and Analysis of Pressure Fluctuation

As shown in Figure 9, the pressure pulsation characteristics of a straight outlet conduit
without a division pier were tested; four CY302 high-precision digital pressure sensors
were set on the wall of a straight outlet conduit, which were distributed in the vertical and
horizontal directions of the straight outlet conduit. The angle of the two adjacent pressure
sensors was 90◦, and the pressure pulsation test was conducted at the impeller speed of
2200 r/min.
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Generally, a Fourier transform is used to analyze pressure fluctuation signals, which
has the disadvantages of being non-stationary, of short duration and with time domain
and frequency domain localization. The wavelet packet method is a more detailed de-
composition and reconstruction method of signals based on wavelet analysis; the high
and low-frequency parts are decomposed by high and low-pass filters, respectively, and
wavelet packet decomposition can adaptively select the corresponding frequency band
according to the signal characteristics and analysis requirements and match with the signal
spectrum. The sampling frequency of the pressure fluctuation test is fs = 1000 Hz; according
to the Nyquist sampling theorem, the highest analysis frequency is f = fs/2 = 500 Hz,
which is divided into 16 sub bands. The frequency bandwidth of each wavelet packet
is d = f /24 = 31.25 Hz, and the wavelet packet energy spectrum analysis uses the mother
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wavelet to decompose the signal to a specified number of layers and then solve the energy
of each node decomposition coefficient. The solution steps and corresponding calculation
formula are described in [30–32], and the four-level decomposition tree of the pulsating
wavelet packet of each measuring point in a straight outlet conduit is shown in Figure 10.
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4. Results and Discussion
4.1. Flow Field Analysis of Straight Outlet Conduit

To explore the influence of a division pier on the hydraulic performance of the straight
outlet conduit, according to the idea in [18], three kinds of division pier design schemes
were designed as shown in Figure 11, which were all placed at the inlet of the conduit and
continuously extended to the inside of the conduit, to analyze the flow characteristics of a
straight outlet conduit with different lengths of division pier. The length of the division
pier in design scheme 1 was the length of the round pipe section of the straight outlet
conduit, the length of the division pier in design scheme 2 was extended to half of the
round square diffusion section of the straight outlet conduit based on design scheme 1, and
the length of the division pier in design scheme 3 was the diffusion section of the straight
outlet conduit.
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Figure 11. Design scheme of straight outlet conduit.

The three-dimensional numerical simulation of the straight outlet conduit under
the three schemes was carried out, and the three-dimensional streamline diagram of the
straight outlet conduit under the three kinds of division pier length under the optimal
working condition was drawn. It can be seen from Figure 12 that the streamline at the
starting position of the division pier under the three schemes was relatively smooth, but
there was a large range of unstable flow on both sides of the middle and rear position of
the division pier; the unstable flow gradually improved with the increase of the division
pier length. This is because the main flow in the straight outlet conduit changed direction
after passing through the 90◦ elbow; under the action of circulation and flow inertia, the
main flow deviated to the upper left side of the division pier, and there was a low-speed
zone below the path.
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Table 2 shows the flow distribution on both sides of the division pier under the three
schemes; when there was no division pier, the hydraulic loss of straight outlet conduit was
0.027 m under the optimal condition. It can be seen from Table 2 that the hydraulic loss of
the straight outlet conduit was increased by adding the division pier; with the increase of
the length of the division pier, the hydraulic loss gradually decreased, and in the process
from scheme 1 to scheme 3, the hydraulic loss decreased by 7.4% compared with that in
scheme 1. The main flow deviations of the three division piers with the same starting
position but different lengths to the straight outlet conduit were concentrated on the left
side, and the flow distribution ratios were 1.46, 1.45 and 1.48, respectively. It can be seen
that the main flow deviation in the straight outlet conduit was mainly concentrated on the
left side of the division pier, and there was only a small difference between the left and right
sides of the division pier with the same starting position but different lengths. Combined
with the previous research results, the division pier mainly caused the flow to deviate to
the left side of the division pier, and the length of the division pier extending backward
had an impact on the hydraulic loss of the straight outlet conduit, but the different lengths
of the division pier had little impact on the flow distribution on the left and right sides of
the straight outlet conduit.

Table 2. Flow distribution on both sides of division pier in three schemes.

Scheme Head Loss (m) Left (Q/Qbep) Right (Q/Qbep) Flow Distribution Ratio

1 0.081 0.595 0.407 1.46
2 0.078 0.592 0.408 1.45
3 0.075 0.597 0.403 1.48

4.2. Analysis of Static Pressure and Velocity

To analyze the influence of different division pier lengths on the pressure and velocity
distribution near the wall of the straight outlet conduit, three design schemes and a straight
outlet conduit without a division pier were analyzed; the pressure distribution and velocity
nephogram as shown in Figures 13 and 14 were then drawn.

It can be seen from Figure 13 that the pressure near the wall of the straight outlet
conduit increased gradually along the flow direction when the division pier was not set,
there was a large high-pressure area in the circular square diffusion section and the straight
pipe section of the conduit, and the pressure near the wall of the straight outlet conduit
without the division pier was evenly distributed. From scheme 1 to scheme 3, the pressure
near the wall in the straight outlet conduit of the division pier with different lengths
decreased as a whole, and the pressure increased gradually along the flow direction. The
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flow was affected by the division pier, and there was an obvious deviation phenomenon
on the left side of the division pier; from scheme 1 to scheme 3, it can be seen that a certain
low-pressure area formed on the left side of the division pier, indicating that the near-wall
pressure on the left and right sides of the division pier was easily affected by the division
pier in the straight outlet conduit, resulting in uneven pressure distribution. From scheme
1 to scheme 3, there was a small high-pressure area near the wall at the starting position of
the division pier, which was due to the diversion effect on the flow at the starting position
of the division pier, resulting in the disorder of the local streamline; for the flow deviation,
there may have been a small range of vortices at the deviant position, resulting in the
increase of the pressure near the wall at the starting position of the division pier. However,
there was no high-pressure area in the round to square diffusion section and straight pipe
section, according to Figure 12; the flow pattern here was good and the vortex could not
easily create a high-pressure area. The results show that the pressure near the wall of the
straight outlet conduit decreased as a whole and the stress condition of the straight outlet
conduit improved, but the division pier with different lengths had no obvious effect on the
pressure distribution near the wall of the straight outlet conduit.
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Figure 14 shows the velocity distribution of the straight outlet conduit without a
division pier and three design schemes. It can be seen from Figure 14 that the velocity of
the straight outlet conduit decreased from the flow direction as a whole due to the effect of
the residual circulation and inertia of the flow at the outlet of the guide vane. When there
was no division pier, there was a wide low-velocity zone at the bottom of the straight outlet
conduit, and the velocity increased gradually from the bottom to the top. From scheme 1
to scheme 3, a large high-speed zone appeared on the left side of the starting position of
the division pier due to the influence of the division pier; after adding the division pier, the
near-wall velocity at the top and bottom of the division pier decreased. Compared with the
case without the division pier, a large low-speed zone appeared at the top of the straight
outlet conduit with the division pier, and the low-speed zone at the bottom became larger.
Generally speaking, the division pier had a great influence on the near-wall velocity of
the straight outlet conduit, leading to an overall decrease of the near-wall velocity along
the flow direction; however, a large high-speed zone formed on the left side of the initial
position of the division pier, which was one of the reasons for the main flow to the left
side of the division pier, but there was no obvious difference in the near-wall velocity
distribution of the straight outlet conduit with different lengths of the division pier.

To further analyze the influence of the division pier on the internal vortex structure of
outlet conduit, referring to the identification method of the vortex structure in [33–35], we
used the Q criterion to analyze the internal vortex structure of the straight outlet conduit
in scheme 1; when the threshold value Q = 300 s−2, the internal vortex structures of the
straight outlet conduit under three different flow conditions are shown in Figure 15.
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When the threshold value Q = 300 s−2, along the flow direction, vortex structures with
different sizes appeared on the right side of the division pier: under the condition of a low
flow rate, there was a large vortex structure on the right side of the division pier; under the
optimal flow rate condition, the size of the vortex structure on the right side of the division
pier decreased greatly; and under the condition of a large flow rate, the vortex structure on
the right side of the division pier became larger, but the range was smaller than that under
the condition of a low flow rate condition. Under the three flow rate conditions, there was
a small vortex structure on the left side and the end of the division pier, and the range
of the vortex structure was little affected by the flow rate condition, indicating that the
division pier in the outlet conduit only affected the vortex structure on the right side of the
division pier but had little effect on the vortex structure on the left side of the division pier.

4.3. Analysis Results of Pressure Fluctuation Signal without Division Pier

We selected the first four sub-bands—0~31.25 Hz, 31.25~62.50 Hz, 62.50~93.72 Hz
and 93.72~125 Hz—after the fourth layer wavelet packet decomposition to analyze the
relationship between the energy and flow of each sub-band, as shown in Figure 16. The
energy value of each monitoring point in the sub-band 0~31.25 Hz was the largest, account-
ing for more than 99% of the total energy, indicating that the energy of the straight outlet
conduit test section was mainly concentrated in the sub-band, and the energy fluctuation
in the low-frequency band easily had a great impact on the safe and stable operation of the
pump device. With the increase of the flow rate, the total energy value of the pressure in
the test section of the straight outlet conduit decreased gradually and the average energy
value of each monitoring point at 0.6 Qbep in the low flow rate condition was 3.76 times
that at the optimal flow rate condition and 24.73 times that at the high flow rate condition;
furthermore, the rotational intensity of the spiral flow in the straight outlet conduit was
larger and the turbulent irregular motion increased the kinetic energy of the flow. However,
the velocity circulation at the outlet of the guide vane became smaller under the condition
of a high flow rate, and the intensity of the spiral flow in the straight outlet conduit was
relatively weak. Under the same working condition, the energy values of different monitor-
ing points in the same sub-band were different, which was mainly due to the inconsistency
of the distribution of water pressure and velocity when the flow at the outlet of the guide
vane spiraled into the straight outlet conduit.
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To analyze the energy difference of each monitoring point, the energy proportion was
defined as the percentage of the total energy value of each monitoring point and the sum of
the total energy values of four monitoring points. The results show that the difference in the
energy ratios of P1 and P3 was small, and the difference as less than 1%. The energy ratio
difference of P2 and P4 at the top and bottom of the straight outlet conduit was larger than
2%. Under the optimal flow rate condition, the energy proportion difference between P1
and P3 was the largest, and the energy proportion difference between P1 and P3 was 0.97%.
Under the condition of a high flow rate, the energy proportion difference of P2 and P4 at
the top and bottom of the straight outlet conduit was the largest, and the energy proportion
difference of P2 and P4 was 6.95%. Under the same flow rate condition, the energy values
of P1 and P3 on both sides of the straight outlet conduit along the flow direction showed
little difference, and the energy values of P2 and P4 on the top and bottom of the straight
outlet conduit showed the great difference; the total energy value of P4 at the bottom of the
straight outlet conduit test section was the largest, and the total energy value of P2 at the
left side of the straight outlet conduit along the flow direction was the smallest.

The energy value of each monitoring point in the sub-band 0~31.25 Hz was the largest;
thus, we selected this sub-band for power spectrum analysis, and the results are shown in
Figure 17. Under low flow rate conditions, the dominant frequency of the power spectrum
of each monitoring point in the sub-band 0~31.25 Hz was 1.46 Hz. Under the optimal flow
rate condition, the dominant frequency of the power spectrum of P1 was 1.95 Hz, while
that of P2 and P3 was 0.98 Hz and that of P4 was 2.93 Hz. Under high flow rate conditions,
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the dominant frequencies of the power spectrum of P1, P2, P3 and P4 were 1.46 Hz, 3.42 Hz,
8.30 Hz and 4.88 Hz, respectively.
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4.4. Analysis Results of Pressure Fluctuation with Division Pier

From the results of numerical analysis, it can be seen that the different lengths of the
division pier only had an impact on the hydraulic loss of the straight outlet conduit but
had no obvious impact on the velocity distribution and pressure distribution near the wall
of the straight outlet conduit; from the perspective of economy and construction difficulty,
the length of the division pier should not be excessive. In order to explore the energy and
power spectrum characteristics of the straight outlet conduit with the division pier, the
pressure fluctuation signal of scheme 1 was analyzed. As shown in Figure 18, a division
pier made of acrylic material was set in the test section of the straight outlet conduit; after
setting the division pier in the test section of the straight outlet conduit, the original flow
field structure of the water flow would inevitably change, and the change of the flow field
would have a certain impact on the pressure pulsation near the wall of the straight outlet
conduit. Thus, the difference in the energy and power spectrum of P1 and P3 in the test
section of the straight outlet conduit with or without a division pier was analyzed.
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The comparison results of the energy values of the two monitoring points with and
without a division pier are shown in Figure 19. The results show that the energy values of
the two monitoring points in the straight outlet conduit decreased with the decrease of the
flow rate with or without the division pier, and the energy values of the two monitoring
points in the straight outlet conduit with the division pier were less than those without the
division pier. When the flow coefficient was less than 1.0, the smaller the flow coefficient,
the more obvious the influence of the division pier on the energy value of the monitoring
point in the straight outlet conduit test section. When the flow coefficient was greater
than 1.0, the greater the flow coefficient, the smaller the influence of the division pier on
the energy value of the monitoring point in the straight outlet conduit test section. The
reasonable setting of the division pier is conducive to reducing the pressure pulsation
in the straight outlet conduit and to the safe and stable operation of the pump device.
According to the energy analysis results of the wavelet packet decomposition of the flow
pulsation measuring points in the straight outlet conduit without a division pier, the energy
proportion of the sub-band 0~31.25 Hz was the largest, and thus the power spectrum of the
time domain signal of the sub-band was analyzed after reconstruction; the comparison of
the power spectrum of the reconstructed time domain signal of the two monitoring points
in the straight outlet conduit with and without a division pier is shown in Table 3.
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Table 3. Power spectrum of each monitoring point after reconstruction of the signal of sub-band 0~31.25 Hz under each
working condition.

Category

No Division Pier With Division Pier

Monitoring Point P1 Monitoring Point P3 Monitoring Point P1 Monitoring Point P3

Main Fre-
quency/Hz

Power
Spectrum/
kPa2·Hz−1

Main Fre-
quency/Hz

Power
Spectrum/
kPa2·Hz−1

Main Fre-
quency/Hz

Power
Spectrum/
kPa2·Hz−1

Main Fre-
quency/Hz

Power
Spectrum/
kPa2·Hz−1

0.6 Qbep 1.46 0.0031 1.46 0.0027 1.95 0.0028 16.60 0.0022
Qbep 1.95 0.0013 0.98 0.0131 25.88 0.0012 0.98 0.0033

1.2 Qbep 1.46 0.0035 8.30 0.0059 1.46 0.0026 2.44 0.0045

The division pier has a certain effect on the change of the flow field in the straight
outlet conduit, and the change of the flow field must result in a change of pressure; there
were differences in the power spectrum of the main frequency and the corresponding main
frequency of the two monitoring points P1 and P3 in the straight outlet conduit after setting
the division pier, and the power spectrum values corresponding to the main frequency
of the two monitoring points at the straight outlet conduit level were different with or
without the division pier. After the division pier was set, the power spectrum values
corresponding to the main frequency of the two monitoring points were reduced, but the
degree of reduction had a direct impact on the operating conditions of the pump device.
This indirectly shows that the influence degree of the division pier on the flow pulsation in
the straight outlet conduit is also directly related to the flow rate of the pump device and
the residual circulation at the outlet of the guide vane.

5. Conclusions

(1) The addition of a division pier reduces the pressure near the wall of the straight
outlet conduit and forms a certain low pressure area on the left side of the division pier.
Due to the influence of the diversion at the starting position of the division pier, the local
flow pattern is disordered and easily forms vortices, resulting in a small high-pressure
area near the wall at the starting position of the division pier. The results show that the
installation of a division pier has a great influence on the velocity near the wall of the
straight outlet conduit, which leads to an overall decrease of the velocity near the wall of
the straight outlet conduit along the flow direction; furthermore, large low-speed areas
appear at the top and bottom of the straight outlet conduit, but large high-speed areas
appear at the left side of the initial position of the division pier, which is one of the reasons
that the main flow tends towards the left side of the division pier. However, the length of
the division pier has no obvious effect on the pressure and velocity distribution near the
wall of the straight outlet conduit; to save money and reduce the difficulty of construction,
the length of the division pier should not be excessive.

(2) Under different working conditions, the energy value of each monitoring point in
the sub-band 0~31.25 Hz is the largest, and the energy value is mainly concentrated in this
sub-band. With the increase of the flow rate, the total energy value of the pressure in the
straight outlet conduit decreases gradually. Under the same working condition, the energy
values of different monitoring points in the same sub-band are different. Under each
working condition, the difference of the energy proportion between the two monitoring
points at the straight outlet conduit level is small, and the difference is within 1%. The
energy ratio difference between the two monitoring points at the top and bottom of the
straight outlet conduit is relatively large, at more than 2%.

(3) The results show that the energy values of the two monitoring points in the straight
outlet conduit decrease with the decrease of the flow rate with or without the division
pier, and the energy values of the two monitoring points in the straight outlet conduit
with the division pier are lower than those without the division pier. There are differences
in the main frequency and power spectrum of the two monitoring points in the straight
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outlet conduit after setting the division pier. The reasonable setting of the division pier is
beneficial to reduce the pressure pulsation in the straight outlet conduit and ensure the
safe and stable operation of the pump device; the influence of the division pier on the
flow pulsation in the straight outlet conduit is also affected by the flow and the residual
circulation at the outlet of the guide vane.

Author Contributions: Methodology, F.Y. and D.J. Experiment, P.C. and T.W. Data analysis, D.J. and
F.Y. Writing and editing, D.J. and D.L. Review, C.L. Funding acquisition and validation, F.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This research work was supported by the National Natural Science Foundation of China
(Grant No.51609210), the Natural Science Foundation of the Jiangsu Higher Education Institutions
of China (Grant No.20KJA570001), the open research subject of Key Laboratory of Fluid and Power
Machinery, Ministry of Education (szjj2016-078), the Science and Technology Plan Project of Yangzhou
City (Grant No.YZU201901), Technology Project of Water Resources Department of Jiangsu Province
(Grant No.2020029), Scientific Research Program of Jiangsu Hydraulic Research Institute (2020z026),
Postgraduate Research and Practice Innovation Program of Jiangsu Province (KYCX21_3226) and
Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data necessary to carry out the work in this paper are included in
the figures, tables or are available in the cited references.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Nomenclature

Q Flow rate
Qbep Optimal flow rate
H Head
D Impeller diameter
η Efficiency
Eη Total system error of test
f Highest analysis frequency
fs Sampling frequency of pressure fluctuation test
Eq Systematic error of flow measurement
Eη,s Total system uncertainty of the test bed
Eη,r Random uncertainty of the test bed
Eh Systematic error of head measurement
Em Systematic error of torque measurement
En System error of speed measurement
D Wavelet packet
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