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Abstract
This study aims to solve this problem and understand the formation mechanism of the vortex attached
to the side pump sump. Thus, numerical simulations were conducted using the calculation software, and
the flow characteristics of the side pump sump were studied based on the vorticity field. The flow field
data of the physical model of the pumping station forebay and pump sump were obtained by particle
image velocimetry. The distribution of vorticity in the different flow layers and vertical axes at the study
location was obtained using Tecplot postprocessing software and corroborated with the results of the
numerical simulations. This basis was used to analyse the mechanism of the formation of the adherent
vortex. Results show that the inflow distribution is uneven and the water flow resistance and vortex
strength are imbalanced due to the asymmetry of the vorticity of the inflow of the side pump sump. This
causes the attachment of the vortex to the wall, which causes the generation of the suction vortex,
vibration of the unit, and instability of the overcurrent, endangering the safety of the project.
(Received in April 2022, accepted in July 2022. This paper was with the authors 1 month for 1 revision.)
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1. INTRODUCTION
Pumping stations are water-lifting structures used for energy conversion and transmission.
These structures are used in agricultural irrigation, disaster mitigation and prevention, industrial
enterprises, and urban drainage. A proper hydraulic design provides good water intake
conditions for the pumps and improves their operating efficiency. The structural form of the
forebay and pump sump determines the inflow conditions of the pumping station project. A
mechanistic study of the complex flow regime in the forebay and pump sump is helpful for
improving the safety, efficiency, and design of the pumping station operation. In the actual
operation of multiunit pumping stations, the side unit is prone to uneven inlet flow, which
causes lateral flow and vortex phenomena. These conditions result in a low flow rate in the side
pump sump, which causes unit vibration and affects the pump efficiency and pumping station
safety. Numerical simulation methods for turbulence have been widely used in the engineering
field with the advent of fluid simulation software.
As an increasing number of large- and medium-sized pumping stations are built, the
complex flow patterns in the inlet basin do not meet the requirements for safe pumping station
operation in pumping station engineering. Therefore, it is important to analyse the causes of the
vortices in the sump of the pumping station. Direct numerical simulation (DNS) [1, 2] is more
accurate; however, it can lead to long calculation times owing to the large range of simulations
required for pumping station projects. The Reynolds averaging method called Reynoldsaveraged Navier–Stokes (RANS) [3, 4] is the dominant calculation method in engineering. It
allows for calculations over a large range of flow fields and has small computational volumes;
however, it has many limitations and does not allow deeper studies of important structures in
engineering. In contrast, the large eddy simulation (LES) method [5] can resolve all large-scale
flows with a well-adjusted grid, which makes it easier than RANS to show the variation in
eddies. However, little research is available on the use of LES methods in pumping station
https://doi.org/10.2507/IJSIMM21-3-610
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engineering [6]. A detailed analysis has been conducted using numerical simulations, but no
physical model verification of the results has been performed. In terms of physical model
testing, a large physical model using DPIV has been developed. The measurement range of the
model is wide, and it is closer to actual engineering. However, this method requires a highly
physical model and high cost. Point and surface flow field measurements using LDV and
particle image velocimetry (PIV) [7] and bulk flow field measurements using V3V have also
been proposed. However, these methods have a small measurement range, and it is difficult to
measure the overall flow-field distribution in a project. Physical modelling studies have also
mostly focused on the distribution of flow velocities and less on the distribution of vortex fields.

2. STATE OF THE ART
A comparative study of the flow field flow patterns in the side and non-side pump sump has
been proposed to analyse the flow pattern in the side pump sump and the vortex formation
mechanism. Several scholars have conducted relevant research on the following aspects: In
their research on vorticity, Couch and Krueger [8] studied the interaction of vortex rings with
tilted boundaries. They found that the asymmetry in the flow increases as the vortex interaction
with the boundary evolves, and the dissipation of kinetic energy is more rapid for higher
incidence angles. However, the study was conducted on inclined slabs and only performed
physical modelling, ignoring extensive numerical simulation calculations. Liu et al. [9]
proposed a new vector called Rortex to better describe the vortex field. It can accurately
describe the local fluid rotation and display vortical structures. Vela-Martín [10] studied the
dynamics of strong vorticity through synchronization experiments, and found that the stretching
of the vortex vector by the large-scale strain rate tensor leads to strong vortex synchronization.
However, this study focuses on theory and is difficult to apply directly to engineering.
In research on wall turbulence, Hoyas and Jiménez [11, 12] performed many numerical
simulations and theoretical demonstrations with Reynolds numbers in the range of 180–2000
to analyse the wall turbulent motion. However, they only applied numerical simulations to study
the flow in the horizontal direction and did not verify the physical model test. AbderrahamanElena et al. [13] conducted DNS of a turbulent channel with rough walls in a transitional rough
state. They found that the background turbulence begins to be modified as the roughness size
increases, especially by the increase in energy for short and wide wavelengths, which is
consistent with the appearance of a shear-flow instability of the mean flow. This research is
detailed, but not validated by engineering models. Güemes et al. [14] evaluated the applicability
of super-resolution generative adversarial networks as a methodology for the reconstruction of
turbulent flow quantities from coarse-wall measurements. The method is applied for the
resolution enhancement of wall fields and the estimation of wall-parallel velocity fields from
coarse wall measurements of shear stress and pressure.
In research on complex open-channel flow regimes, Cater and Williams [15] performed
turbulence simulations in a long composite open channel (Re = 42000). A secondary flow is
identified at the internal corner, which persists and increases the bed stress on the floodplain.
Zeng and Li [16] developed a hybrid RANS model combined with an LES model and used it
to simulate the flow of an open-channel T-joint. The results showed that the calculation result
of this method is accurate and has significant advantages compared with the traditional LES
method. In research on complex open-channel flow patterns, few analyses have introduced
vorticity, and no studies related to open-channel flow patterns in pumping station engineering
have been conducted.
In a study on the flow around a cylinder, Lam and Lin [17] conducted a 3D numerical
simulation of laminar flow around cylinders (Re = 100) of different diameters. They found that
the control of flow-induced vibration by changing the spanwise wavelength of the cylinder is
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related to the change in the Reynolds number. These studies did not investigate vorticity
distribution, and the proposed cylindrical models are difficult to apply in pumping station
engineering. Several scholars have used numerical simulation methods [18-21] or physical
model tests in fluid studies. Many scholars have also used a combination of the two [22, 23] to
verify each other, but few have used a combination of physical model tests and theoretical
analysis [24-26].
Numerous scholars have studied the flow distribution in the forebay and sump pumping
stations. Song and Liu [27] used a 3D velocity field test system V3V to analyse the velocity
gradient, eddy current intensity, and eddy kinetic energy in the vortex region during the
evolution of the bottom-attached vortex. They also used it to measure the flow field under the
baffle tube of a certain type of ship and a vertical axial flow pump under eddy-current
conditions. However, the study was conducted close to the trumpet and did not involve a side
pump sump.
The abovementioned studies focus on channel flow, wall turbulence, and surrounding flow,
and work on the vortex in the pump sump of a pumping station is mostly concentrated on the
inspiratory vortex at the bell mouth. Meanwhile, research on the near-wall vortex in the pump
sump, particularly on the formation mechanism of the asymmetric adherent vortex in the pump
sump of pump stations, is scarce. Existing research cannot explain the formation mechanism of
the vortex in the side inlet pool of the pump station, and the vortex in the side inlet pool seriously
affects the normal operation of the pump station. Therefore, it is important to analyse this
phenomenon. In this study, the vorticity change in the side pump sump was analysed using a
numerical simulation method. A physical model was built, the vorticity field data of the
pumping station forebay and pump sump were collected using PIV, and the vorticity
distribution map was obtained using Tecplot post-processing software. The results and the
numerical simulation calculation results were verified. Considering the results of the physical
model and numerical simulation, the formation mechanism of vorticity symmetry in the side
pump sump and non-side pump sump was analysed. This study provides theoretical help for
solving the problem of vortices in the side inlet pool of a pumping station project.
The remainder of this paper is organized as follows. The modelling of the pumping station
inflow, the test process of the PIV model, and the verification of the physical model and
numerical simulation are described in Section 3. The time independence of the vorticity field
in the inlet pool of the pumping station is studied through numerical simulation results, and the
uneven distribution of the vorticity in the inlet pool at the side of the pumping station is
summarized in Section 4. The entire text is summarized, and relevant conclusions are presented
in Section 5.

3. METHODOLOGY
3.1 Numerical simulation
Calculation equation: According to the vortex theory of turbulent flow, large-scale eddies are
the main causes of turbulent pulsation and mixing. Large-scale eddies derive their energy from
the main flow of the flow field, are highly anisotropic, and vary with flow conditions. Largescale vortices transfer energy to small-scale eddies through interaction. Small-scale eddies
primarily dissipate energy in the flow field, are nearly isotropic, and have many commonalities
in different flow situations. The abovementioned theory introduces the numerical solution of
the LES. This method uses the unsteady Navier–Stokes (N–S) equation to directly solve largescale eddies and a sublattice stress model to approximate the effect of small eddies on large
eddies. The large eddies are solved directly, the small-scale eddies are solved by the model, and
the influence of the small eddies on the large eddies is considered by an approximate model.
LES contains different methods for solving the subgrid-scale turbulent viscosity.
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After filtering the 3D turbulent N–S equation with the spatial filter function, the governing
equation of the large-eddy model is obtained as follows:
 ui
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where xi and xj (i, j = 1, 2, 3) are Cartesian coordinates and u i and u j ((i,
3) )are the velocity
components after filtering. p is the pressure after filtering. gi represents the mass force
component, and v represents the molecular viscosity coefficient. τij is the sublattice Reynolds
stress induced by nonlinear convection in filtering, and  ij =uiu j − ui u j . Therefore, small-scale
variables affect large-scale variables, which appear in the equation of motion as a stress term
similar to Reynolds stress, called sub-lattice Reynolds stress; it must be simulated by
establishing a model. The LES turbulence simulation method assumes that the turbulent motion
can be divided into large- and small-scale eddies. The separation of the two inconsiderably
affects the evolution of the large eddy current, and the small eddy current is less affected by the
flow geometry and boundary conditions. The Smagorinsky model is the most commonly used
sub-grid Reynolds stress model based on the eddy viscosity assumption. The LES directly
solves a large-scale field using a set of filter control equations. The subgrid scale is isotropic
and is primarily used to express dissipation. Thus, its influence on the grid scale can be
simulated easily. For this model, a relationship is assumed to exist between the subcrystalline
Grenaud stress and the strain rate tensor, as follows:
1
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vt is the turbulent eddy viscosity coefficient, and v t = ( Cs Δ ) S . xi is the Smagorinsky
coefficient, which has a value between 0.1 and 0.27. S is the value of both Sij and
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The above-mentioned equations constitute a closed equation for solving the distribution law of
the flow field in the side pump sump of the pumping station, and the vorticity field equation
can also be constructed. Then, the corresponding boundary conditions are applied according to
the actual working conditions to form a definite solution of the equation set.
Boundary conditions and meshing: The upstream inlet section is set as the inlet boundary
of the computational domain, and moderate turbulence intensity is specified as Tu = 5 %. The
inlets of the three units of the pumping station are set as the outlet boundaries of the entire
computational domain. Each outlet adopts a static pressure boundary condition, and the
pressure value is set to 1 atm. The water level does not change significantly, considering the
shear stress of the air on the water surface. Except for the inlet, outlet, and free water surface,
the rest are solid walls. The number of calculation steps is 2000 steps, and the convergence
accuracy is 10−7.
The model is meshed using the WORKBENCH in ANSYS. Unstructured meshing is used
for the entire computational domain owing to its complex structure. Local refinement of the
grid is performed in the range of the side entry pool, and the hydraulic loss is considered as a
suitable parameter to measure the number of grids. When the number of grids reaches
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2,677,733, the hydraulic loss remains constant. The difference also does not exceed 2 %, which
meets the calculation requirements.
3.2 Physical model method
A test device that can test the flow field of the inlet pool of the pumping station project, which
is combined with the three-unit pumping station of an actual project, is designed according to
the research needs. The test device is shown in Fig. 1. A circulating water supply is adopted to
facilitate the test control. The device consists of a circulating water tank, circulating water
pump, inlet chest, steady water board, physical model test section, water-level regulator, and
liquid injection tube. The test section consists of the inlet channel, front pool, inlet pool, and
flow channel placed horizontally on the support. The length of the test section is 500 mm, width
of the inlet pool is 40 mm, thickness of the middle pier is 6 mm, height of the middle pier is
160 mm, and height of the middle pier is 90 mm. The slope section of the pool is 10 mm long,
the horizontal section is 30 mm long, and the inlet pool section is 90 mm long. The model is
made of a transparent acrylic sheet to facilitate data collection of the flow field of the forebay
and side pump sump by PIV.
In the test, the flow-field characteristic data are collected using PIV. This technology can
obtain the entire information of the liquid flow in the field of view, and the real-time data
required for the analysis are extracted using the relevant software. This method is suitable for
collecting liquid flow fields without interference. The PIV test system consisted of a laser
transmitter, CCD camera, and synchronizer. In this experiment, the laser operating frequency
is 50 HZ, the acquisition speed is 260 frames/s, the interval between two frames is 100 µs, and
600 PIV particle images are captured by the CCD camera each time. Microver software is used
for analysis, and the data are further processed using Tecplot software to obtain the vorticity
cloud maps of different flow layers and vertical axes of the side pump sump. The plane
composed of the abscissa X and ordinate Y in the figure corresponds to the size of the shooting
window of the CCD camera. The test is conducted under the condition of constant flow, at a
test temperature of 20°C.
During the test, the circulating water pump is turned on to form a stable water flow cycle.
The flow rate is adjusted through the valve on the water supply pipe, the water level in the test
section is set, and the water level is kept stable. After the water passes through the test model
section, it flows into the circulating water tank below. The water flow is circulated in the test
device. After the water flow in the test section is stable, the flow field of the forebay and side
pump sump corresponding to the research position is collected by the PIV system.

Figure 1: Diagram of the PIV test device.
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3.3 Model validation
The PIV technology is used to measure the built physical model for further analysis of the
numerical simulation results. The horizontal flow layer and vertical axial flow field in the side
and non-side pump sumps are also studied. The numerical simulation results need to be
compared with the physical experimental data to verify the reliability of the established
mathematical model. The mathematical models of the Froude number, Reynolds number, and
flow ratio are consistent with those of the physical experiments. The coordinate system is
dimensionless based on the width of the inlet pool, and the velocity is dimensionless based on
the average flow velocity at the downstream outlet. A comparison of the flow velocity is shown
in Fig. 2 (· is the physical experimental value; – is the numerical simulation value).

Figure 2: Comparison chart of flow velocity.

4. RESULT ANALYSIS AND DISCUSSION
4.1 2D flow field analysis
Test flow layer selection: In the experiment, horizontal sections of different flow layers are set
up in the test section at the junction of the fore and inlet tanks. Five flow layer sections are set
at the junction of the forebay and the pump sump. The flow layer 2 m below the water surface
line is set as section a, the flow layer 1 cm near the bottom is section e, and the flow layer 0.6
times the water depth is section c. Observation sections b and d are set between sections a and
c and between sections c and e to make the flow field data collected along the water depth
direction more abundant. It can more comprehensively show the flow fields of different flow
layers in the side and non-side pump sumps. The specific cross-sectional positions are shown
in Fig. 3.

Figure 3: Diagram of section location.
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Analysis of vorticity field at different times: The rotation of the fluid micelle motion is
expressed in terms of vorticity. Vorticity is a vector that is a function of space coordinates and
time, and its spatial distribution determines the vorticity field. A section located near the water
surface is selected as the research object, and the vorticity field is extracted every 120 steps (the
time step is 0.001 s) to study the change in the vorticity field at different times. Fig. 4 shows
the flow fields at different flow times. The vorticity distribution maps are extracted four times
in sequence and named as Times 1, 2, 3, and 4. The figure shows that at Time 1, the vorticity
distribution on both sides of the pier is relatively dense, the absolute value of the vorticity on
the side of the pier close to the side pump sump is larger, the angular velocity of the fluid micelle
movement is larger, and the water flow rotates, as is evident here. The vorticity fluctuation in
the non-side pump sump is small, and the vorticity in the centre of the flow channel is slightly
larger. Meanwhile, the vorticity fluctuation in the side pump sump and the vorticity
accumulation near the sidewall and back wall of the edge entry pool are evident. At Time 2, the
overall distribution of the vorticity is similar to that at Time 1. The vorticity distribution in the
side pump sump is slightly changed, and the larger vorticity distribution is slightly shifted;
however, it is still distributed near the side and back walls of the side pump sump. At Times 3
and 4, the overall vorticity is slightly reduced compared to that at Times 1 and 2, but the overall
distribution remains the same. Other sections are also analysed, and all show the same trends.
The above-mentioned analysis indicates that the overall distribution and changing law of
the vorticity field at different times are consistent, the fluctuation is small, and the periodic
change is not obvious. The vorticity field in this study is less affected by time and can be
regarded as a steady-state vorticity field for research.
Vorticity: -40

-20

0

20

Time 1

Time 2

Time 3

Time 4

Figure 4: Vorticity field of horizontal section at different times.

Analysis of vorticity field in different layers: The vortex is usually measured by vorticity
to determine its strength and direction. In the fluid, vortices of different sizes are generated as
long as a “vortex source” is available. Fig. 5 shows the contour distribution diagram of the flowfield vorticity in the different horizontal sections. As shown in section a, the vortices on both
sides of the pier are concentrated, long strips of adherent vortices with opposite directions are
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formed in the non-side and side pump sump, and long strips are attached to the sidewalls. A
vortex zone appears, and the inner centres of the non-side and side pump sumps have large
vorticities. The vorticity distributions of sections b and a are similar. Section c was at two-thirds
of the water depth. The water flow in the section is turbulent, the vorticity accumulation is
evident, and the vorticity of the reverse vortex bands on both sides of the pier increases. The
fluid swirl also intensifies. In section d, the length of the inverse vortex band on both sides of
the pier decreased along the flow direction and developed laterally. It becomes larger and
accumulates on the side and rear walls. The vorticity distribution of section e is close to that of
section d, but the overall vorticity is small.
The above-mentioned analysis reveals that the vortex band on the side pump sump is
maintained near the wall on the upper three surfaces, and the vorticity gradually decreases on
the lower two surfaces. Meanwhile, the vorticity distribution on the sidewall side of the side
pump sump is significantly larger than that on the pier side. The energy attenuation of the fluid
microclusters on both sides of the pier is faster than that between the fluid microclusters on the
wing wall side of the side pump sump, which are only subjected to the frictional action of the
leading edge of the pier and diaphragm wall. The piers directly affect the attenuation of the
energy in the side and non-side pump sumps, which results in uneven energy changes in the
side and non-side pump sumps of the same width. This phenomenon directly affects the
efficiency and safety of pumping-station projects.
Vorticity: -40

-20
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Section a

Section b

Section c

Section d

Section e

Figure 5: Vorticity field of horizon cross sections of different flow layers.
460

Xi, Lu, Wang, Liu: Analysis of Pumping Station Inlet Characteristics Based on Vorticity
4.2 Analysis of the characteristics of section
The vorticity field in the sump pump is analysed using software, and the vorticity field of the
horizontal flow layer with different water depths is selected. The cross-sectional distributions
are shown in Fig. 6. These sections are section 1 of the pump sump section, section 2
immediately before entering the pump sump, section 3 on the rear side of the pier, and section ·4
near the rear wall. The vorticity of the section perpendicular to the flow direction of the water
flow is extracted for analysis, and the change in the liquid micelles in the flow direction is
explored.

Figure 6: Diagram of section location.

Fig. 7 shows the flow velocity distribution diagram of the vertical section at different
positions. Notably, the zero point of the abscissa axis is the position of the pier, the position of
x = 44-52 mm is the pier, and the ordinate is the vorticity. The figure shows that the vorticity
distribution is more stable in the vertical direction at different water depths in front of the
bulkhead in Section 1. The vorticity is smaller in the middle three sections, whereas the vorticity
near the water surface is slightly larger than that in the middle section. The vorticity near the
bottom is larger, and the vorticity distribution gradually becomes larger in the position near the
sidewall. This is because section e is affected by the sidewall and bottom surface, which
facilitates the formation of turbulent flow with higher vorticity. Meanwhile, section a is affected
by the free liquid surface, which causes the fluid to swirl. In Section 2, the vorticity fluctuates
significantly in the vertical direction, and the vorticity gathers on both sides of the septum. The
vorticity is smaller in the middle of the side into the pool, reaches a maximum near the sidewall,
and maintains a larger value in the vertical direction. However, the vorticity is smaller at the
bottom. Therefore, the section immediately before entering the septum is sharply contracted
and has evident water flow turbulence and fluid rotation because of the boundary constraint and
viscous effects between the liquid microclusters. In Section 3, the vorticity distribution is
gradually uniform and less fluctuating, and the vorticity on both sides of the pier is still
maintained at a higher value. As the water depth increases, the vorticity on both sides of the
pier gradually increases. This is because the water completely enters the sump pump and
gradually becomes smooth. However, on both sides of the pier, the fluid easily experiences
swirling owing to the wall effect. In Section 4, the eddies are higher on both sides of the face
pier and gradually increase with the increase in water depth in the middle of the non-side pump
sump and at the sidewalls of the side pump sump. In the bottom section, the vorticity is larger
and fluctuates constantly. This is because the longitudinal tumbling of the fluid begins to
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increase owing to the action of the back wall and sidewall of the pump sump. The overall
analysis concludes that the vorticity distribution in the side pump sump is very uneven, the
vorticity on both sides of the side pump sump is larger, and both sides near the wall surface
have positive and negative vorticities. Therefore, the flow pattern is highly turbulent with
vortices in opposite directions on both sides of the side pump sump. The non-side pump sump,
except for the pier near the wall surface of the larger vorticity, has a more uniform vorticity
distribution with vorticity values in a small range of fluctuations and a relatively smooth overall
vorticity distribution. This finding indicates a more symmetrical distribution of water in the
non-side pump sump along the flow direction, with no obvious vortices.
Analysis of the cross-sectional vorticity distribution shows that the microclusters of water
entering the side pump sump are more stable. The rotation of the microclusters on the side near
the sidewall is stronger because of the action of the sidewall, and the rotation of the
microclusters at the pier by the leading edge of the pier is stronger when passing through the
pier. Swirling weakens on the backside of the pier but spreads throughout the water. After
entering the side inlet basin, the microclusters begin to spin violently owing to the action of the
back wall surface and sidewall. This phenomenon created a vertical spiral flow on the backside
of the side inlet basin, which generates vortices.

Section 1

Section 2

Section 3

Section 4

Figure 7: Diagram of numerical simulation cross-sectional vorticity field.

5. CONCLUSION
This study aims to address the problem of a pumping station project in which the side pump
sump is prone to produce a wall vortex, which affects the normal safe operation of the pumping
station. Thus, numerical simulation methods were used to calculate the sump of a three-unit
pump-pumping station. A physical model of the pump sump of a three-unit pumping station
with data collection for PIV was established, and a vortex diagram obtained from the collected
data was used to verify the numerical simulation results. The following conclusions are drawn.
(1) The vortex field is asymmetrical at both walls in the side pump sump, and the vortex in
the side pump sump exhibits an increasing trend at the sidewalls. Therefore, the microcluster
rotation of the flow increases in this region, and the vortex symmetry imbalance gradually
increases.
(2) The vortex field asymmetry at the two walls of the side pump sump is different from
that at the two walls of the non-side pump sump. The imbalance in the side pump sump was
greater than that in the non-side pump sump.
(3) The asymmetry of the vortex field triggers changes in frictional resistance to produce
inlet vortices.
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The analysis was mainly conducted using numerical simulation calculations and validated
with physical model tests before vortex asymmetry was introduced for a multi-program study.
The research shows that the main cause of the high incidence of eddy currents in the side pump
sump of the pump station is the asymmetric distribution of the incoming and outgoing eddy
current fields caused by its structural arrangement. This study has important guiding
significance for the adjustment of the flow state of a sump pump at a pump station.
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